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Summary 

Genome-reduced bacteria give the opportunity to study essential gene functions but also give the 

starting point for biotechnological production pathways. The MiniBacillus project aims to produce a 

genome reduced Bacillus subtilis strain with only a defined set of necessary genes. To identify new 

deletable genes, we studied the vitamin B6 metabolic pathway since the active form of vitamin B6 

pyridoxal-5’-phosphate (PLP) is involved in about 4% of all known enzymatic reactions. In the Gram-

positive soil bacterium B. subtilis at least 65 vitamin B6-dependent proteins were identified. In this 

study, mainly three aspects of vitamin B6 metabolism were studied: The PdxST vitamin B6 synthesis 

complex, transport and detoxication of vitamin B6 and, the role of the low molecular weight (LMW) 

thiol bacillithiol (BSH) together with the ytoQ gene in a heterologous vitamin B6 synthesis pathway. In 

B. subtilis vitamin B6 is produced by a complex of PdxS and PdxT. The glutaminase domain PdxT cleaves 

off ammonia from glutamine and transfers it to the synthase domain PdxS. Vitamin B6 even can be 

produced by PdxS in absence of PdxT, when high concentrations of ammonium are present. A 

suppressor screen was performed with the pdxT mutant on medium containing low amounts of 

ammonium and an amplification of a 15 kb region including the pdxS gene was identified as the main 

suppression mechanism. Moreover, in some suppressors the ammonium channel nrgA was 

upregulated, leading to a growth advantage especially when pdxS was not overexpressed. Besides that, 

the pdxS gene and its promotor region did not acquire beneficial mutations even if the amplification 

relevant recombinase gene recA was deleted.  

 Furthermore, the nucleobase:cation symporter family proteins and the ECF transporter were 

excluded as vitamin B6 transporters and an upregulation of the Ars operon was identified as a 

detoxification mechanism for toxic PL levels.  

 A PL-auxotroph B. subtilis mutant harboring only the last two genes of the DXP-dependent 

vitamin B6 synthesis pathway from E. coli, formed suppressor mutants, which deleted the bacillithiol 

synthesis gene bshC and upregulated the ytoQ gene. It was shown that cultivation on medium 

containing cysteine repealed the beneficial effect. Cysteine can also act as a LMW thiol indicating a 

role of YtoQ and BSH in oxidative stress response. Furthermore, a proposed underground metabolism 

pathway for the synthesis of PLP could be excluded, involving the genes cpgA, serA, serS and thrB. 

 To increase general fitness and get insights about deleterious effects of the genome reduction 

in the MiniBacillus strains, the two genome-reduced strains PG10 (36% reduction) and PG39 (40% 

reduction) were evolved in complex medium. For PG39 a deregulation of genes mainly involved in 

oxidative stress response was identified as suppression mechanism. In PG10 over 25 genes harbored 

mutations. Interestingly, a downregulation of the mhqNOP operon was found, which was identified as 

highly upregulated in the strain. 
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 Introduction 

Carbohydrates, proteins and fatty acids play an important role in modern diet as an unvaried diet often 

leads to severe diseases (Cena & Calder, 2020). In addition to this, also micronutrients like vitamins 

have to be taken up as they cannot be produced by humans or only in inadequate amounts (Domke et 

al., 2005). Vitamins are organic compounds, which mostly act as co-factors for enzymatic reactions and 

are normally not catabolized to deliver energy; they promote energy metabolism, though (Institute of 

Medicine, 1998, 2006; Kanter, 1994; Mukherjee et al., 2011; Trumbo et al., 2001). 13 characterized 

vitamins are classified as water- and fat soluble. The group of B-vitamins, B1 (thiamine), B2 (riboflavin), 

B3 (niacin), B5 (pantothenic acid), B6 (pyridoxine), B7 (biotin), B9 (folic acid), B12 (cyanocobalamin) 

and vitamin C belong to the water soluble group; vitamin A (Retinol), vitamin D (calciferol), vitamin E 

(tocopherol) and vitamin K (phylloquinone, menaquinone) dissolve in fat and oils and thereby make 

up the second group of vitamins (Lukaski, 2004). With increasing world population, also the demand 

on nutritious food grows and as most vitamins are sensitive to environmental influences, the industry 

has a special interest for the production of vitamins as food additives (Vandamme & Revuelta, 2016). 

Up to today, most vitamins are produced chemically and only for a few vitamins biotechnological 

synthesis pathways exist, which can compete with the chemical production (Acevedo-Rocha et al., 

2019). Nevertheless, the demand on sustainable synthesis of vitamins is rising also because the process 

can reduce the use of fossil compounds and prevent formation of toxic pathway intermediates 

(Revuelta et al., 2016; Schwechheimer et al., 2016). Fungi, plants or bacteria possess synthesis 

pathways for vitamins and do not rely on uptake. Therefore, their metabolic pathways are intensively 

studied to find possibilities to increase the yield of vitamin production (Acevedo-Rocha et al., 2019; 

Commichau et al., 2014, 2015; J. Rosenberg et al., 2020).  

 

 The production host Bacillus subtilis 

The Gram-positive, rod-shaped soil bacterium Bacillus subtilis is a common host for various 

biotechnological applications (Acevedo-Rocha et al., 2019; Guan et al., 2015; Hao et al., 2013; Rosales-

Mendoza & Angulo, 2015). It belongs to the phylum of the Firmicutes and is thereby closely related to 

the human pathogens Listeria monocytogenes and Staphylococcus aureus (Wolf et al., 2004). As a soil 

bacterium, B. subtilis is exposed to environmental changes and adapts to these stress factors by using 

different lifestyles as endospores, biofilms or motile cells (González-Pastor et al., 2003; Kearns et al., 

2005) Moreover, it is able to secrete different antibiotics and proteases to compete against other 

organisms and to assess nutrients from its surrounding. The 4.2 Mbp big B. subtilis genome, containing 

about 4100 genes, has a low GC content and its sequence was determined in 1997 (Kobayashi et al., 
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2003; Kunst et al., 1997). B. subtilis is well studied and a huge amount of transcriptomic and proteomic 

data is collected in databases as SubtiWiki (Eymann et al., 2004; Nicolas et al., 2012; Ravikumar et al., 

2018; Zhu & Stülke, 2018). Besides, also a knockout deletion mutant library exists (Bacillus Genetic 

Stock Center), making it an ideal model organism to study genes of unknown functions (Koo et al., 2017; 

Zeigler et al., 2008). Due to its natural competence, genetic modifications can easily be made by 

cultivation of the bacterial cells with foreign DNA (Hamoen et al., 2003).  

 In contrast to E. coli, B. subtilis was ranked as a safe bacterium for production in food industries 

and was certified with the GRAS status (Generally Recognized As Safe), as it is nonpathogenic and does 

not excrete exo- or endotoxins (Sewalt et al., 2016) Another advantage is that the bacterium can 

directly secrete proteins into the medium because the cell envelope lacks an outer membrane (Zweers 

et al., 2008). This makes B. subtilis not only a good model organism for studying gene regulation, 

cellular differentiation processes and metabolism. It is also a valuable production host for proteases in 

washing detergents, vitamins, recombinant enzymes or other industrial relevant metabolites 

(Acevedo-Rocha et al., 2019; Bretzel et al., 1999; Chu, 2007; Degering et al., 2010; Hao et al., 2013; 

Harwood, 1992; Simonen & Palva, 1993; van Dijl & Hecker, 2013; van Tilburg et al., 2019; Van Tilburg 

et al., 2020). 

 

 Vitamin B6 

Vitamin B6 is a collective noun for the three vitamers pyridoxal (PL), pyridoxine (PN) and pyridoxamine 

(PM) and their respective phosphate esters pyridoxal-5’-phosphate (PLP), pyridoxine-5’-phosphate 

(PNP) and pyridoxamine-5’-phosphate (PMP) (György, 1956; I. H. Rosenberg, 2012). All share the same 

pyridine-based structure and only differ in their head group at the 4’-C-atom. Pyridoxal carries an 

aldehyde group, pyridoxine a hydroxy group and pyridoxamine an amino group (see Figure 1) (Kresge 

et al., 2005; I. H. Rosenberg, 2012). PLP is the active compound of vitamin B6 for most of the reactions 

as its aldehyde group can form a Schiff-base with lysine residues of enzymes and thereby facilitates 

the reaction with the substrates. (Christen & Mehta, 2001; Eliot & Kirsch, 2004; Jansonius, 1998). More 

than 160 enzymes require B6 as a co-factor, which is ~4% of all known catalytic activities and 1.5% of 

free-living prokaryote genes code for PLP-dependent proteins (Percudani & Peracchi, 2003, 2009). 

Most of the PLP-dependent proteins are cofactors in amino acid metabolism, catalyzing α,- β- and γ-

elimination and replacements, cleavage of Ca- Cb bonds, racemization or decarboxylation reactions 

(Eliot & Kirsch, 2004; John, 1995). Also PM and PMP can take part in enzymatic reactions, either as co-

factors or even as substrate (Mehta & Christen, 2000; Romo & Liu, 2011). The pyridoxamine-pyruvate 

aminotransferase for example transfers the amino group of pyridoxamine to pyruvate giving pyridoxal 
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and alanine and vice versa (Yoshikane et al., 2006). PMP can be used as a co-factor by CDP-6-deoxy-L-

threo-D-glycero- 4-hexulose-3-dehydrase, which catalyzes a step in the biosynthesis of the deoxysugar 

ascarylose (K. D. Burns et al., 1996).  

 

 

Figure 1 Structure of the B6 
vitamers. 
The B6 vitamers: pyridoxal (PL), 
pyridoxal 5’-phosphate (PLP), 
pyridoxine (PN), pyridoxine 5’-
phosphate (PNP), pyridoxamine 
(PM), and pyridoxamine 5’-
phosphate (PMP). 

 

We correlated the Enzyme Commission (E.C.) numbers of the PLP-dependent proteins from the B6 

database (http://bioinformatics.unipr.it/cgi-bin/bioinformatics/B6db/bib.pl) with the B. subtilis 168 

protein E.C. numbers, listed in the SubtiWiki Database (http://subtiwiki.uni-goettingen.de/v4/) (Zhu & 

Stülke, 2018) to describe the PLP-interactome (PLPome (Hoegl et al., 2018)) of B. subtilis. In addition 

to the B6 Database, we took B. subtilis specific proteins into consideration whose activities in PLP 

metabolism were described. In total we were able to identify 61 PLP-dependent proteins (Richts et al., 

2019). The colleges from the group of Hoegl et al. performed a mass spectrometry experiment with 

modified B6 analogs and were able to describe 4 more PLP-binding proteins of unknown function in 

the closely related organism S. aureus (Hoegl et al., 2018). In total we came up with 65 PLP-dependent 

proteins existing in B. subtilis of, which 61 are bona fide PLP interaction partners and for the others, 

interactions remain to be experimentally confirmed. Additional PLP-dependent proteins will surely be 

discovered in the near future as the amount of genome sequences increases continually 

(https://www.ncbi.nlm.nih.gov/genome/browse/#!/overview/).  

 We categorized the B. subtilis PLPome and assigned the proteins to different cellular functions. 

As seen in Figure 2, the PLP-dependent proteins of B. subtilis are mainly active in amino acid 

biosynthesis and catabolism. PLP is often needed as a catalysator for transaminases, which transfer α-

amino groups of amino acids to α-ketoglutaric acid to form glutamate and the donor amino acid 

becomes an α-keto acid. The reaction can also be reversed and therefore either used for amino acid 

anabolism or catabolism (Babitzke et al., 1992; Barb et al., 2013; Kriel et al., 2014; Molle, Nakaura, et 

al., 2003).  
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 PLP-dependent proteins are also involved in other metabolic routes as in the production of 

antibacterial compounds, iron-and carbon metabolism and nucleotide utilization. The production of 

the cofactors biotin, folate, heme and NAD+ are also catalyzed by PLP-dependent enzymes. The 

PLPome also includes proteins involved in cell wall metabolism, the execution of different cellular 

lifestyles and in information processing on DNA level. However, about one third of the PLP-dependent 

proteins in B. subtilis are only poorly characterized and it will be interesting for the future to investigate 

the gene functions. A detailed summary of the PLP-dependent proteins in B. subtilis can be found in 

(Richts et al., 2019).  

 

 

Figure 2 Functional distribution of PLP-dependent proteins in B. subtilis. 
See Richts et al., 2019c for further information. 

 

PLP cannot only act as a cofactor for enzymatic reactions. The presence of PLP can also alter gene 

expression by binding to transcription regulators and thereby tweak their binding properties (Belitsky, 

2004a, 2014; Martino Luigi Di Salvo et al., 2015; Huq et al., 2007; Oka et al., 2001; Qaidi et al., 2013; 

Suvorova & Rodionov, 2016; Tramonti et al., 2017). 

As described above, vitamin B6 is an important player in a variety of cellular processes (Belitsky & 

Sonenshein, 2002; Bramucci et al., 2011; Percudani & Peracchi, 2009). Moreover, it has been shown 

that vitamin B6 takes part in oxidative stress response (Bilski et al., 2007; Moccand et al., 2014; Mooney 

et al., 2009; Mooney & Hellmann, 2010; Vanderschuren et al., 2013). Therefore, it is essential to 

maintain a certain cellular concentration of the B6 vitamer PLP. 

 For animals and humans vitamin B6 is an essential micronutrient and shortage of B6 intake can 

lead to severe disease symptoms as impaired glucose tolerance or neuropathy because lack of vitamin 

B6 produces errors in the so-called “salvage pathway” (Martino L. Di Salvo et al., 2012; Institute of 

Medicine, 1998; Kraemer et al., 2012; Mills et al., 2005). Therefore, vitamin B6 is of special interest for 

food- and pharmaceutical industry, mostly in forms of pyridoxine hydrochloride, which is 

supplemented with other vitamins in e.g. bakery products, cereals, baby nutrition or juices (Acevedo-
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Rocha et al., 2019; Domke et al., 2005; Eggersdorfer et al., 2012; Fitzpatrick et al., 2007, 2010; Kraemer 

et al., 2012; J. Rosenberg, Ischebeck, et al., 2016). Furthermore, it is often used in farms to foster quick 

growth of the animals and promote health (Eggersdorfer et al., 2012; Johnson et al., 1950). Moreover, 

regular vitamin B6 intake in high doses can cause the so called “Megavitamin B6 syndrome”, which 

describes an accumulation of vitamin B6 in the body and thereby causing severe neurological problems 

(Callizot & Poindron, 2008; Institute of Medicine, 2006; Lheureux et al., 2005). Most of the symptoms 

are reversible and disappear after the vitamin B6 intake is lowered, but also irreversible damage can 

happen (Barrows et al., 2008; Cupa et al., 2015).  

 Until now biotechnological vitamin B6 production cannot compete with the chemical synthesis 

as titers of 10 g/l PL would be needed and only ~1 g/l could be obtained. The chemical production 

follows different synthesis routes, though and partially requires the usage of expensive/toxic 

compounds so that a shift towards sustainable production is desired (Acevedo-Rocha et al., 2019; 

Agranat, 2009; Commichau et al., 2014, 2015; Eggersdorfer et al., 2000, 2012; Hoshino et al., 2006; J. 

Rosenberg et al., 2018; J. Rosenberg, Ischebeck, et al., 2016; Tatsuo et al., 2006).  

 De novo synthesis of PLP 

So far, two metabolic pathways involved in biosynthesis of PLP have been described: the 

deoxyxylulose-5-phosphate (DXP)-dependent pathway, which is evolutionary younger but known for 

longer time and the DXP-independent pathway, which was later discovered. The DXP-dependent 

pathway exists in α-/γ-proteobacteria and the DXP independent pathway in plants, archaea, fungi, 

bacteria, plasmodium and some sponges species (Fitzpatrick et al., 2007, 2010; Guédez et al., 2012; 

Mittenhuber, 2001; Mukherjee et al., 2011; J. Rosenberg, Ischebeck, et al., 2016; Seack et al., 2001; 

Tanaka et al., 2005). Nevertheless, in silico analyses revealed that the DXP-independent pathway was 

also present in some in α-/γ-proteobacteria species, indicating that it is phylogenetically older 

(Mittenhuber, 2001; Tanaka et al., 2005). The acquisition of the DXP-dependent pathway was driven 

by the emergence of the gene pdxB in γ-proteobacteria. For the α-proteobacteria the pdxR (not to 

confuse with the regulator PdxR) gene was acquired, which catalyzes the same reaction as pdxB but is 

not a homologue (Mittenhuber, 2001; J. Rosenberg, Ischebeck, et al., 2016; Tanaka et al., 2005; Tazoe 

et al., 2006). 

 The DXP-dependent pathway was identified in E. coli and uses seven enzymatic steps to form 

PLP. Four enzymes catalyze the reaction from erythrose-4-phosphate to 4-hydroxy-threonine 

phosphate (4HTP) and form the first branch of the pathway (see Figure 3) (Boschi-Muller et al., 1997; 

Drewke et al., 1996; Rudolph et al., 2010; Tazoe et al., 2006; Y. Yang et al., 1998; Zhao et al., 1995). In 

the first step, erythrose 4-phosphate (E4P), deriving from the pentose phosphate pathway, is oxidized 



 

__________ 

- 6 - 

by the E4P dehydrogenase Epd to 4’-phosphoerythronate (PE), which is then further oxidized to 2-oxo-

3-hydroxy-4-phosphobutanoate (OHPB) by the PE dehydrogenase PdxB (Boschi-Muller et al., 1997; 

Rudolph et al., 2010; Zhao & Winkler, 1995). The released electrons are transferred to NAD+ in the first 

step and FAD+ in the second reaction. Next, the amino group of free glutamine is transferred to OHPB 

by the 3-phosphoserine aminotransferase SerC, resulting in 4HTP and 2-oxoglutarate (Drewke et al., 

1996). Again, electrons are transferred to NAD+ in an oxidation step catalyzed by the 4HTP 

dehydrogenase PdxA. The product, 2-amino-3-oxo-4-(phosphohydroxyl)-butyrate is not stable and 

spontaneously decarboxylates to PHA (Drewke et al., 1996; Laber et al., 1999; Rudolph et al., 2010; 

Tazoe et al., 2005). 
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Figure 3 The deoxyxylulose 5-phosphate (DXP)-dependent and DXP-independent vitamin B6 biosynthetic routes 
and the salvage pathway for the interconversion of the B6 vitamers. 
Epd, erythrose 4-phosphate dehydrogenase; PdxB, 4-phosphoerythronate dehydrogenase; SerC, 3-phosphoserine 
aminotransferase; PdxA, 4-phosphohydroxy-L-threonine dehydrogenase; PdxJ, PNP synthase; Dxs,; PdxH, 
PNP oxidase; PdxS (PLP synthase subunit) and PdxT (glutaminase subunit) form the PLP synthase complex; PdxK, PL 
kinase present in B. subtilis and E. coli; PdxY, PL kinase present in E. coli. PdxK from B. subtilis has PN, PL, and PM 
kinase activity (see text). E4P, erythrose 4-phosphate; 4PE, 4-phosphoerythronate; OHPB, 2-oxo-3-hydroxy-4-
phosphobutanoate; 4HTP, 4-hydroxy-threonine phosphate; AOPB, 2-amino-3-oxo-4-(phosphohydroxyl)-butyrate; 
PHA, 3-phosphohydroxy-1-aminoacetone; DXP, deoxyxylulose-5-phosphate; G3P, glyceraldehyde-3-phosphate; 
DHAP, dihydroxyacetone phosphate; R5P, Ribose-5-phosphate. Red arrows indicate the steps where promiscuous 
enzymes may feed into the DXP-dependent and DXP-independent vitamin B6 biosynthetic pathways (Kim et al., 
2010; Oberhardt et al., 2016; J. Rosenberg et al., 2018; Thiaville et al., 2016). Figure adapted from (Richts et al., 2019) 

 

In the second branch, the name giving metabolite DXP is formed by the DXP synthase (Dxs) from 

pyruvate and glyceraldehyde-3-phosphate (G3P). DXP is an essential metabolite because it is also 

important for thiamine and isoprenoid synthesis (Cane et al., 2001; Kuzuyama et al., 2000). DXP and 



Introduction 

__________ 

- 7 - 

PHA are fused to PNP by the PNP synthase (PdxJ) (Cane et al., 1999). Lastly, the PNP oxidase PdxH 

forms PLP and releases hydrogen peroxide as a byproduct (Zhao & Winkler 1995). 

 In contrast to the DXP-dependent pathway, the DXP-independent pathway catalyzes the 

synthesis of PLP in one reaction by the PdxST PLP synthase complex (Belitsky, 2004b; K. E. Burns et al., 

2005; Ehrenshaft & Daub, 2001; Raschle et al., 2005; Marco Strohmeier et al., 2006). The complex is a 

24 heteromer consisting of 12 subunits of the PdxS synthase domain and 12 subunits of the PdxT 

glutminase domain, synthesizing PLP from glutamine, ribose-5-phosphate (R5P) and G3P (Belitsky, 

2004b; Smith et al., 2015; Marco Strohmeier et al., 2006). They are assembled similar to two gears, 

which alternate in the patterns of their teeth (see Figure 4). PdxS forms the center with two hexameric 

rings and six PdxT units attach to the outside of each PdxS ring and by that forming the teeth of the 

gear (Marco Strohmeier et al., 2006).  

 

 

Figure 4 Crystal structure of the PdxST complex. 
The PdxST complex shown in front view and rotated by 
90°. Subunits of PdxS are depicted in blue and of PdxT 
in brown. (PDB accession number 2NV2 ) (Marco 
Strohmeier et al., 2006) 

 

PdxT is a glutamine amidotransferase (GAT), which can use its cysteine-histidine-glutamate (Cys-His-

Glu) motif to hydrolyze ammonium from glutamine (Belitsky, 2004b; K. E. Burns et al., 2005; Raschle 

et al., 2005) (see Figure 5A). PdxT binds with its Cys78 residue to the Cα of glutamine, which leads to 

the cleavage of ammonia and the formation of a thioester intermediate. With the addition of water, 

the intermediate reacts to glutamate and ammonia is released (Smith et al., 2015). The function of 

PdxT depends on the presence of PdxS, which is typical for GATs. In contrast to other GATs, it does not 

require the substrates of the synthase domain to retain its activity, making it a special member of this 

group. PdxT attaches only transiently to PdxS in the presence of glutamine. When ammonium has been 

channeled to PdxS and no more glutamine is present, it leaves the complex (Guédez et al., 2012; Marco 

Strohmeier et al., 2006). 
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Figure 5 Synthesis of PLP by the PdxST synthase complex. 
A: Reaction of the glutaminase domain PdxT. The Cys78 residue can react with glutamine and by that cleaves of its amino 
group. B: Ribose 5-phosphate binds to the Lys81 residue of PdxT and forms a Schiff base, which isomerizes to an amino 
ketone intermediate I1. The ammonium derived from glutamine, or free ammonium bind to I1 and form the stable 
chromophore adduct I2. Upon glyceraldehyde 3-phosphate addition PLP is formed (adapted from Smith et al., 2015). 

 

The Lys81 residue of PdxS can form a Schiff-base imine adduct with R5P by replacing the C1 keto group 

under dehydration as seen in Figure 5B. This binding occurs independently of PdxT, G3P or glutamine 

(K. E. Burns et al., 2005). The Schiff base is isomerized without further help of enzymes and forms a 

stable amino ketone intermediate (I1) (Hanes et al., 2008; Moccand et al., 2011). Hence, the ammonia 

deriving from PdxT reacts with I1 by attaching to the C2 atom and repelling the phosphate group. 

Another stable intermediate (I2) is formed, which is a chromophore and can be detected via its 

absorption maximum at 320 nm (Hanes et al., 2008; Raschle et al., 2005). In the last step G3P bind at 

a different site to PdxS and reacts with I2 to PLP in a dehydration reaction. Upon binding of a PLP-

dependent enzyme, PLP is released from that site (Moccand et al., 2011; Smith et al., 2015). PdxS can 

also produce PLP with ammonium directly, independent of PdxT albeit the use of glutamine is more 

efficient (Hanes et al., 2008; Raschle et al., 2005; Zalkin & Smith, 1998). The structure of PdxST 

promotes the formation of an oxyanion hole consisting of a methionine-rich, hydrophobic region 

through which the ammonia is shuttled from PdxT to the active center of PdxS. This hole is part of the 

isomerase barrel fold (TIM), which also confers the ability of PdxS to convert dihydroxyacetone 

phosphate (DHAP) or ribulose-5-phosphate (Ri5P) to G3P and R5P, respectively (Marco Strohmeier et 

al., 2006). A similar mechanism could also be shown for other proteins as the imidazole glycerol 
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phosphate synthase, signalling that the shutteling of ammonia can increase reaction efficiency 

(Chaudhuri et al., 2001). All in all, the PdxST complex can fulfill several different reactions – 

triose/pentose isomerization, imine formation, amine addition and ring formation (K. E. Burns et al., 

2005; Raschle et al., 2005).  

 Although The DXP-dependent and the DXP-independent pathways are different, a comparison 

of PdxS and PdxJ showed similarities in their structure and their mode of action. In addition, also 

several substrates are identical or derive from the same metabolic pathways (Fitzpatrick et al., 2007). 

 Animals are not able to produce vitamin B6 as they lost the de novo pathway during evolution 

and they have to take it up with their diet (Domke et al., 2005). To guarantee compatibility among the 

different vitamers, a salvage pathway exists for the interconversion (see Figure 3). This salvage 

pathway is also present in most other organisms but can be different in its constellation (Martino Luigi 

Di Salvo et al., 2011; Fitzpatrick et al., 2007). Only the unphosphorylated vitamers PL, PN and PM can 

be taken up but little is known about the transport mechanisms of vitamin B6 and only few 

transporters could be identified so far (Stolz et al., 2005; Stolz & Vielreicher, 2003; Szydlowski et al., 

2013; T. Wang et al., 2015; Yamada et al., 1977; Yamada & Furukawa, 1981). For Salmonella enterica 

a periplasmic vitamin B6 phosphatases PhoN was identified, allowing uptake of extracellular PLP (Vu 

& Downs, 2020). The imported vitamers are phosphorylated by vitamin B6 kinases as PdxK or PdxY of 

which the latter phosphorylates only PL. Most of the kinases also show activity for PM and PN (Di Salvo 

et al., 2011; Nagahashi et al., 2008; J.-H. H. Park et al., 2004; Sugimoto et al., 2017; Tazoe et al., 2005; 

White & Dempsey, 1970; Y. Yang et al., 1996, 1998). The PL reductase from E. coli PdxI can reduce PL 

directly to PN (Ito & Downs, 2020). Also in humans indications for PL reductase activity were found but 

no concrete candidates could be identified (Ramos et al., 2019). This reaction step was just recently 

found and it was originally thought that conversion of the vitamers can only happen on the level of the 

phosphate esters by oxidases as PdxH. Besides that, PLP and PMP are interconverted in by 

transaminase reactions, which involved PLP as co-factor (Eliot & Kirsch, 2004). The B6 vitamers can 

also be exported. But same as for the import, the unphosphorylated forms are preferably transported 

and only few cases have been described for the export of the phosphorylated esters (Vu et al., 2020). 

Therefore, PLP and PNP are dephosphorylated by PNP phosphatases as PdxP from Sinorhizobium 

meliloti, which has PNP/PLP activity but no PMP activity (Tazoe et al., 2005).  

 Vitamin B6 as a regulator 

In B. subtilis seven PLP-sensitive regulators exist YcxD, YdeF, YdeL, YdfD, YhdI, and YisV and GabR of 

which only the latter is well characterized. They mainly regulate genes involved in γ-aminobutyrate 

(GABA), taurine or ecotone metabolism. PLP-dependent transcription factors belong to the group of 
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MocR-subfamily, deriving from the rizophin regulator MocR in Rhizobium melioti and bind DNA with 

their N-terminal GntR-family binding domain. An aminotransferase-like sensor domain is located at 

the C-terminus of the proteins (Bramucci et al., 2011; Milano et al., 2015; Suvorova & Rodionov, 2016; 

Tramonti et al., 2018). GABA can be converted by B. subtilis to nitrogen by the GABA aminotransferase 

GabT and the succinic semi-aldehyde dehydrogenase GabD. Both enzymes are encoded in a bicistronic 

operon and the genes are transcribed in the presence of the MocR-family type transcription regulator 

GabR, GABA and PLP (Belitsky, 2004b; Belitsky & Sonenshein, 2002). In absence of GABA, GabR binds 

to the promoter of the gabR gene, thereby preventing transcription (Belitsky & Sonenshein, 2002; 

Edayathumangalam et al., 2013). For its regulatory activity the C-terminal part including the 

aminotransferase domain is not important but a conformational change has been described to be 

crucial for the formation of external aldimine formation between GABA and PLP. 

When GABA and PLP are present, they form an external aldimine, which is sensed by GabR and leads 

to a conformational change in the aminotransferase domain leading to a dimerization by which the N-

terminus can bind to the gabT-gabD DNA at two binding sites. An enzymatic reaction of the 

aminotransferase-like domain is not necessary for the regulatory effect (Al-Zyoud et al., 2016; Amidani 

et al., 2017; Edayathumangalam et al., 2013; Milano et al., 2017; Okuda, et al., 2015; Okuda, et al., 

2015; S. A. Park et al., 2017; Wu et al., 2017).  

PLP-sensitive transcription regulators also exist in other organisms, which even regulate the synthesis 

of genes involved in PLP metabolism. For instance, PdxR regulates the expression of the pdxST genes 

in bacteria like L. monocytogenes and PtsJ controls the expression of the pdxK gene in Salmonella 

typhimurium (Belitsky, 2014; Tramonti et al., 2017). Moreover, the Arabidopsis thaliana thi riboswitch 

responds to thiamine and PLP (Han et al., 2020). 

 Regulation of vitamin B6 synthesis 

The necessary amount of PLP is very low and in high doses the B6 vitamer is highly toxic for the cells 

as its 4’-aldehyde group forms covalent adducts with the thiol or amino groups of PLP-independent 

proteins (Commichau et al., 2015; Drewke et al., 1993; Farrington et al., 1993; Hartl et al., 2017; 

Mizushina et al., 2003; Shames et al., 1984; Vermeersh et al., 2004). PLP can inhibit for example 

enzymes, which are involved in carbon or DNA metabolism, as the acetyl-CoA carboxylase, DNA 

topoisomerase IB or α- and ε-DNA polymerase (W. M. Lee et al., 2005; Mizushina et al., 2003; 

Vermeersh et al., 2004). Besides, PLP can also bind to the adenylsuccinate synthase, the initiation factor 

3 of E. coli or the PL kinase and thereby inhibit the enzymes (Dong & Fromm, 1990; Ghatge et al., 2012; 

Ohsawa & Gualerzi, 1981). Thus, vitamin B6 overdosing leads to severe neurological diseases, 
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rendering out the importance of proper maintenance of the PLP levels (Callizot & Poindron, 2008; 

Institute of Medicine, 2006; Lheureux et al., 2005). 

 PLP and PMP belong to the 30 most damage-prone metabolites as they can spontaneously 

lead to condensation, oxidation, transamination of reduction reactions or they can promote 

spontaneous chemical reactions (Lerma-Ortiz et al., 2016; Linster et al., 2013). It is important to control 

mainly the amount of PLP in the cells, as it was shown that the other vitamers are less toxic (J. 

Rosenberg, et al., 2016). This could be achieved by for example regulation of the PLP formation, direct 

transport of PLP to the targets, export of the toxic vitamer, or by degrading PLP (Mukherjee et al., 2008; 

J. Rosenberg, Ischebeck, et al., 2016) 

PdxR is a regulator of vitamin B6 synthesis, which exists in several bacteria harboring the DXP-

independent pathway but not in B. subtilis and represses the expression of PLP-synthesis genes in 

presence of PLP (Belitsky, 2014; Jochmann et al., 2011; Liao et al., 2015; Qaidi et al., 2013; Tramonti et 

al., 2015). At low PLP concentrations the expression of the pdxST genes is promoted. When the PLP 

levels increase, it binds to PdxR and thereby prevents it from binding to the promoter and prevents its 

own synthesis (Belitsky, 2014). But also other regulators for vitamin B6 synthesis have been identified 

as thiamine, which inhibits vitamin B6 production in yeast (Minami et al., 1982). 

The overexpression of pdxA and pdxB from E. coli leads to enhanced growth, suggesting that these 

enzymes produce B6 in a limited fashion (Pease et al., 2002). The exact reason why the amount of B6 

is elevated remains to be elucidated but a regulatory mechanism seems to be feasible. Furthermore, 

the PNP oxidase PdxH is inhibited by PLP. It can further be acetylated to alter its activity (Suvorova & 

Rodionov, 2016; Zhao & Winkler, 1995). PdxH has two PLP binding sites, one in the active center and 

another one at a non-catalytic site. It was shown that the produced PLP in the active site can be moved 

through a tunnel to the non-catalytic site, where it can be transferred to other proteins as the apo-

serine hydroxymethyltransferase (Safo et al., 2001, 2005; E. S. Yang & Schirch, 2000). PdxK in E. coli is 

also inhibited by covalent binding of formed PLP to the active center. By being bound, it is also in a 

state of resting, until it is be channeled to PLP-dependent proteins (Martino Luigi Di Salvo et al., 2015; 

Ghatge et al., 2012; Moccand et al., 2011).In B. subtilis, the release of PLP from the PdxST complex is 

triggered by PLP-dependent proteins, such as the aspartate aminotransferase AspB (Moccand et al., 

2011). These carrier proteins could be the reason for general low amounts of PLP present in the cells, 

as the reactive co-factor is directly transported to the targets (Fu et al., 2001). It has been shown in 

humans that even high intakes of vitamin B6 lead to constant levels of PLP because free PLP is bound 

to serum albumin and is thereby transported through the body (Huang et al., 2012; Lumeng et al., 

1974; Schaeffer et al., 1989). Moreover, the possibility exists that PLP could be bound to amino acids 

for shuttling the B6 vitamer to the targets (Martino Luigi Di Salvo et al., 2011).  
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PLP can be salvaged to less toxic PL by phosphatases as PdxP. Recently, the phosphatase YbhA was 

identified in E. coli, which has PLP phosphatase activity but also minor phosphotransferase and 

phosphatase activity for different metabolites as erythrose-4-phosphate, fructose-1,6-bisphosphate, 

flavin mononucleotide, thiamine-pyrophosphate, glucose- 6-phosphate and ribose-5-phosphate 

(Kuznetsova et al., 2006; Saito et al., 2006; Sugimoto et al., 2017). It shares 31% sequence identity with 

YitU from B. subtilis, which belongs to the HAD phosphatases and is able to dephosphorylate a 

precursor of riboflavin (Sarge et al., 2015).  

Besides the B6 specific phosphatase PdxP, also alkaline and acidic phosphatases can dephosphorylate 

PLP and PMP and thereby lower the levels of PLP in the human plasma (Bull et al., 2002; M. L. Fonda, 

1992; Margaret L. Fonda & Zhang, 1995; Harris, 1990; Jang et al., 2003). Following this, humans can 

also degrade PN to 4-pyridoxate from PN, which is secreted in the urine (Schuster et al., 1984). 

Organisms as Mesorhizobium loti, Pseudomonas sp. MA-1, or Ochrobactrum can further catabolize 

vitamin B6 to succinate , ammonia, acetate and CO2 involving seven enzymes (Burg et al., 1960; Burg 

& Snell, 1969; Yoshikane et al., 2006).  

Moreover, the PLP-binding protein Yggs (COG0325) of E. coli was found, which is highly conserved 

among all domains of life (Ito et al., 2013). In Streptomyces coelicolor for example it is important for 

sporulation specific cell division (J. Zhang et al., 2019). Deletion of the yggS gene in E. coli leads to a 

PN-sensitive phenotype, PNP accumulation and a disturbance in branched-chain amino acid formation 

(Ito et al., 2019; Prunetti et al., 2016; Vu et al., 2020). Furthermore, cells became synthetically lethal in 

a yggS glyA double mutant. It could be shown, that glycine metabolism is repressed by PMP, as it 

competes with PLP for binding in GvcP, an enzyme taking part in the glycine cleavage system. Why PNP 

accumulates is still unclear (Ito et al., 2020). YggS has 33% sequence identity with YlmE of B. subtilis. 

As E. coli synthesizes vitamin B6 via the DXP-dependent and B. subtilis via the DXP-independent 

pathway, it is likely that YggS regulates the salvage of vitamin B6 and not the production. Indeed, when 

the yeast PLP synthase gene was integrated into a S. enterica yggS pdxH mutant, the same phenotype 

was observed as in E. coli, indicating that the phenotype is independent on the B6 synthesis. It was 

hypothesized that PLP binds to Yggs and thereby changes the PLP-PMP recycling in the salvage pathway 

(Vu et al., 2020). The PtsJ protein (ycxD 27.09% in B. subtilis) is also present in S. typhimurium and 

modulates the salvage of vitamin B6. It acts as a repressor of the pdxK gene, coding for a vitamin B6 

kinase (Martino Luigi Di Salvo et al., 2015). 

 Fermentative production of vitamin B6 

Vitamin B6 belongs to the majority of vitamins, which are still chemically produced (Acevedo-Rocha et 

al., 2019). This process involves expensive and toxic substrates and does not match with a sustainable 
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production (Eggersdorfer et al., 2012). Therefore, in former studies it was tried to overproduce 

vitamin B6 in microorganisms to reach titers of at least 10 g/l, which can compete with the chemical 

synthesis (Acevedo-Rocha et al., 2019; Agranat, 2009; Commichau et al., 2014, 2015; Eggersdorfer et 

al., 2000, 2012; Hoshino et al., 2006; J. Rosenberg et al., 2018; J. Rosenberg, Ischebeck, et al., 2016; 

Tatsuo et al., 2006). First attempts were made with different wild type isolates of bacteria and fungi 

and a yield of 25 mg/ml could be obtained with the yeast Pichia guilliermondii NK-2 (Yocum et al., 

2005). When genetical engineering established to construct overproducing microbes, the B6 synthesis 

genes pdxST of B. subtilis were overexpressed in E. coli but the amount of produced vitamin B6 could 

only be enhanced slightly. The DXP-independent pathway is slower than the DXP-dependent pathway, 

although only one enzyme participates in the reaction. It is furthermore not regulated and PLP is 

produced without any precursors. Therefore, toxic levels of PLP are produced quickly and the cells die 

(Yocum et al., 2005). Thus, further studies focused more on the optimization of the DXP-independent 

vitamin B6 synthesis pathway, for example the pathway genes of E. coli were overexpressed and could 

thereby enhance B6 production to up to 78 mg/l in 31 h of cultivation (Hoshino et al., 2006). The natural 

overproducer S. melioti can even produce up to 100 mg/l. This organism was further modified by 

overexpressing its native dxs gene and introducing the E. coli epd gene. The produced amount of 

vitamin B6 could be even increased to 1.3 g/l (Hoshino et al., 2006). As B. subtilis is an excellent 

production host, it was used to overexpress vitamin B6. Therefore, a codon optimized version of the 

epd gene from E. coli and pdxR, serC, pdxA and pdxJ from S. meliloti were introduced into the genome 

of B. subtilis, resulting in a vitamin B6 titer of 41 mg/l PN in 72h (Commichau et al., 2014). As the 

introduced genes have different activities, it probably comes to a metabolic stuck of toxic PN 

precursors as 4HTP and the cells suffer from this stress (Commichau et al., 2014). Hence, a B. subtilis 

strain was evolved in presence of 4HT interfering with the threonine and isoleucine biosynthesis 

(Commichau et al., 2014; Drewke et al., 1993; Katz et al., 1974; J. Rosenberg, Müller, et al., 2016; 

Rudolph et al., 2010). Indeed, the evolved strain harbored mutations in a transporter of the branched 

amino acids and thereby preventing 4HT uptake. Furthermore, mutations were found in a promoter 

of a gene de-regulating threonine biosynthesis. By overexpressing the thrB gene in the heterologous 

pathway mutant, the produced B6 amount could be doubled to 120 mg/l. For a detailed review of 

bacterial vitamin B6 production see (J. Rosenberg et al., 2020). 

 Vitamin B6 underground metabolism 

Enzymes are not always substrate specific and often catalyze more than one reaction. In the 

evolutionary perspective, all organisms derived from a last universal common ancestor, which 

approximately carried 500 genes (Kannan et al., 2013). B. subtilis possesses about 4100 and humans 
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about 30,000 genes (Kobayashi et al., 2003; Pertea et al., 2018; Zhu & Stülke, 2018). Although it is 

possible that new genes derive from noncoding DNA, most novel gene functions emerged by gene 

duplication and slight modifications of one of the genes, which can establish new gene functionality. 

During this step, promiscuous enzyme activities evolved and increases fitness for functions, which are 

not related to their primary tasks. Next, these promote a duplication of the region to cope selective 

pressure. When the pressure level normalizes due to the beneficial enzyme version, the original copy 

is lost (Bergthorsson et al., 2007; Khersonsky & Tawfik, 2010). This beneficial effect is ofthen not only 

on the basis of enzymatic activity but could also confer regulation on gene level. These so-called 

“trigger enzymes” do have both, an enzymatic function in metabolism but also act as regulators of 

transcription (Commichau et al., 2007; Commichau & Stülke, 2008; Lewis V. Wray et al., 2001). Thus, it 

is reasonable that multiple metabolic pathways can exist in an organism to fulfill the synthesis of one 

specific compound, as promiscuous enzymes could carry out tasks apart from their known reactions. 

This so-called underground metabolism describes the fact that promiscuous enzymes can either carry 

out the functions they evolved for but also use structural related substrates (Ari & Casadesu, 1998; 

Notebaart et al., 2018). It is for example known that in E. coli 65% of the known reactions utilize only 

37% of known enzymes (Nam et al., 2012). 

This underground metabolism is also interesting for biotechnological approaches because novel gene 

functions also offer new possibilities to overcome the problems of the actual vitamin B6 production 

(Copley, 2012; Khersonsky & Tawfik, 2010). Many different serendipitous pathways could be identified 

until now, which feed directly into the vitamin B6 metabolism pathway or link different metabolic 

routes (Cooper, 2010; Kim et al., 2010, 2019; Kim & Copley, 2012; Man et al., 1996; Oberhardt et al., 

2016; Sachla & Helmann, 2019.; Smirnov et al., 2012; Thiaville et al., 2016).  

The first pathway was found in the mid 90ies by Man et al. who identified a mutation in pdxJ, which 

was able to overcome the loss of the PNP oxidase PdxH. Moreover, the overproduction of the native 

genes serA, yeaB, ltaE and thrB in E. coli can cope the loss of the pdxB gene without further integration 

of foreign genes and thereby relieve vitamin B6 auxotrophy (see Figure 6) (Kim et al., 2010; Kim & 

Copley, 2012). The genes code for enzymes linking serine to vitamin B6 metabolism by converting 3-

phosphoglycerate a starting point for serine synthesis to 4HT involving SerA, YeaB and LtaE. 4HT is then 

converted by ThrB to 4HTP, which is a substrate in the DXP-dependent pathway. Two other pathways 

were supposed feeding in at the level of SerC and PdxJ, respectively (Kim et al., 2010). These pathways 

at least consist of AroA but could also include HisB, Php or YjbQ (see Figure 6). The substrates of these 

pathways still remain to be elucidated, although It is known that YjbQ has a thiamine phosphatase 

activity and can take part in both vitamin B1 and B6 synthesis (Morett et al., 2008). In an in silico 

approach ThiG, which is also involved in production of the thiazole moiety in thiamine biosynthesis, 
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was identified as an promiscuous enzyme being able to replace PdxB when overexpressed (Oberhardt 

et al., 2016). It is speculated that it could replace the entire pathway and directly produce PL. This 

hypothesis still has to be verified experimentally but structural analysis revealed that ThiG is similar to 

the PLP synthase PdxS (Oberhardt et al., 2016) 

 

 

Figure 6 Serendipitous pathways for vitamin B6 synthesis and enzymes that feed into the DXP-dependent pathway in E. 
coli.  
Epd, erythrose 4-phosphate dehydrogenase; PdxB, 4-phosphoerythronatedehydrogenase; SerC, 3-phosphoserine 
aminotransferase; PdxA, 4-phosphohydroxy-L-threonine dehydrogenase; PdxJ, pyridoxine 5’-phosphate synthase; Dxs, 
1-deoxyxylulose 5-phosphate synthase; PdxH, pyridoxine 5’-phosphateoxidase; SerA, phosphoglycerate dehydrogenase; 
NudL, putative NUDIX hydrolase; LtaE, L-allo-threonine aldolase; ThrB (and DUF1537), homoserine kinase; DUF2257, L-
threonine dioxygenase; AroB, 3-dehydroquinate synthase; HisB, imidazoleglycerolphosphate dehydratase and histidinol 
phosphatase; Php, unknown function; YjbQ, unknown function; ThiG, thiazole synthase. RsgA is a GTPase involved in 
ribosome maturation in E. coli (Campbell & Brown, 2008). RsgA Q3 shares 38% overall sequence identify with the B. subtilis 
CpgA protein, which was shown to dephosphorylate 4-phosphoerythronate (Sachla & Helmann, 2019). It is tempting to 
speculate that RsgA is also capable of dephosphorylating 4-phosphoerythronate (adapted from Richts & Commichau, 2021) 

 

In an evolutionary approach E. coli linages were cultivated for 150 generations, leading to the 

description of another novel pathway feeding into the DXP-dependent pathway (Kim et al., 2019). The 

pathway uses 4PE, which is dephosphorylated by an unknown phosphatase to erythronate. 

Furthermore, SerA and SerC originally are involved in serine metabolism and transform erythronate to 
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4HT, which is again, utilized by ThrB to 4HTP (Kim et al., 2019). Instead of ThrB also proteins of the 

DUF1537 kinase family are able to convert 4HT to 4HTP (Smirnov et al., 2012; Thiaville et al., 2016; X. 

Zhang et al., 2016). These proteins are known to be active in catabolism of carbon acid sugars as L-

threonate or D-erythronate (X. Zhang et al., 2016). It was recently shown that in B. subtilis the protein 

CpgA, which is necessary for ribosomal maturation also moonlights as a phosphatase, detoxifying 4PE 

(Sachla & Helmann, 2019).  

 

 

Figure 7 Putative serendipitous pathways for vitamin B6 synthesis in B. subtilis.  
GapA, glyceraldehyde 3-phosphate dehydrogenase; CpgA, phosphatase; SerA, phosphoglycerate dehydrogenase; SerC, 3- 

phosphoserine aminotransferase; ThrB, homoserine kinase; PdxJ, pyridoxine 5 ′ -phosphate synthase; Dxs, 1-

deoxyxylulose 5-phosphate synthase; PdxH, pyridoxine 5’-phosphate oxidase; PdxS (PLP synthase subunit) and PdxT 
(glutaminase subunit) form the PdxST PLP synthase complex; YtoQ, a protein of unknown function (adapted from Richts & 
Commichau, 2021) 

 

As described above, overexpression of the PdxST complex in E. coli yielded in low level production of 

PLP as it is slower than the DXP-independent pathway (J. Rosenberg et al., 2020; Yocum et al., 2005). 

Therefore, it is reasonable to use the DXP-dependent pathway of E.coli for production of vitamin B6. 

It was tried to evolve a B. subtilis strain harboring only a partial heterologous pathway of E. coli (J. 

Rosenberg et al., 2018; J. Rosenberg & Commichau, 2018). To accomplish that, genes of the DXP-
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dependent pathway were integrated step by step into a B6 auxotrophic B. subtilis strain (ΔpdxST), 

starting with the last gene pdxH. Interestingly, a strain expressing only PdxH and PdxJ showed poor 

growth on minimal medium without vitamin B6 supplementation and formed suppressor mutants 

after prolonged incubation (J. Rosenberg et al., 2018). Sequencing revealed mutations inactivating 

genes required for the synthesis of bacillithiol, which is a Low-Molecular-Weight (LMW) thiol involved 

in oxidative stress response, redox buffering and in fosfomycin resistance (Gaballa et al., 2010; Newton 

et al., 2012). Since the suppressor mutant showed only slow growth, it was further evolved in minimal 

medium and reached a growth speed, comparable to that of the wild type strain. Whole genome 

sequencing showed an upregulation of the ytoQ gene and plasmid based overexpression of ytoQ in a 

ΔpdxST pdxJH ΔbshC mutant could suppress the loss of the pdxST genes (J. Rosenberg et al., 2018). The 

integration of only two foreign genes was already enough to establish an underground metabolism 

pathway in B. subtilis for the production of PLP. We therefore compared the enzymes of the known 

underground metabolism pathways with the B. subtilis proteome and were able to identify 

homologous enzymes (see Figure 7) (Richts & Commichau, 2021). 

 When PdxJ and PdxH are present in B. subtilis only two enzymes are missing to have the full 

DXP-independent pathway: PdxA and PdxB. GapA, SerC and Dxs can catalyze the steps oxidizing E4P, 

converting 3-hydroxy-2-oxo-4-phosphooxybutanoate to 4-P-HO-L-threonine and producing DXP, 

respectively. It has been shown that B. subtilis CpgA is able to dephosphorylate 4PE to erythonate 

(Sachla & Helmann, 2019). Besides that, also enzymes of the serine pathway could be involved, as 

erythronate can be converted by the promiscuous activities of the 3PG dehydrogenase SerA, the serine 

aminotransferase SerC and the homoserine kinase ThrB to 4-P-HO-L-thronine. It was already confirmed 

that B. subtilis SerC and ThrB are active in a complete non-native DXP-dependent vitamin B6 synthesis 

pathway (Commichau et al., 2014, 2015). As the function of PdxB could be detoured, only the 

promiscuous enzyme replacing PdxA remains unclear. Nevertheless, the function of the unknown 

protein YtoQ remains to be clarified as the protein is required for PLP production (J. Rosenberg et al., 

2018).  

 Nitrogen metabolism  

B. subtilis harbors a complex regulatory system to maintain the balance of nitrogen and carbon 

metabolism as both cycles are interconnected. α-ketoglutarate is formed during the tricarboxylic acid 

(TCA) cycle and builds the link to the nitrogen metabolism as it is used by the glutamate synthase 

(GOGAT) to form glutamate (see Figure 8A) (Belitsky, 2001; Commichau et al., 2006). The necessary 

ammonium derives from glutamine, which is transaminated by the GOGAT using NADPH. Thus, two 

molecules of glutamate are produced of, which one molecule can be used for further metabolism and 
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one stays in the cycle (Belitsky, 2001). The back reaction is also possible. Glutamate reacts back to α-

ketoglutarate with the help of the glutamate dehydrogenases (GDH), which reduces NAD+ to NADH 

and releases ammonium. By that glutamate can be used as a source of carbon as α-ketoglutarate can 

enter the TCA cycle (Belitsky & Sonenshein, 1998; Gunka et al., 2013). In contrast to the GDHs of other 

organisms like E. coli, the B. subtilis GDH has a low affinity for ammonium, which makes an anabolic 

reaction to glutamate impossible under normal conditions (Commichau et al., 2008). Therefore, in 

B subtilis the integration of ammonium into the nitrogen cycle can only be achieved in the last step: 

the amination of glutamate by the glutamine synthetase GlnA. GlnA utilizes glutamate and free 

ammonium to form glutamine in an ATP-dependent reaction (Belitsky, 2001).  

The most efficient nitrogen source for B. subtilis is glutamine but in absence of it, also ammonium is 

preferably taken up by the cells (Fisher & Débarbouillé, 2001; Hu et al., 1999). The state of ammonium 

is an equilibrium between the gaseous form ammonia (NH3) and the ionic form ammonium (NH4
+), 

which depends on the pH value. At high pH the balance is shifted towards ammonia (NH3), which is 

able to diffuse through the cell membrane. For ammonium the transporter NrgA is needed (Detsch & 

Stülke, 2003). To keep the nitrogen cycle in balance, it needs to be highly regulated. In a mutant screen 

the TnrA protein was identified as a regulator of the nrgAB operon, which codes for the ammonium 

channel NrgA and the PII-protein NrgB and it could be shown that TnrA activates its expression and by 

that helps channeling ammonium into the cells (Gunka & Commichau, 2012; L V Wray et al., 1996). 

The PII protein NrgB is co-localized with NrgA at the cell membrane in absence of ATP and is necessary 

for a full expression of the nrgAB operon (Detsch & Stülke, 2003; Hauf et al., 2016; Heinrich et al., 2006). 

PII proteins are often involved in sensing the nitrogen status of a cells and building a monitor system of 

nitrogen availability (Atkinson & Fisher, 1991; Wray et al., 1994).  

TnrA is a global nitrogen regulator and binds to at least 84 genes in B. subtilis and at least 42 DNA 

regions (Mirouze et al., 2015; Zhu & Stülke, 2018). It is a positive regulator of its own expression and, 

in absence of a good nitrogen source, TnrA mostly upregulates genes, which are involved in the uptake 

of glutamine and ammonium or in the assimilation of nitrate und nitrite. The glutamine synthetase and 

the glutamate synthase are downregulated under these conditions (S H Fisher, 1999; Wray et al., 1996; 

Yoshida et al., 2003). Together with GlnR, which is also a regulator of nitrogen metabolism, it belongs 

to the group of the TnrA/GlnR family of transcription regulators (Schumacher et al., 2015). The 

glutamine synthase GlnA also plays a regulatory role besides its enzymatic function as the glnR and the 

tnrA gene is expressed constitutively when glnA is deleted (Fisher & Wray, 2008). These kind of 

proteins, which have a catalytic activity and also play a role in gene regulation are called trigger 

enzymes (Commichau & Stülke, 2015).  
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Figure 8 Regulation of nitrogen metabolism in Bacillus subtilis. 
A: In B. subtilis free ammonium can be transferred to glutamate by GlnA. The formed glutamine can transfer this amino 
group to α-ketoglutarate via the GOGAT. By that two molecules of glutamate are formed from glutamine and α-
ketoglutarate. The glutamate dehydrogenase cleaves off ammonium from glutamate resulting in free ammonium and α-
ketoglutarate. GlnA: glutamine synthetase, GOGAT: glutamate synthase, GDH: glutamate dehydrogenase. B: If nitrogen is 
limited the global nitrogen regulator TnrA promotes the expression of nrgAB coding for the ammonium channel NrgA and 
the PII protein NrgB. Ammonium can enter the cell and as the nitrogen levels elevate, expression of the regulator GlnR 
and GlnA is no longer repressed by TnrA. By that ammonium can be utilized by the glutamine synthetase GlnA. Rising 
glutamine levels lead to feedback inhibition of GlnA (FBI-GlnA). FBI-GlnA can bind TnrA and GlnR. Thus, transcription of 
tnrA and of glnRA is blocked. 

 

Excess of nitrogen leads to high amounts of glutamine by GlnA. At a certain point the glutamine 

synthase is feedback inhibited by glutamine (FBI-GlnA) (Hauf et al., 2016; Murray et al., 2013) and TnrA 

can bind to the FBI-GlnA. Consequently the oligomerization state of GlnA changes from its 

dodecameric form to a tetramer, which inactivates the glutamine synthesis capacities (Murray et al., 

2013;Wray et al., 1996, 2001). In this bound state, TnrA cannot bind to the DNA and the nrgAB is not 

expressed (Fisher & Wray, 2008, 2009; Wray et al., 2001; Wray & Fisher, 2010). For the binding of TnrA 

to GlnA, the last six amino acids of C-terminal domain are important. If they are not present, GlnA and 

TnrA cannot interact with each other (Kayumov et al., 2011; Shin et al., 2000; Wray & Fisher, 2007). 

The binding site to GlnA is located near the active site (Fisher et al., 2002; Fisher & Wray, 2006, 2008; 

Wray & Fisher, 2005). TnrA as well as GlnR bind to GlnA under high nitrogen availability. Thereby, TnrA 

dimerizes and the GlnR-DNA complex is stabilized. Thus, expression of glnRA and tnrA can be repressed 
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(S. W. Brown & Sonenshein, 1996; Fisher, 1999; Fisher & Wray, 2008; Schumacher et al., 2015; Wray et 

al., 2001).  

 During growth under nitrogen limitation, the cellular glutamine levels are low and GlnA is not 

feedback inhibited but in an ATP bound state. TnrA is released from the GlnA-TnrA complex and it 

promotes binding to NrgB at the membrane. Therefore, its dimeric form is stabilized, which is 

necessary for activating nrgAB and ammonium can be taken up until a threshold is reached, where 

NrgA is blocked for new ammonium (Hauf et al., 2016; Heinrich et al., 2006; Kayumov et al., 2011; 

Schumacher et al., 2015). As GlnR can also bind only to the FBI-GlnA, it is released upon nitrogen 

limitation. In the unbound status it cannot bind to the DNA anymore, as it has an autoinhibitory 

function. Besides that, GlnA retains its dodecameric status and in its catalytically active state the 

enzyme produces new glutamine (Hauf et al., 2016). 

In a nrgA mutant, TnrA is bound to the cytoplasmic NrgB. If nrgB is deleted, TnrA does not bind to FBI-

GlnA and lower its activity, which leads to an accumulation and secretion of ammonium into the 

medium (Fedorova et al., 2013; Kayumov et al., 2011).  

TnrA also affects the expression of the gltAB genes, which code for the GOGAT. When nitrogen is 

limited, TnrA binds downstream of the gltAB promoter and blocks expression of the GOGAT (Belitsky 

et al., 2000). When ammonium and α-ketoglutarate are present, gltAB is expressed because TnrA is 

bound to GlnA and cannot access the regulatory region of gltAB (Belitsky et al., 2000; Murray et al., 

2013). Under these conditions, the LysR-type transcriptional activator GltC binds to the promoter 

region and activates the transcription of the gltAB genes (Bohannon & Sonenshein, 1989). A detailed 

regulation of the full nitrogen cycle is described in (Gunka & Commichau, 2012). 

 Bacillithiol (oxidative stress response) 

As a soil living bacterium, B. subtilis has to cope all kinds of environmental stresses, among them 

oxidative stress, which is mostly dealt by reactive oxygen species (ROS) as hydrogen peroxide (H2O2), 

superoxides (O2
-) hydroxyl radicals (HOּּ∙) or reactive nitrogen species (NOS) as nitric oxide (NO). A 

reaction with these compounds leads to a primary oxidative stress response (Antelmann & Helmann, 

2011). ROS can also actively be produced as anti-bacterial compounds to compete against other 

bacteria, which live in the same habitats. If the organism is stressed for longer period of time, this can 

have macromolecular damage as a consequence. Following this, increased mutation rates and 

subsequently cell death can be the consequences (Dukan & Nyström, 1998; Imlay, 2003). Oxygen is a 

very reactive molecule as it has two unpaired electrons in its outer shell, which can easily oxidize 

chemicals like metals or different carbohydrates. Reduction of oxygen can only occur sequentially, 

leading to the formation of reactive single radicals (Imlay, 2003, 2008). Those reactive oxygen species 
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can furthermore derive from respiratory chain, mainly from oxidation by reduced menaquinone, which 

can donate electrons to oxygen and thus form superoxides and H2O2. They can further take electrons 

from any molecule with low redox potential, mainly reduced metals, to form hydroxyl radicals (Imlay 

& Linn, 1988). An oxidative stress response can also be induced by general stressor exposure like heat, 

salt, acids or antibiotics, which is therefore entitled as secondary oxidative stress response. (Kohanski 

et al., 2007; Mols et al., 2009; Mols & Abee, 2011) 

 ROS and RNS can oxidize thiols, mostly cysteine and homocysteine residues of proteins. A 

reaction with free cysteine is too slow to cause any damage (Di Simplicio et al., 2003; J. W. Lee et al., 

2007; Winterbourn & Hampton, 2008). If thiol residues in proteins are oxidized, this can limit the 

functionality of the enzymes or even lead to inactivation, as cysteine residues are often located in 

active sites of many enzymes. These cysteines can form disulfide bounds upon ROS treatment 

(Hochgräfe et al., 2005, 2007; Hondorp & Matthews, 2004; Winterbourn & Hampton, 2008). 

 Nitric oxide can oxidize iron containing proteins as the cytochrome oxidase, which is necessary 

for the electron transport chain. Furthermore, it alters tyrosine or cysteine residues (G. C. Brown et al., 

1997; Di Simplicio et al., 2003; Rogers & Ding, 2001; Spiro, 2007). As NO is a radical, it is highly reactive 

with oxygen or ROS forming different RNS. These are able to further attack cysteine residues but can 

also react with FeS-clusters and inhibit their function (Di Simplicio et al., 2003; Winterbourn & Hampton, 

2008). It was shown that addition of cysteine can rescue damaged FeS-clusters by releasing the 

dinitrosyl iron complexes into the cytoplasm and by that facilitate new iron-sulfur cluster formation 

(Rogers & Ding, 2001). Moreover, RNSs promote NADH and flavinred formation, which forms hydroxyl 

radicals and reduce the amount of free iron (Winterbourn & Hampton, 2008) 

 Iron-containing enzymes are susceptible to oxidation. [4Fe-4S]+ iron sulfur clusters are 

attacked by the ROS leading to the loss of one of the iron atoms [3Fe-4S]+ and thereby to inactivity of 

the enzyme (Imlay, 2006; Kiley & Beinert, 2003). Fe3+ cations are released, which can be reduced by 

cysteine or flavinred to Fe2+. H2O2 can again oxidize the iron cation to form toxic hydroxylperoxide 

radicals being able to oxidize amino acid residues  

(Imlay, 2006; Rogers & Ding, 2001; Spiro, 2007; Woodmansee & Imlay, 2003). As a protection, FeS 

clusters can be shielded from reactive oxygen species by the substrates of the enzymes or by locating 

the clusters at the inside of the enzyme where ROS cannot enter (Varghese et al., 2007). Furthermore, 

the Fur protein is a master regulator of iron homeostasis and regulates 65 genes of iron uptake and 

metabolism (Zhu & Stülke, 2018). The protein can be easily oxidized as it associated with iron (Varghese 

et al., 2007). By that, the DNA binding ability is lost and a deregulation of iron uptake is the 

consequence, which can lead to even higher ROS formation and damage the DNA (Bsat et al., 1998; 

Imlay & Linn, 1988; Varghese et al., 2007).  
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 B. subtilis harbors a general response to oxidative stress, which is controlled by the σB factor 

and regulation by PerR and OhrR (Hecker et al., 2007; Helmann et al., 2003). Upon oxidative stress or 

when entering the stationary phase, SigB can induce gene expression of detoxification systems as the 

superoxide dismutase (SodA), catalase (KatE) or organic hydroperoxide reductase (OhrB) (Antelmann 

et al., 1997; Engelmann et al., 1995; Hecker et al., 2007). PerR senses the peroxide levels in the cell 

with its associated Fe2+ and activates expression of genes protecting the DNA from Fe-based ROS 

formation (Fenton reaction), detoxifying ROS (catalase, alkylhydoperoxide reductase) and synthesizing 

heme. Mn2+ can also associate with PerR and thereby strongly decreases the sensitivity towards H2O2 

(Herbig & Helmann, 2001). As manganese is more resistant to ROS, it can take over if the ROS levels 

are too high for iron-based sensing and by that maintain regulation under harsh conditions (Imlay, 

2008). 

 The OhrR regulator belongs to the multiple antibiotic resistance regulators (MarR-type) and 

controls expression of the hydroperoxide reductase ohrA. A second hydroperoxide reductase ohrB is 

controlled by the sigma factor B (Hecker et al., 2007). The binding ability of OhrR is controlled by the 

oxidation status of a conserved cysteine residue (Cys15), making it to a thiol-based sensor. This 

cysteine residue can also be target of bacillithiolation (see below) (Chi et al., 2011; J. W. Lee et al., 2007; 

Soonsanga et al., 2007, 2008).  

 The last regulator is Spx, which is conserved among Gram-positive bacteria and belongs to the 

group of the ArsC (arsenate reductase) protein family as it harbors the typical CXXC redox motif to 

control its activity. It is a regulator, which directly binds to the α-subunit of the RNA polymerase (RNAP) 

(Choi et al., 2006; Nakano et al., 2003, 2005). Deletion of spx in B. subtilis leads to sensitivity for thiol 

specific oxidants as diamide and other thiol-depleting agents (Nakano & Küster-Schöck, et al., 2003; 

Zuber, 2009).To execute its role as a regulator, the CXXC motif has to be in its oxidized form. Thus, 

addition of a reductant as DTT blocks transcriptional activation as Spx cannot bind to the RNAP 

anymore (Nakano et al., 2005). The binding happens through the C-terminal part of the α-subunit of 

the RNA polymerase, which possesses an important tyrosine residue in one of its α-helices and is 

relevant for binding (Newberry et al., 2005). When bound to the polymerase, Spx can hinder other 

RNAP binding activators from interacting and thereby inhibit their regulatory function. This can cause 

toxic effects (Nakano et al., 2003). The spx gene lies in an operon with yjbC and can be expressed from 

four different promoters involving at least the sigma factors A,B and M (Antelmann et al., 2000; Min 

Cao et al., 2002; Eiamphungporn & Helmann, 2008; Leelakriangsak et al., 2007). Thus, Spx can be 

formed under different stress conditions as cell envelope stress (sigma M), thiol-reactive electrophiles 

(YodB) or ROS stress (PerP) (Min Cao et al., 2002; Eiamphungporn & Helmann, 2008; Helmann et al., 

2003). The Spx levels are controlled by the ATP-dependent protease ClpXP, which prevents Spx from 
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accumulation (Nakano et al., 2003). YjbC is an adapter protein for ClpXP and modulates its Spx 

degradation ability (Garg et al., 2009). Spx mainly activates genes involved in thiol homeostasis as trxA 

and trxB, cysteine biosynthesis as yrrT, cysK and trxA, detoxification or NADPH production but also 

genes involved in the formation of the low-molecular weight thiol bacillithiol (Choi et al., 2006; Gaballa 

et al., 2013; Nakano & Küster-Schöck, et al., 2003). Genes involved in genetic competence formation 

or metabolic pathways are repressed in presence of Spx (Nakano & Küster-Schöck, et al., 2003).  

 LMW thiols are important to maintain proteins in their functional states, especially when 

experiencing oxidative or antibiotic stress (Chandrangsu et al., 2018; Laer et al., 2013; Van Loi et al., 

2015). In most eukaryotes and Gram-negative bacteria, but also in few Gram-positive bacteria as 

L. monocytogenes, the main LMW thiol is glutathione (GSH) (Potter et al., 2012; Van Loi et al., 2015). 

In Gram-positive bacteria mostly use other LMW thiols as for example mycothiol in high-GC containing 

Actinomycetes (Newton et al., 2008; Reyes et al., 2018). BSH was discovered not long ago in 

Bacillus anthracis but is also present in B. subtilis and other closely related low GC species as S. aureus 

(Gaballa et al., 2010; Newton et al., 2012) (see Figure 9). BSH together with its derivatives are supposed 

to be the most widely distributed LMW thiols (Hiras et al., 2018) . If BSH synthesis is compromised, 

some bacteria can even use coenzyme A (CoA) as a replacement (Boylan et al., 2006; DelCardayré & 

Davies, 1998; Van Loi et al., 2015). 

 BSH is produced from Uridinediphosphate-N-acetylglucosamin (UDP-GlcNAc) and malic acid in 

a reaction involving three enzymes. The glycosyltransferase BshA catalyzes the reaction of UDP-GlcNAc 

and malic acid to N-acetylglucosamine malate (GlcNAc-Mal), which is deacetylated by the N-

acetylglucosamine-malate deacetylase BshB. Resulting N-glucoseamine malate (GlcN-Mal) is fused 

with cysteine by the putative cysteine ligase BhsC (Chandrangsu et al., 2018; Gaballa et al., 2010). The 

genes of bshA and bshB1 are located in one operon together with methylglyoxal synthase mgsA and 

birA, the biotin ligase. The expression of the operon is under control of Spx and thereby sensitive to 

thiol stress (Hecker et al., 2007; Zhu & Stülke, 2018; Zuber, 2009). The cysteine ligase gene bshC is also 

under the regulation of Spx but is located at a different position in the genome, together with ylbQ, 

which is needed for the synthesis of acetyl-CoA (Gaballa et al., 2013; Zhu & Stülke, 2018). In B. subtilis 

there is a second homolog of BshB1, which is called BshB2 but it has only small impact on BSH synthesis 

(Fang et al., 2013). 
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Figure 9 Bacillithiolation 
cycle. 
A: chemical structures of 
bacillithiol (BSH) and its 
oxidized form bacillithiol 
disulfide (BSSH). B: Upon 
ROS formation, 
bacillithiol can be either 
oxidized to bacillithiol 
disulfide (BSSB) or can be 
used for S-
bacilithiolation of 
proteins. The latter ones 
can be debacillithiolated 
by bacilliredoxin Brx. 
BSSB can be regenerated 
by the NADPH-
dependent YpdA. Figure 
adapted from 
(Hammerstad et al., 
2020) 

 

In case ROS are present in the cells, cysteine residues of oxidation prone proteins can be S-

bacillithiolated and thereby protected. Bacillithiolation is a post-translational modification, which 

oxidizes thiol moieties and forms mixed disulfides with BSH (see Figure 9) (J. W. Lee et al., 2007). In 

order to reverse this step, the bacilliredoxins BrxA and BrxB (Bxs) are able to transfer the BSH onto a 

cysteine in its active site and thereby releasing the de-modified protein. Under oxidative stress BSH 

can acts as a reductant by donating electrons. By that is oxidized and disulfide bond between two 

molecules of BSH is formed. Furthermore, the BSH from Brx can be transferred to BSH forming BSSB 

(Gaballa et al., 2014; Sharma et al., 2013). BSSB can be recycled by the NADPH-dependent flavin 

oxidoreductase YpdA (Bdr in B. subtilis) (Hammerstad et al., 2020; Linzner et al., 2019; Mikheyeva et 

al., 2019; Zhu & Stülke, 2018). Although BSH is formed especially under peroxide stress, S-

bacillithiolation of proteins could not detected under these conditions (Chi et al., 2011, 2013). 

Nevertheless, bacillithiolation does not only protect the proteins, it can also serve as an inactivator for 

enzymes or transcriptional regulators (Chi et al., 2011, 2013). 

 When BSH synthesis is disrupted, B. subtilis mutants are more sensitive to ROS, diamides, 

hypochloride, methylglyoxal osmotic stress and the antibiotic fosfomycin (Chandrangsu et al., 2018; 

Chi et al., 2011; Gaballa et al., 2010). BSH is a cofactor for the epoxide hydrolase FosB, which is a 

detoxifying protein for fosfomycin. Without BSH, the antibiotic cannot be degraded and its toxic effect 

increases (Gaballa et al., 2010; Heaton et al., 1988; Lamers et al., 2012). Following this, activity of iron-

sulfur cluster containing enzymes is reduced in BSH-deficient mutants, also lowering the intracellular 

amounts of branched amino acids leucine and isoleucine (Chandrangsu et al., 2018; Fang & Dos Santos, 
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2015; Rosario-Cruz et al., 2015). BSH is involved in iron homeostasis and BSH mutants have a delayed 

growth in minimal medium if casamino acids (CAA) or iron is not supplemented (Fang & Dos Santos, 

2015). 

 BSH can protect the cells also from reactive electrophile species (RES) and methylglyoxal (Ma 

et al., 2014; Newton et al., 2011; Perera et al., 2014; Rajan et al., 2004). It can binds to methylglyoxal 

and forms BSH-hemithioacetal, which can further react to lactate by the GlxA and GlxB glyoxalases 

(Chandrangsu et al., 2014). S-lactoyl-BSH, a metabolite of this reaction pathway also acts as an 

activator for the potassium/proton antiporter KhtSTU and thereby promoting proton import and 

cytosol acidification, which protects from nucleophilic damage (Chandrangsu et al., 2014). To detoxify 

electrophiles or other toxins, BSH is conjugated with the toxin by the BSH-S-transferase BstA. The 

emerging conjugates are then deacetylated by BshB2 leaving CysS-conjugates and GlcN-Mal, which can 

be recycled to produce new BSH. The Cys-S-conjugate can be exported as a derivative of mercapturic 

acid (Chandrangsu et al., 2018). 

Lastly, BSH is a metal iron buffer and can take part in formaldehyde detoxification (Chandrangsu et al., 

2018; Harms et al., 1996; Huyen et al., 2009; Kay et al., 2016; Ma et al., 2014). It was shown to control 

sulfide homeostasis in S. aureus under nitroxyl and H2S stress (Peng, et al., 2017a, 2017b). 

 The MiniBacillus project 

The MiniBacillus project aims to generate a genome-reduced B. subtilis strain harboring only a defined 

set of genes (Reuß et al., 2017). As every gene should have an assigned function, this can give further 

information about the genes that are necessary to establish life. Furthermore, genome minimized 

organisms can be suitable as special production hosts, since genes interfering with the production may 

be deleted (Van Tilburg et al., 2020). The genomic deletions were made in a top-down approach in 

multiple steps. Therefore, a blueprint of the final minimized cell was made, based on the data of Kooh 

et al. and Kobayashi et al. who generated B. subtilis deletion library and depicted all genes, which are 

essential in the complex medium supplemented with glucose and growth at 37°C. This data has been 

intensively studied to build the blueprint with all important genes, either being essential or providing 

necessary metabolic features (Commichau et al., 2013; Juhas et al., 2014; Kobayashi et al., 2003; Koo 

et al., 2017; Reuß et al., 2016).  

All in all, 257 essential genes were identified and added to the blueprint. Furthermore, genes involved 

in competence and genomic stability were kept to guarantee successful deletion processes (Reuß et 

al., 2016). The conditions for the genome minimization were also defined to the usage of LB-Glc 

medium and cultivation at 37°C. Therefore, amino acids are already present in the medium and amino 

acid transporter genes were favored in the blueprint in contrast to the synthesis genes. Glucose served 
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as the main carbon source allowing limitation of the carbon metabolism to glycolysis and pentose 

phosphate pathway. Thus, the citric acid cycle can be deleted, which was already tried in the B. subtilis 

wild type (http://hdl.handle.net/11858/00-1735-0000-002E-E5F8-F).  

The MiniBacillus project was established by the group of Josef Altenbuchner. They started the genome 

minimization in the Δ6 strain, which already had deletions of all prophage genes (see Figure 10) 

(Wenzel & Altenbuchner, 2015). The deletion process in Göttingen started with the strain IIG-Bs27-47-

24 with a genome reduction of 33%. After further deletion of 0.1 Mbps, the resulting strain PG10 was 

subjected to multi omics analysis, showing changes in the transcriptome, proteome and metabolome 

profiles (Reuß et al., 2017). At the point of the PG18 (2.67 Mb left), the deletion process stumbled as 

it came to a dead end in PG21 (2.62 Mb left). The deletions lead to a loss of genetic competence, as 

the nrnA gene was deleted, which encodes for a nanoRNase NrnA and it was previously shown that 

deletion of phosphatases can reduce the genetic competence (Reuß et al., 2017; Luttinger et al., 1996). 

Therefore, a different deletion route was taken, with the PG18 as the starting point but resulted again 

in a dead end in PG28. This strain lost the chromosome integrity and thereby genetic stability (Reuß et 

al., 2017). Again, PG18 served as a starting point and further deletions could be successfully made, 

reaching a final genome reduction of 40.5% in PG39. Phenotypic analysis showed no big differences 

compared to the wild type and also growth behavior of the strain was similar to the wild type in LB-Glc 

medium (http://hdl.handle.net/11858/00-1735-0000-002E-E5F8-F). 

 

 

Figure 10 Deletion progress of the MiniBacillus project. 
Deletions were made in multiple steps. The scheme only shows the the most important strains. Gey boxes represent the 
remaining number of base pairs. During the deletion process, two dead ends happened, where further deletions were not 
possible anymore and deletions needed to be carried out from an earlier strain (PG18). 

 

The procedure of the project aims to display all necessary gene functions. Therefore, a final genome 

reduced strain, should be objected to transposon mutagenesis to find out, which of the last present 

genes can further be deleted (Juhas et al., 2014). Additionally, the genome reduced strain should be 
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evolved to improve cultivation behavior and get new insights how genome reduced strains can adapt 

to their surroundings. 

 Aims of the work  

To further minimize the genome of the MiniBacillus, it is necessary to understand all metabolic 

pathways to potentially adapt the blueprint. As the regulatory network of the vitamin B6 synthesis is 

only barely known in B. subtilis, this work focuses on the DXP-independent pathway including the 

PdxST complex. Since the PdxS synthase subunit can produce vitamin B6 without the glutaminase 

subunit PdxT, the relation between PdxS and PdxT is investigated. Therefore, the vitamin B6 sythesis 

is streamlined by an evolutionary experiment of a ΔpdxT deletion mutant to produce wild type-like 

levels of PLP in absence of PdxT. Furthermore, transporter candidate genes are deleted to identify the 

vitamin B6 transport mechanism in B. subtilis. This would enable the deletion of the vitamin B6 

synthesis pathway in the MiniBacillus strain, as its blueprint prefers transport of metabolites over 

synthesis.  

 Since the latest genome reduced strain PG39 lost its genetic competence, an evolutionary 

experiment is applied to enhance general fitness and re-establish transformability. By that, the 

deletion process can be continued. 

 Besides, a vitamin B6 auxotroph B. subtilis strain, carrying only the last two gene of the E. coli 

DXP-dependent vitamin B6 synthesis pathway, was found to produce PLP when the bacillithiol 

synthesis gene bshC is deleted and the ytoQ gene is overexpressed. In this thesis the role of YtoQ and 

Bacillithiol in the heterologous vitamin B6 synthesis pathway is assessed.  
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 Materials and Methods 

 Materials 

All used chemicals, antibodies, utilities, equipment, commercial systems, proteins, enzymes and 

oligonucleotides are listed in the appendix. Strains and plasmids are also mentioned in the appendix. 

Bacterial strains and plasmids 

Bacterial strains and plasmids are listed in the appendix. 

Growth Media 

Media were made with deionized water and autoclaved for 20 min at 121°C. Chemicals, which are not 

thermostable were dissolved and filtered. In order to obtain agar plates, the media were 

supplemented with agar to a final concentration of 1.5% (w/v). 

 

LB-medium 10 g Trypton 
 5 g Yeast extract 
 10 g NaCl 
 Ad 

1000 ml 
H2O 

   
SP-medium 8 g Nutrient broth 
 0.25 g MgSO4 × 7 H2O 
 1 g KCl 
 Ad 

1000 ml 
H2O 

 After autoclaving add 
 1 ml CaCl2 (0.5 M) 
 1 ml MnCl2 (10 mM) 
 2 ml CAF (2.2 mg/ml) 
   
10xMN medium 136 g K2HPO4 × 3 H2O 
 60 g KH2PO4 

 10 g Sodium-citrate × 2 H2O 
 Ad 

1000 ml 
H2O 

   
1xMNGE 1 ml 10xMn medium 
 400 µl Glucose (50% (w/v)) 
 50 µl Potassium Glutamate (40% (w/v)) 
 50 µl CAF (2.2 mg/ml) 
 100 µl Tryptophane (5 mg/ml) 
 30 µl MgSO4 (1 M) 
 (100 µl) (CAA 10% (w/v)) 
 Ad 10 ml H2O 
   
   ’  alt  0.232 g MnSO4 × 4 H2O 
 12.3 g MgSO4 × 7 H2O 
 Ad 

1000 ml 
H2O 
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5x C salts 20 g KH2PO4 

 80 g K2HPO4 × 3 H2O 
 16.5 g (NH4)2SO4 

 Ad 
1000 ml 

H2O 

   
C medium 20 ml 5x C salts 
 1 ml Tryptophane (5 mg/ml) 
 1 ml CAF (2.2 mg/ml) 
 1 ml III’ salts 
 1 ml Glucose (50%) 
  For CE/CSE: glucose can be replaced with 2 ml potassium glutamate (40%) / 2 

ml sodium succinate (30%) and 2 ml potassium glutamate (40%) 
 Ad 100 ml H2O 
   
   
5x MSSM medium stock 41 g Na2HPO4× 3 H2O 
 18.3 g NaH2PO4 × 1 H2O 
 5 g Na-citrate 
 1 g MgSO4 × 7 H2O 
 Ad 

1000 ml 
 

   
MSSM medium 200 ml 5x MSSM medium stock 
 10 ml 100x Trace elements 
 10 ml 100x Iron citrate 
 5 ml KCl (1M) 
 10 ml Glucose (50%) 
 10 ml Glutamine (2%) 
 X Ammonium chloride was added as described 
  Adjust the pH to 6.5 
 Ad 1000 

ml 
H2O 

   
100x Trace elements 0.735 g CaCl2 · 2 H2O 
 0.12 g MnCl2 · 6 H2O 
 0.17 g ZnCl2 

 0.033 g CuCl2 · 2 H2O 
 0.06 g CoCl2 · 6 H2O 
 0.051 g Na2MoO4 · 2 H2O 
 Ad 

1000 ml 
H2O 

   
100x Iron-Citrate 0.0135 g FeCl3 × 6 H2O 
 0.1 g Na3-citrate × 2 H2O 
 Ad 100 ml H2O 
   
 Ad 

1000 ml 
H2O 

5x SM base 175 g K2HPO4 
 75 KH2PO4 
 12.5 Na3-Citrate × 2 H2O 
 2.5 MgSO4 × 7 H2O 
 Ad 2000 

ml 
H2O 
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SM medium 200 ml 5x SM base 
 10 ml 100x Trace elements 
 10 ml 100x Fe-Citrate 
 10 ml Glucose (50%) 
 10 ml Tryptophan (% mg / ml) 
 10 ml (NH4)2 SO4 (20%) 
 Ad 1000 

ml 
H2O 

   
TSS 100 ml 10x Tris (0.5M, pH 7.5) 
 1 ml 1000x Iron chloride (for TSS) 
 1 ml 1000x Trace elements (for TSS) 
 10 ml Ammoniumchloride (20%) 
 10 ml Glucose (50%) 
 10 ml Glutamine (2%) 
 Ad 1000 

ml 
H2O 

   
10x Tris (0.5M, pH 7.5) 60,57 g Tris 
  Adjust the pH 7.5 
 Ad 1000 

ml 
H2O 

   
1000x Iron chloride (TSS) 40 g FeCl3 × 6 H2O 
 Ad 1000 

ml 
H2O 

   
1000x Trace elements 
(TSS) 

570.55 g K2HPO4 × 3 H2O 

 40 g Na3-Citrate × 2 H2O 
 0.2 MgSO4 × 7 H2O 
 Ad 1000 H2O 
   

Antibiotics 

In order to select for bacterial strains or plasmids, antibiotics were prepared in 1000-fold stock 

solutions, sterile filtrated (0.22 µm pore size) and stored at -20°C. After cooling down the autoclaved 

medium to ~50°C, the antibiotics were added. 

 

Antibiotic Solvent Stock (mg/ml) Working concentration (µg/ml) 
   E. coli B. subtilis 
Ampicillin H2O 100 100 - 
Kanamycin H2O 10 50 10 
Lincomycin1 H2O 25 - 25 
Erythromycin1  70% EtOH 2 5 2 
Spectinomycin H2O 150 - 150 
Tetracycline 70% EtOH 12.5 - 12.5 
Zeocin (ThermoFisher) - 100  30 

 

 

 

1 A mixture of erythromycin and lincomycin is used for selection on ermC (Griffith et al., 1965).  
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Other buffers and solutions 

 

Saline 0.9% NaCl in water 
   
Lysis Buffer 50 mg Lysozyme 
 50 µl Tris-HCL pH 8.0 (1 M) 
 10 µl Na2EDTA × 2 H2O (0.5 M) 
 Ad 2.5 ml H2O 
   
RNase A 20 mg/ml  
 Prior usage, heat for 5 min at 80°C 
  
50x TAE buffer 242 g Tris-Base (2 M) 
 57.1 ml Acetic Acid (100%) 
 100 ml Na2EDTA × 2 H2O pH 8 (0.5 M) 
 Ad 1000 ml H2O 
   
5x DNA loading dye 5 ml Glycerol (100%) 
 4.8 ml H2O 
 0.2 ml TAE (50x) 
 10 mg Bromphenol blue 
   
Agarose 1% In 1xTAE buffer 
   
6x SDS loading dye 3.15 ml Tris-HCl pH 6.8 (1M) 
 600 µl β-mercaptoethanol 
 1.2 g SDS 
 6 ml Glycerol 
 6 mg Bromphenol blue 
 0.25 ml H2O 
   
10x ZAP 60.57 g Tris-base 
 116.9 g NaCl 
 Adjust pH to 7.5 with HCl 
 Ad 1000 ml H2O 
   
10x Buffer W 121.14 g Tris-base 
 87.7 g NaCl 
 3.72 g Na2EDTA × 2 H2O 
 Adjust the pH to 8 with HCl 
 Ad 1000 ml H2O 
   
Buffer E 0.027 g D-Desthiobiotin 
 50 ml Buffer W (1x) 
   
10x Buffer R 121.14 g Tris-base 
 87.7 g NaCl 
 3.72 g Na2EDTA × 2 H2O 
 2.42 g HABA 
 Adjust the pH to 8 with HCl 
 Ad 1000 ml H2O 
   
10x PBS 80 g NaCl 
 2 g KCl 
 14.24 g Na2HPO4 
 2.72 g KH2PO4 
 Adjust the pH to 6.5 with HCl 
 Ad 1000 ml H2O 

 
 
 
 

 



 

__________ 

- 32 - 

PFA 4% 4 g PFA in 1x PBS 
   
10x PAGE Buffer 144 g Glycine 
 30.3 g Tris-base 
 10 g SDS 
 pH should be 8.3 without adjustment 
 Ad 1000 ml H2O 
   
Fixation solution 10% Acetic acid 
 50% Methanol 
 Ad 1000 ml H2O 
   
Staining solution 5 g Coomassie Brilliant blue R-250 
 10% Acetic Acid 
 45% Methanol 
   
De-stain solution 5% Acetic acid 
 20% Ethanol 
   
Silver-Fixation 50 % Methanol 
 12% Acetic acid 
 100 µl Formaldehyde (37%) 
   
Silver-Developer 6 g Na2CO3 

 2 ml Thiosulfate solution 
 50 µl Formaldehyde (37%) 
 Ad 100 ml H2O 
   
Silver-Impregnator 0.2 g AgNO3 

 37 µl Formaldehyde 
 Ad 100 ml H2O 
   
Thiosulfate solution 20 mg Na2S2O3 × 5 H2O 

 Ad 100 ml H2O 
   
Silver-Stop solution 18.612 g Na2EDTA × 2 H2O 
 pH should be 8.0 without adjustment 
 Ad 1000 ml H2O 
   
Depurinization buffer 82.72 ml HCl (37.5%) 
 Ad 1000 ml H2O 
   
Denaturation buffer 43.83 g NaCl 
 10 g NaOH 
 Ad 500 ml H2O 
   
Neutralization buffer 121.14 g Tris-base 
 87.66 g NaCl 
 Ad 1000 ml H2O (adjust to pH 7.4) 
   
20x SSPE 175.3 g NaCl 
 26.6 g  NaH2PO4 × 2 H2O 
 Ad 800 ml H2O 
   
 7.4 g Na2EDTA 
 Ad 100 ml H2O (adjust to pH 8-9) 
   

 
Merge both solutions 
and ad 1000 ml 

H2O (adjust pH to 7.4) 

   
P1 100 ml 20x SSPE 
 10 ml SDS (10%) 
 Ad 1000 ml H2O 
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5x DigP1 58.04 g Maleic Acid 
 43.83 g NaCl 
 36 g NaOH 
 Ad 1000 ml H2O (adjust to pH 7.5) 
   
P2 5 ml  20x SSPE 
 10 ml SDS (10%) 
 Ad 1000 ml H2O 
   
P3 12.1 g Tris-base 
 5.8 g NaCl2 
 Ad 1000 ml H2O 
   
Blocking solution 5g Blocking reagent 
 Ad 50 ml 1x DigP1 
   
Pre-Hybridization solution 7.5 ml 20x SSPE 
 3 ml Blocking solution 
 300 µl N-Laurosylsarcosine (10%) 
 60 µl  SDS solution (10%) 
 Ad 30 ml H2O 

 Methods 

The basic methods were adapted from the method collection of Sambrook, Fritsch, and Maniatis 1989. 

Cultivation of Bacteria 

If not differently remarked, E. coli and B. subtilis strains were cultivated in LB medium at 37°C with 

agitation (220 rpm). Therefore, a fresh colony from plate or material from a cryo-culture were used for 

inoculation.  

In order to analyze the growth of bacteria, first a colony was taken to inoculate 4 ml LB medium 

supplemented with appropriate antibiotics. After incubation overnight, a pre-culture in the desired 

medium was set up and grown until the OD600 was ~0.5 – 0.8. The cell material was washed twice and 

used to inoculate 100 µl of fresh medium. The growth was monitored in the 96-well plate reader at 

37°C with medium orbital shaking at 237 cpm (4 mm) in an Epoch 2 Microplate Sepctrophotometer, 

equipped with the Gen5 software (02.09.2001; BioTek) 

 To assess growth on plates, overnight cultures were centrifuged at 10,000 × g and resuspended 

in saline solution. After a washing step, the OD600 was set to 1 and cell material was propagated on the 

plates. Alternatively, bacterial strains were streaked on fresh plates and cell material was taken from 

the plates and resuspended in saline solution, washed and plated as described before. 

 The evaluation of growth on plates was made with a drop dilution assay. Therefore, the tested 

strains were grown over night in LB medium. The cultures were washed 2 times in saline and the OD 

was set to 1. A dilution series was made in 1:10 steps until a dilution of 10-7. 10 µl of the dilutions were 

dropped onto the agar plate and the plates were incubated for up to two days at 37°C. 
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Pictures of bacterial strains were either taken with the GelDocTM XR+ station or with smartphone 

cameras (Huawei P9 Pro/ Huawei P30 Pro). 

 For vitamin B6 auxotrophic strains PL was added to the medium to a final concentration of 100 

µM. Tryptophan auxotrophic strains were cultivated with the addition of tryptophan (5µg/ml). 

Storage of bacteria 

For longtime storage 900 µl liquid bacterial culture were supplemented with 100 µl DMSO and stored 

at -80°C. Since B. subtilis produces spores, it can also be stored on SP agar at RT. E. coli can be stored 

up to 4 weeks on agar plates at 4°C.  

Fluorescence microscopy  

Pictures of B. subtilis strains grown on agar plates were taken with a stereo fluorescence microscope 

Lumar.V12 (Zeiss, Jana) equipped with the ZEN lite 2011 (blue edition) software. The applied filter sets 

were Lumar 38 for GFP detection, respectively (Zeiss, Jena). Images were taken at room temperature.  

Biofilm assay  

The effect of suppressor mutations on biofilm formation was tested by cultivating different suppressor 

and reference strains on in 4 ml MSSM medium with 30 mM NH4 and PL over night at 37°C. This culture 

was used to inoculate 2 ml of medium to an OD600 of 0.1. The cells were incubated at 37°C with 

agitation until the OD600 was 0.5. 10 µl of the cell suspension was dropped on MSSM agar plates 

containing 20 mM glutamine as sole nitrogen source. In addition, these plates were supplemented 

with PL (0.1 µM). As described in Romero et al., 2010; Shemesh & Chaia, 2013, 1% glycerol, 100 µM 

MnCl2, 40 ng/ml Coomassie Brilliant Blue G-250 and 20 ng/ml mM congo red stain were supplemented 

to the plates to induce biofilm formation, strain protein structures and exopolysaccharides. Complex 

colony formation was documented after 4 days by using a stereo fluorescence microscope Lumar.V12 

(Zeiss, Jana) equipped with the ZEN lite 2011 (blue edition) software. The exposure time was set to 1s 

and the magnification to 9.6 x. 

Transformation of B. subtilis 

Preparation of competent cells 

An LB overnight culture of the desired B. subtilis strain was used to inoculate 10 ml MNGE medium, 

supplemented with 0.1% CAA, to an OD600 of ~0.1 and grown until the OD600 was ~1.3. The culture was 

diluted 1:1 with 10 ml MNGE (without CAA) in order to start a nutritional starvation step and by that 

activate competence gene expression in B. subtilis (Hamoen et al., 2003). After 1 h of incubation at 

37°C, the cells could be used either for transformation or were prepared for long time storage. 
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Therefore, 15 ml of the cells were harvested by centrifugation for 5 min at 5000 rpm and resuspended 

with 1.8 ml of the supernatant and 1.2 ml glycerol (50%). The competent cells were stored in 300 µl 

aliquots at -80°C.  

Transformation of B. subtilis  

One 300 µl aliquot of competent cells was thawed on ice and mixed with 1.7 ml MN-medium (1x) 

supplemented with 43 µl glucose (20% (w/v)) and 34 µl MgSO4 (1 M). 0.1 - 1 µg genomic DNA or 2 µg 

plasmid DNA were added to 400 µl of the competent cell mixture and incubated for 30 min at 37°C. 

Afterwards, 100 µl expression mix were added and the cells were incubated at 37°C with agitation for 

1 h until they were plated on SP plates containing appropriate antibiotics. 

Transformation of E. coli 

Preparation of competent cells 

Competent E. coli cells were prepared by the CaCl2 method. Therefore, 10 ml LB medium were 

inoculated with an LB overnight culture to an OD600 of ~0.1 and grown at 37°C to an OD600 of ~0.3. After 

harvesting the cells at 5000 rpm at 4°C, they were resuspended in 5 ml of ice cold CaCl2 solution 

(50 mM) and incubated for 30 min on ice. The cells were harvested at 4°C 5000 rpm and resuspended 

in 1 ml of ice cold CaCl2 solution. Afterwards the cells were ready for transformation. 

 

Transformation of E. coli  

100 µl of competent E. coli cells were incubated with 5 ng of DNA on ice for 30 min. The cells were 

then transferred to 42°C for 90 s and subsequently kept on ice for 5 min in order to guarantee heat 

shock induced DNA uptake. 500 µl of LB medium were added to the cells and they were incubated for 

1 h at 37°C with agitation before being plated on LB-agar plates containing appropriate antibiotics. 

 

Isolation of chromosomal and plasmid DNA from B. subtilis and E. coli 

Preparation of plasmid DNA from E. coli 

Plasmid DNA was prepared by using the NucleoSpin® Plasmid Kit by Machery-Nagel. Therefore, 4 - 

15 ml of a bacterial overnight culture were harvested at 13000 rpm and treated as described in the 

manufacturers’ manual. The plasmid was eluted by using deionized water instead of elution buffer. 

 

Isolation of genomic DNA from B. subtilis 

4 ml of an overnight culture of the target strain were harvested at 13000 rpm for 2 min and 

resuspended in 100 µl lysis buffer mixed with 100 µl TE Buffer. The mixture was incubated at 37°C for 

30 min and centrifuged for 5 min at 4000 x g-1. The pellet was resuspended in 300 µl DNA lysis Buffer 
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T supplemented with 20 µl Proteinase K solution and 15 ml RNase A (20 mg/ml) and incubated for 

30 min at 70°C. The following steps can be consulted in the manufacturers’ manual (peqGOLD Bacterial 

DNA Kit from PEQLAB) 

 

Determining DNA concentrations (Nanodrop) 

In order to determine the DNA concentration of a sample the optical density can be measured by using 

a UV-Vis-Spectrophotometer, which needs only very low volumes of 1 - 2 µl. The device measures the 

OD260 of the sample in relation to the solution the sample is stored in and the software calculates the 

amount of DNA.  

Agarose gel electrophoresis 

Agarose Gel electrophoresis is a method used to sort DNA and RNA molecules by size. Agarose is a 

polysaccharide consisting of the monomers D-Galactose and 3,6-Anhydro-L-Galactose, which 

polymerize and form a gel, acting like a molecular sieve for the nucleic acids. The sample is loaded into 

small pockets and, when a voltage is applied, the negatively charged nucleic acid molecules wander 

through the gel to reach the positive pol. Thereby, small molecules move faster, which separates the 

molecules by size. The concentration of the agarose gel is important for the resolution. If not differently 

stated 1% (w/v) agarose gels were used, which can separate molecules from 0.2 to 10,000 kbp size. 

Agarose was solved in TAE-buffer by boiling shortly, supplemented with HDGreenTM Plus DNA stain 

(Intas) and poured into a gel chamber. When the agarose is cooling down, hydrogen bridge bonds built 

up between the agarose monomers and the liquid becomes a gel. By inserting a comb into the gel, 

little pockets are created in which a mixture of sample and loading dye can be filled. In order to be able 

to have insights into the size of the DNA fragments a DNA ladder marker ( marker) was also loaded, 

which consists of -DNA digested with EcoRI and HindIII 

The polymerized gel was covered with 1x TAE buffer and a voltage of120 V was applied, so that the 

nucleic acid molecules started to move. After the samples went far enough, the gel was imaged in a 

GelDocTM XR (Biorad). Since the HDGreenTM Plus DNA stain in the gel binds to the nucleic acid 

molecules, they can be detected by excitation with UV light (254 nm). 

Polymerase chain reaction (PCR) 

The polymerase chain reaction is a method used to exponentially duplicate DNA-fragments within a 

short amount of time. Therefore, two primers are needed, which set the replication area. The reaction 

itself consists of three basic steps, which proceed at different temperatures in a so-called 

thermocycler. At the denaturation step the DNA strands are separated from each other since the 
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hydrogen bridge bonds between the bases are cleaved. The necessary temperature for this step is 

between 95 and 98°C. Due to a cooling step to approximately 60°C the primers are able to bind to the 

DNA strand (annealing). The specific temperature depends on the designed primers, especially from 

the G-C content and the length. Basically, an annealing temperature is chosen, which is Tm- 5°C. When 

the primers are bound, the temperature is increased to 72°C so that the polymerase can start the 

synthesis of the complementary strand (elongation). These three steps are repeated until the desired 

amount of product is reached. Three additional steps are added to the PCR program in order to 

enhance its function: an initial denaturation step, which melts the chromosomal DNA, the final 

elongation, which ensures that the DNA polymerase can complete the elongation and the “hold” step, 

which stops the reaction and protects the product from degradation. 

For cloning purpose, it is important to guarantee, that the PCR product is identical to the template DNA 

and by that, no mutations occur. Therefore, the Phusion®-polymerase (ThermoScientific) is used, which 

originates from Pyrococcus furiosus and is modified so that it has a up to 50-fold lower error rate than 

the Taq-polymerase (ThermoScientific). For check PCRs usage of the Taq-polymerase is sufficient. The 

products were purified by using the PCR Purification KIT (Qiagen). 

 
Table 1: Pipetting scheme of a Phusion®-PCR 

Volume [µl] Compound 
20 5x Phusion®HF Buffer 

4 dNTPs (12.5 µmol/ml) 
4 Fwd primer (5 pmol) 
4 Rev primer (5 pmol) 
2 Template DNA (2ng) 

0.5 DNA Phusion® Polymerase (2 U/µl) 
65.5 H2O 

 

 

 

Table 2: Cycler program Pfusion® PCR 

Step Temp. [°C] Time [s]  
Initial denaturation 98 180  
Denaturation 98 30 

30x Annealing Primer Tm – 5°C 35 
Elongation 72 30 / kbp 
Final elongation 72 600  
Hold 8   

 

 

 

Table 3:Pipetting scheme for a 100 µl Taq-PCR 

Volume [µl] Compound 
10 10x Taq-Buffer 

4 dNTPs (12.5 µmol/ml) 
4 Fwd primer (5 pmol) 
4 Rev primer (5 pmol) 
2 Template DNA (2ng) 

0.5 Taq-Polymerase (5 U/µl) 
75.5 H2O 
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Table 4: Cycler program Taq-PCR 

Step Temp. [°C] Time [s]  

Initial denaturation 95 180  

Denaturation 95 30 
30x Annealing Primer Tm – 5°C 35 

Elongation 72 60 / kbp 
Final elongation 72 600  

Hold 8   
 

Long-flanking homology PCR (LFH-PCR) 

The LFH-PCR is a method to generate gene mutations or gene deletions, which can then be introduced 

into B. subtilis. The method originates from cloning in Saccharomyces cerevisiae and was used to 

amplify deletion cassettes, which generate a gene knock out by homologous recombination (Wach, 

1996). In order to delete a gene, it is replaced by a deletion cassette, which harbors an antibiotic 

resistance marker. To do so, basically two steps are completed: First the deletion cassette and up-/ 

downstream fragments are amplified from a plasmid or chromosomal DNA, respectively. The up-/ and 

downstream fragments are around 1 kbp long, flanking regions of the gene of interest and by that 

allowing the bacterium double homologous recombination. 

It is mandatory that the inner primers of the up-/ downstream fragments have a complementary region 

with the ends of the deletion cassette of 25 bp, so that in a second PCR all three fragments align to 

each other and the parts are fused together. To do so, the LFH-PCR mixture was prepared but the 

oligos were added in a short break, which allows a better mixture and pre-annealing of the fragments.  

After checking the product by gel electrophoresis, it was used for transformation in B. subtilis. 

 

Table 5: Pipetting scheme for a 100 µl LFH PCR 

Volume [µl] Compound 
20 5x Phusion ® HF Buffer 

4 dNTPs (12.5 µmol/ml) 
8 Fwd primer (5 pmol)2 
8 Rev primer (5 pmol)  
x 100 ng upstream fragment 
x 100 ng downstream fragment 
x 150 ng deletion cassette 
2 DNA Phusion® Polymerase (2 U/µl) 

Ad 100 H2O 
 

 

 

 

 

 

2 Do not add until hold step 
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Table 6: Cycler program of a LFH PCR 

Step Temp. [°C] Time [s]  
Initial denaturation 98 180  
Denaturation 98 30 

10x Annealing Primer Tm – 5°C 35 
Elongation 72 30 / kbp 
Hold 15   
Addition of oligos  
Denaturation 98 30 

25x Annealing Primer Tm – 5°C 35 
Elongation 72 30 / kbp 
Final elongation 72 600  
Hold 8   

 

 

Restriction digestion of DNA 

The digestion of the DNA is done by FastDigest restriction endonucleases (ThermoFischer), which 

recognize a 4 - 10 bp palindromic sequence and cut it in a specific manner. The emerging ends can be 

then ligated with a vector backbone, cut with the same enzymes. For the reaction, buffers and 

concentrations were used as mentioned in the manufacturers’ manual.  

 

Table 7: pipetting scheme for DNA digestion 

Volume [µl] Compound 
4 10x FD buffer 
4 Enzyme 1 
4 Enzyme 2 
x DNA (1 µg) 

Ad 40 H2O 
 

 

Ligation of DNA 

In order to prevent the digested DNA from re-ligation, prior to the ligation, the larger fragment has to 

be dephosphorylated at the 5’-prime end of the DNA, which is done by using FastAP (alkaline 

phosphatase) (ThermoFischer). 0.5 µl of the enzyme (1 U/µl} was added to the digested DNA and 

incubated for 5 min at 37°C. Afterwards, the DNA fragments were purified using a PCR purification Kit 

(Qiagen) and ligated using the T -DNA ligase (ThermoFischer). After ligating the fragments for two 

hours at room temperature or overnight on ice, the whole sample was used for transformation of the 

competent bacteria. 

 

Table 8: pipetting scheme for a ligation 

Volume [µl] Compound 
1 T4 DNA ligase (5 U/µl) 
2 10x ligation buffer 
X 150 ng insert 
X 50 ng plasmid 

Ad 20 H2O 
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DNA sequencing 

DNA sequencing is a method, which allows to determine the base sequence of a DNA strain. This is 

outsourced and done by SeqLab (Göttingen, Germany). There, the DNA sequence is detected by the 

chain termination method (Sanger et al., 1992). 

 

Table 9: pipetting scheme for sequencing sample 

Volume[µl] Compound 
3 Primer 
x Plasmid (0.5 – 1.2 ng)3 

Ad 15 H2O 
 

 

Southern blotting 

For Southern blot analyses 300 µg/ml of chromosomal DNA were digested with 3 µl of restriction 

endonucleases according to the manufacturer’s instructions (Thermo Scientific (Germany). The 

incubation time at 37°C was prolonged to 5 hours. Digests of chromosomal DNA were separated using 

1% agarose gels and transferred onto a positively charged nylon membrane (Roche Diagnostics) using 

the VacuGeneTM XL (GE Healthcare) blotting device ((Sambrook et al., 1989)). The agarose gel was 

blotted as described in Table 10, dried and crosslinked by treating it for 90s with UV light. It was probed 

with Digoxygenin labelled riboprobes generated by in vitro transcription with T7 RNA polymerase 

(Roche Diagnostics) using PCR-generated fragments as templates. The primer pair BR165/BR166 was 

used to amplify the pdxS gene fragment. The reverse primers contained the T7 RNA polymerase 

recognition sequence. In vitro RNA labelling, was carried out according to the manufacturers’ 

instructions (DIG RNA labelling Kit). For the hybridization process the nylon membrane was incubated 

for 1 h at 68°C in 25 ml prehybridization buffer. The probe was diluted (15 µl probe in 500 µl 

prehybridization buffer) and incubated at 95°C. After 10 minutes it was mixed with 4.5 ml 

prehybridization buffer. The membrane is removed from the hybridization buffer, the diluted probe is 

added and both were incubated overnight at 68°C. Afterwards, the membrane is treated with washing 

steps as described in  

Table 11. 

 

 

3 For PCR product (18 ng / 100 bases) is recommended 
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Table 11: Southern blotting membrane preparation 

Volume Buffer Time Temperature 

15 ml P1 2x 10min RT 

15 ml P2 2x 15 min 68°C 

15 ml 1x DigP1 5 min 

RT 

5 ml Blocking solution 
30 min 

45 ml 1x DigP1 

5 ml Blocking solution 

30 min 
45 ml 1xDigP1 

5 µl Anti-dioxigenin AP  

Fav fragments 

15 ml DigP1 3x 10 min 

10 min P3  
 

 

To start the reaction of the alkaline phosphatase, 1 ml CDP-Star was added to the membrane (5 µl 

diluted in 1 ml buffer P3). Images were taken with the ChemoCam Imager (INTAS). 

Genome sequencing 

To identify the mutations in suppressor mutants, chromosomal DNAs were subjected to sequencing. 

The Göttingen Genomics Laboratory (Göttingen, Germany) performed library preparation and 

sequencing on Illumina instruments. If not stated otherwise, the reads were mapped onto the B. 

subtilis SP1 reference genome as previously described (Richts et al., 2020) using the Geneious software 

package (Geneious Prime 2021.0.3.(https://www.geneious.com)). Single nucleotide polymorphisms 

(SNPs) were considered as significant when the total coverage depth exceeded 30 reads with a 

frequency variance of > 90%. Single nucleotide polymorphisms were verified by Sanger sequencing. 

The amplification level of a genomic region was determined by dividing the average coverage of the 

amplified region by the average coverage of the entire genome. Gene amplification was verified by 

Southern blotting. 

 

 

 

Table 10: Southern blotting gel treatment 

Buffer Time Pressure 

Depurinization buffer 15 min 60 mbar 

Denaturation buffer 20 min 60 mbar 

Neutralization buffer 20 min 60 mbar 

20 x SSPE Min 2 h 80 mbar 
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Overexpression of recombinant proteins 

Expression in E. coli 

In order to produce proteins in large scale, expression plasmids were introduced into suitable E. coli 

strains. For this work three different vector backbones were used: pWH844 for N-terminally His-tag 

fusion, pGP172 for N-Terminally Strep-tag fusion and pETSUMOadapt for expression of a protein fused 

with a cleavable SUMO-Tag (6x His). All plasmids are under the control of a lac inducible promoter, 

which prevents the cells from expressing the proteins in absence of the artificial inductor IPTG. 

Thereby, the cells can focus on sufficient growth first and after they have reached a suitable cell 

density, they switch to protein expression. Since the accumulation of the expressed protein can be 

toxic for the cells, the inducible expression leads to better expression conditions. 

After introduction of the expression plasmid into the E. coli strain, 80 ml LB medium supplemented 

with appropriate antibiotics were inoculated with a fresh colony and cultivated at 37°C overnight. At 

the next day 500 ml to 1 l of preheated LB-medium were inoculated with the pre-culture to an OD600 

of 0.1 and incubated until the culture reached an OD600 of 0.8 – 1. IPTG with a final concentration of 

1 mM was added and the protein expression started. After 2 – 3 hours, the culture was harvested at 

5000 rpm for 10 min, washed shortly with Buffer W or 1xZAP, for Strep- and His-tagged proteins 

respectively, and pelleted by centrifugation (8500 rpm 10 min). The pellets were stored at -20°C until 

further processed.  

 

Expression in Bacillus subtilis 

To overproduce proteins in bacillus, expression plasmids based on pGP380 were used. The expression 

of the protein is under a constitutive PdegQ-Promoter (Herzberg et al., 2007) and leads to a permanent 

protein production. 

The expression plasmid was transformed into the desired B. subtilis strain and a pre-culture was made. 

After inoculation of the main culture, the bacteria were grown until an OD600 of 1, harvested at 

5000 rpm for 10 min, washed wit Buffer W and stored at -20°C. 

Cell Disruption (French press) 

The proteins have to be separated from insoluble compounds of the bacteria. Therefore, the cells were 

lysed by using a French pressure cell consisting of a press (G. Heinemann) in which a hollow cylinder is 

mounted (Thermo). The cells were resuspended in the appropriate buffer and poured into the 

precooled cylinder, which is sealed on the top with a moveable piston. On the bottom side there is a 

narrow hole with a valve through, which the cell suspension is pressed. Thereby, a pressure of 

approximately 18000 psi is reached and when the valve is opened, the cells disrupt since shear forces 
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occur due to the smaller release opening. The cell lysate is collected and the process is repeated at 

least once for Gram negative and twice for Gram positive bacteria. 

The lysed bacteria were centrifuged with 8500 rpm for 10 min at 4°C first and the supernatant for 

35 min with 40000 rpm at 4°C afterwards.  

Affinity chromatography 

The purification of proteins was done with by using affinity-tags, which are amino acid sequences 

having a binding specificity for certain materials. They are fused to the target proteins and can be 

purified since the bacterial crude extract is applied to an affinity column, which has the affine 

molecules in its immobile phase. Only those proteins, which harbor the specific amino acid sequence, 

bind to the column; the other ones stay in the liquid phase and are washed away. By adding a ligand 

with a higher affinity to the stationary phase, the protein is eluted and can be collected.  

 

Affinity chromatography for His-tagged proteins 

For purification of proteins fused with the 6x His-tag a matrix consisting of Ni-NTA® is used, which has 

a high affinity for six consecutive histidine residues. For the washing and elution steps the 

concentration of the natural ligand imidazole is gradually increased from 10 mM up to 500 mM end 

concentration to prevent unspecific binding. 

2.5 ml of Ni-NTA® (IBA Lifescience) matrix per 1 l cell culture were filled into the affinity column (Bio-

Rad Poly-Prep® Chromatography Column) and equilibrated with 12.5 ml of 1xZAP buffer containing 

10 mM imidazole. Afterwards, the crude extract was loaded in the column and the flow through was 

collected. The column was washed by adding 10 ml of 10 mM imidazole solution. The elution steps can 

be seen in the table below.  

 

Table 12: Elution steps of a 6x His-tag purification 

Volume [ml] Mol Imidazol [mM] 
8 10 
8 50 
8 75 
8 100 
4 500 
4 500 

 

 

Affinity chromatography for Strep-tagged proteins (Strep-tag II) 

The Strep-tag harbors an amino acid sequence (WSHPQFEL), which has an affinity for streptavidin. 

When the Strep-tag II is fused by translational fusion to the target protein, it can be purified with an 

affinity column. The natural ligand for streptavidin is biotin but a biotin derivative, desthiobiotin, is 

used for elution of the protein. To improve the purification Strep-Tactin® is used instead of streptavidin 
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since it has, according to the manufacturer, a 100-fold higher affinity and is more resistant to SDS and 

proteases. The affinity column was filled with 1 ml of 50% Strep-Tactin® (IBA Lifescience) suspension 

for 1 l of cell culture and equilibrated with 5 ml of buffer W. The crude extract, gathered after the cell 

lysis, was loaded onto the column and the flow-through was collected. The column was washed five 

times with 2 ml buffer W before the elution started by adding first 160 µl buffer E and for the following 

elutions 250 µl. 

Strep-protein interaction experiment (SPINE) 

To detect protein-protein interactions, the SPINE experiment is an appropriate method in which a bait 

protein is tagged with a Strep-tag and expressed under conditions it is assumed to interact with the 

prey-protein. The cross-linker para-formaldehyde links the bait protein with its nearby interaction 

partner. By using a Strep-Tactin® column the cross-linked proteins can be purified and analyzed by 

loading them in an SDS-Gel. Since the samples were cooked for a short time in 6x PAP, the cross-links 

are resolved and the proteins occur as singe bands in the gel, which then can be analyzed by western 

blotting or mass spectrometry.  

Expression plasmids containing a Strep-fusion to the expressed genes were introduced into a B. subtilis 

strain and a pre-culture was set up, preparing the bacteria for the growth medium. 1 l of medium, 

supplemented with appropriate antibiotics, was inoculated to an OD600 of ~0.1 and grown at 37°C with 

agitation to an OD600 of 1. Afterwards, the culture was split into 2x 500 ml and to one half PFA (4%) 

was added to 0.6% final concentration and incubated for additional 20 min at 37°C. The cultures were 

harvested at 5000 rpm for 10 min, washed with 1x PBS or to remove the PFA and pelleted by 

centrifugation (8500 rpm, 10 min). The cells were stored at -20°C until they were lysed by using the 

French press and purified by Strep-purification system (see above). After the purification, the cross-

links were resolved by boiling the sample for 30 min in 6xPAP buffer at 95°C. In order to see even weak 

interactions, it is recommended to stain the SDS-gel by silver staining  

Protein-Pulldown experiment  

The protein-pulldown experiment is an in vitro interaction study of protein-protein interactions. 

Therefore, crude extract containing one of the proteins is applied to the affinity column and washed 

until no more proteins were measurable in 30 µl by Bradford assay (see 0). Next either crude extract 

of a bacillus strain overexpressing the potential interaction partner or the purified and dialyzed protein 

was added to the affinity column and washed as described in the respective purification protocol. 

Therefore, it is essential, that both proteins have either different purification tags fused to exclude tag-

based interaction or the second protein has no tag at all. After elution, the different elution fractions 

were checked using an SDS gel with subsequent silver staining or Western blotting. 



Materials and Methods 

__________ 

- 45 - 

Determination of protein concentration (Bradford Assay) 

One fast and simple possibility to measure the concentration of proteins is the Bradford assay. The 

Bradford reagent can be used for solutions and the mechanism relies on the formation of a complex 

between Coomassie brilliant blue G-250 and the proteins (Bradford, 1976). The absorption increases 

with increasing protein amount and vice versa. This assay can be used for determination of the protein 

concentration ranging from 0.1 – 1.4 mg.  

1 ml of Bradford reagent (1x) was mixed with 2 – 20 µl of protein solution and the OD595 was measured 

in relation to a blank containing only Bradford reagent and elution buffer / dialysis buffer. 

A calibration curve showed the linear relation between amount of protein and absorption at OD595. 

The calibration curve hast the slope of 0.0536, which is taken as standard value for further 

measurements.  

To calculate the amounts of protein in the sample the following equation is used: 

 

𝑐 =
𝑂𝐷595

𝑉 × 0.0536
 

 

Whereas V is the volume of protein solution in µl used for the measurement and c the protein 

concentration in the tested solution. The consequent unit is µg /µl. 

SDS Polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gel electrophoresis (PAGE) is a method developed to separate proteins by their 

molecular weight. A discontinued polyacrylamide gel serves as a separating agent, which is made of 

two gel phases: a stacking gel and a running gel. Both consist of acrylamide, water, Tris-HCl buffer, APS 

and TEMED. By addition of the radical starters APS and TEMED the radical polymerization starts and 

the acrylamide is crosslinked to the N,N’-Methylenbisacrylamid, which is supplemented in the 

acrylamide solution with a ratio of 37,5 : 1. Similar to the agarose gels, also the percentage of the gels 

define the size of the proteins, which are separated. For this work only 12% gels were used for 

separation of proteins between 10 and 180 kDa. 

 The SDS-PAGE is a special cariant of the PAGE, which uses SDS, an anionic, negatively charged 

tenside, to wrap around the proteins and by that, linearize the proteins (Laemmli, 1970). The size of 

the protein determines the size of the resulting micelle and the mobility. Additionally, it replaces the 

charge of the amino acids with negative charge, so that the proteins run towards the positive pole, if 

a voltage is applied. The amplitude of the voltage defines the speed, the proteins run through the gel. 

Since bigger proteins stuck more frequently in the gel matrix, they need longer and are separated from 

the smaller proteins. The stacking gel has a lower percentage and a pH value of nearly 7. After applying 
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the voltage, the proteins run through the stacking geld until they reach the running gel, which has a 

higher pH of 8.8. The pH difference leads to a different running behavior since the mobility of the 

glycine, which is part of the running PAGE buffer, is pH dependent. The proteins firstly stack at the 

border and start to run through the running gel at the same time. After pouring the running gel in a 

Mini-PROTEAN® (Bio-Rad) system with 1 mm thickness, it is covered with isopropanol, which excludes 

the excess of oxygen. After polymerization the isopropanol was removed and the stacking gel was 

applied. Inserting a comb led to pockets of ~ 30 µl volume. The gel was placed in the gel chamber and 

covered with PAGE-buffer. The comb was removed and the samples, mixed with 6x PAP buffer, were 

given into the pockets. Prestained Protein Marker (PageRulerTM)(ThermoFischer) was added as a size 

standard. By applying a voltage of approximately 160 V, the proteins needed around an hour to run 

through the gel. The blue band of the bromphenol blue indicates when the smallest proteins have 

reached the end of the gel. 

 

Table 13: Pipetting scheme of a 12% SDS running gel 

Volume [ml] Compound 
3.3 H2O 

4 Acrylamide  
2.5 Tris-HCL pH 8.8 (1.5 M) 
0.1 SDS (10%) 

0.10 APS (10%) 
0.010 TEMED 

 

 

Table 14: Pipetting scheme of a separation gel 

Volume [ml] Compound 
6.83 H2O 

1.5 Acrylamide  
0.87 Tris-HCL pH 8.8 (1.5 M) 

0.1 SDS (10%) 
0.10 APS (10%) 

0.010 TEMED 
 

 

Coomassie staining for protein gels 

In order to visualize the separated proteins, the gel is incubated for at least 10 min in fixing solution. 

After fixation, the proteins can be stained with Coomassie Brilliant Blue staining in which the gel is 

stored for 10 – 20 min. In order to de-stain the background of the SDS gel, it is incubated overnight in 

destaining solution. 

Silver staining for protein gels 

Since silver staining is a very sensitive technique, even small amounts of proteins, which occur in for 

example pull-downs or protein-protein interaction experiments, can be detected. The amino acid 

residues glutamate, aspartate and cysteine build complexes with the silver ions and by that, are 
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reduced to silver. Silver staining cannot be used for quantitative determination of proteins since the 

level of staining strongly depends on the amount of those residues (Winkler et al., 2007). The 

procedure of the silver staining is according to the method of Nesterenko, Tilley and Upton (1994). 

 

Table 15: Protocol of silver protein staining 

Step Solution  Time   
Fixing Fixation solution  1 – 24 h  
Washing EtOH (50%) 20 min  3x 
Reduction Thiosulfate solution 1.5 min  
Washing Deion. H2O 20 s 3x 
Staining Impregnator 15 – 25 min  
Washing Deion. H2O 20 s 3x 
Development Developer Until sufficient stained  
Washing Deion. H2O 20 s 2x 
Stop Stop solution 5 min  

 

Dialysis  

Proteins, which are purified using affinity tags, have to be eluted from the affinity column. In case of 

His-tagged proteins, this is done with Imidazol and for Strep-tagged proteins with D-desthiobiotin. 

These small molecules are also present in the elution fractions and can interfere in enzymatic reactions 

or other processes. Therefore, getting rid of all unnecessary molecules and salts is beneficial for further 

experiments.  

For the dialysis the elution fraction was poured into a dialysis tube (Serva MEMBRA-CEL® 22mm 

diameter), a semi-permeable membrane, which is only open for smaller molecules and ions. This tube 

was cooked in deion. water for 10 min, before the protein solution was placed inside and sealed with 

clips from each side. The tube is then placed in 1000 fold dialysis buffer, which basically is the buffer 

in which the further reaction should take place. Small molecules diffuse through the membrane so that 

an equilibration occurs. After one hour the buffer is renewed and the dialysis process is repeated 

overnight. Afterwards, the protein is ready for further studies. 

 

β-Galactosidase assay  

Quantitative studies of lacZ expression in B. subtilis were performed as described previously (Stannek 

et al., 2015). Single colonies were taken to inoculate overnight cultures containing MSSM minimal 

medium supplemented with 30 mM ammonium chloride. Main cultures were inoculated with the 

overnight cultures to an OD600 of 0.1 and the cells were harvested at an OD600 of 0.6 - 0.8. 

β-galactosidase activities were determined as described previously (Kunst & Rapoport, 1995).  
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 Results 

 The role of YtoQ in a heterologous vitamin B6 synthesis pathway 

The inactivation of the ytoQ gene does not affect growth of the B. subtilis wild type 

The role of YtoQ was firstly described in an artificial genetic background. Its overexpression could 

establish vitamin B6 production in a mutant lacking the PdxST PLP synthase complex but harboring 

only the pdxHJ genes from E. coli and a deletion of bshC (J. Rosenberg et al., 2018). As nothing was 

known about its function outside of this special context, the influence of YtoQ on growth of the B. 

subtilis wild type was analyzed. Therefore, a ytoQ deletion mutant was constructed by transforming 

the SP1 wild type with genomic DNA of the strain BKK29850, deriving from the Bacillus Genetic Stock 

Center (BGSC). In addition, the ytoQ overexpression plasmid pBP639 and the empty plasmid pBQ200 

were introduced into the SP1 strain. The influence of ytoQ overexpression and deletion of the ytoQ 

gene was tested by propagating the strains on LB medium plates supplemented with the required 

antibiotics and resuspending emerging cell material in saline solution. After washing twice, the cell 

suspensions were set to OD600 of 1 and 10 µl were spread on C-Glc, CSE-Glc, CE-Glc, C-Glc-Cysteine 

(0.5 mM), SP and LB agar plates. To assess if a PL-dependent phenotype exists, also agar plates 

supplemented with PL were used (Figure 11A). A difference in growth between ytoQ mutant, 

overexpression strain and wild type, carrying the empty plasmid, could not be observed. All strains 

grew to a high density on complex media and to a lesser extend also on C-Glc minimal medium. On CE 

plates the growth ability of all three strains was decreased. This effect could be complemented, when 

succinate was added. For the C-Glc plates supplemented with 0.5 mM cysteine difference in growth 

could not be observed and supplementation with PL also did not change growth of the strains.  

 The positive effect of ytoQ overexpression in the heterologous pathway only comes to place 

when bacillithiol synthesis is blocked (J. Rosenberg et al., 2018). It could be shown that bacillithiol 

synthesis mutants show slow growth in SM minimal medium, which can be compromised by the 

addition of CAA or Fe2+ (Fang & Dos Santos, 2015). To assess whether YtoQ takes over the function of 

bacillithiol, growth of the ΔbshC mutant (BP977), the ΔytoQ mutant (BP1101) and the ΔytoQ ΔbshC 

double mutant (BP1104) was monitored in either SM minimal medium or medium supplemented with 

0.5% CAA or 50µmol FeCl2. The strains BP977 and BP1104 were transformed with the ytoQ 

overexpression plasmid (pBP639) and empty plasmid (pBQ200), respectively. After inoculation in SM-

CAA medium from LB overnight culture, the strains were incubated until the OD600 was 0.5 -0.8. The 

cultures were washed twice in saline and 100 µl medium was inoculated from the precultures to OD600 

of 0.05. Growth was measured in the plate reader at 37°C.  
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Figure 11 Growth behavior of different ytoQ deletion and overexpression mutants. 
A: PL-dependent growth of ytoQ knockout strain (BP1101), ytoQ overexpression strain (SP1+) and wild type Strain (SP1) 
on different media agar plates. Cell material was taken from LB plate, washed 2x in saline solution and set to an OD600 of 
1. 10 µl were streaked on complex or minimal medium agar plates supplemented with PL or without PL addition. B: B. 
subtilis strains were grown in SM medium or medium supplemented with either CAA or FeCl2 to an OD600 of 0.5 – 0.8. The 
precultures were washed 1x in saline, set to OD1 and were used to inoculate 100 µl fresh medium. Growth was monitored 
at 37°C in the plate reader. Black: SP1 (WT), Red: BP1101 (ΔytoQ), light green: BP977 (ΔbhsC) + pBQ200 (empty plasmid), 
dark green BP977 + pBP639 (ytoQ+), light blue BP1104 (ΔbshC ΔytoQ) + pBQ200, dark blue BP1104 + pBP639. Experiment 
was done in at least two biological replicates. 
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As seen in Figure 11B, all strains reached about the same optical density in SM medium without 

supplementation. The growth of the ΔbshC mutant BP977 was a little bit delayed compared to the wild 

type and did not change upon ytoQ overexpression (BP977 + pBP639) or ytoQ deletion (BP1104). 

Nevertheless, the growth rate was very close to the wild type strain. The lag phase of the ΔytoQ single 

mutant BP1101 and the ΔytoQ ΔbshC double mutant, overexpressing ytoQ (BP1104 + pBP639) was the 

longest and also the growth rate of both strains was lower compared to the other strains. The addition 

of Fe2+ to the medium, did not  affect the growth of the ΔbshC, as it was described in Fang and Dos 

Santos (2015). Again, all strains produced the same amount of biomass. Interestingly, the ΔbshC single 

mutants (BP977), together with the ΔytoQ singe mutant (BP1101) had the lowest growth rate. The 

ΔytoQ ΔbshC double mutant BP1104 showed a similar growth rate as the wild type but with a longer 

lag phase. The overexpression of ytoQ did not lead to a change in growth. Moreover, supplementation 

with CAA indeed showed a phenotype for the mutants harboring a deletion of the ΔbshC gene. The 

wild type SP1 and the ΔytoQ single mutant BP1101 had an increased growth rate in SM-CAA medium 

compared to the minimal medium without CAA supplementation, which is not the case for all of the 

ΔbshC mutants. Their growth rate improved slightly compared to the base minimal medium but to a 

lower extend than the other strains. Again, overexpression of ytoQ showed no difference, indicating 

that YtoQ was not able to take over the function of bacillithiol at least in this context. The growth 

experiment was also conducted in MSSM medium under the same conditions, resulting in the same 

growth behavior (data not shown). 

Loss of YtoQ does not affect susceptibility to fosfomycin or peroxide stress 

Previously, it was shown that bacillithiol is involved in oxidative stress response and fosfomycin 

resistance (Fang & Dos Santos, 2015; Gaballa et al., 2010). It is possible that the cells suffer from the 

lack of bacillithiol and YtoQ could recover the negative effect for example of peroxide production in 

the last steps of PLP synthesis by PdxH (Zhao & Winkler, 1995). To determine the effect of different 

stressors, a disc diffusion assay was made (see Figure 12).  

 The B. subtilis strains SP1 (wild type), BP1100 (ΔpdxST), BP1101 (ΔytoQ), BP977 (ΔbshC), 

BP1104 (ΔbshC ΔytoQ), BP1246 (ΔpdxST ΔbshC ΔytoQ), BP965 (ΔpdxST pdxJH), BP1102 (ΔpdxST pdxJH 

ΔytoQ), BP1103 ΔpdxST pdxJH ΔytoQ ΔbshC) and GP3153 (ΔohrAB) were streaked on LB-PL plates and 

incubated over night at 37°C. Cell material was taken off the plates, resuspended in saline solution and 

washed two times. The OD600 was set to 1 and 100 µl of the cells were distributed evenly on LB-PL 

plates. A filter paper was placed on top and 10 µl of the stressors were added. The zone of inhibition 

was measured of three independent replicates and standard deviation was calculated. The zone of 

inhibition was defined as distinct, cell free area.  
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Figure 12 Stress test of pathway mutants. 
Bacteria were streaked out on LB agar plates supplemented with PL and respective antibiotics and incubated over night at 
37°C. Cell material was taken from the plates and resuspended in 1 ml sterile saline solution, washed two times by 
centrifugation at 10,000 × g and subsequent resuspension in saline solution. The OD600 was set to 1 and 100 µl of the cell 
suspension was plated on LB-PL agar plates. A filter paper was placed in the middle of the plate and 10 µl of the following 
stressors were added. The bars represent the average diameter of the zone of inhibition of three independent biological 
replicates. The error bars represent the standard deviation. SP1: wild type, BP1100: ΔpdxST, BP1101: ΔytoQ, BP977: ΔbshC, 
BP1104: ΔytoQ ΔbshC, BP1246: ΔpdxST ΔytoQ ΔbshC, BP965: ΔpdxST PdxHJ, BP1102: ΔpdxST pdxHJ ΔytoQ, BP1103: ΔpdxST 
pdxHJ ΔbshC ΔytoQ, GP3153: trpC2 ΔohrAB 

 

The strain GP3153 (ΔohrAB) dealt as control strain for organic peroxide susceptibility (Fuangthong et 

al., 2001). For paraquat, cumene hydroperoxide and H2O2 no significant difference was detectable 

between the different strains. Only BP1103 showed a slight decrease in diameter for paraquat. For 

fosfomycin the wild type SP1, the ΔpdxST mutant BP1100, the ΔytoQ mutant and the control strain 

GP3153 (ΔohrAB) showed no distinct zone of inhibition (Suppl. Figure 1). Thus, the diameter was set 

as 0 cm. Fosfomycin inhibited growth in all strains lacking the bshC gene. Surprisingly, also BP965 

(ΔpdxST pdxHJ) showed a zone of inhibition without a deletion of bshC. The measured diameter did 

not differ significantly for the strains and only a tendency of BP1102 (ΔpdxST pdxJH ΔytoQ) was 

perceived towards a decreased zone of inhibition. For tert-butyl hydroperoxide all strains tended to 
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form suppressors within the zone of inhibition, except for the control GP3153 whose plate showed no 

growth (see Suppl. Figure 2). Thus, the diameters were not definable. 

Deletion of bshC and ytoQ in a heterologous pathway mutant abolishes genetic competence 

When transforming the heterologous pathway mutants with different expression plasmids, we 

recognized various numbers of transformants on the selection plates and saw even loss of genetic 

competence for one of the strains. To clarify the role of the different mutations in genetic competence, 

we performed a competence test for the heterologous pathway mutants (see Figure 13). Therefore, 

the strains SP1 (wild type), BP1100 (ΔpdxST), BP1101 (ΔytoQ), BP977 (ΔbshC), BP1104 (ΔbshC ΔytoQ), 

BP1246 (ΔpdxST ΔbshC ΔytoQ), BP965 (ΔpdxST pdxJH), BP1102 (ΔpdxST pdxJH ΔytoQ) and BP1103 

ΔpdxST pdxJH ΔytoQ ΔbshC) were inoculated in LB medium supplemented with PL and incubated 

overnight. The cultures were used to inoculate MNGE-CAA-PL medium. After reaching OD600 of 

approximately 1, the cells were diluted with MNGE-PL medium in a 1:1 manner and incubated another 

hour at 37°C. Hence OD600 was set to 1 by centrifugation and subsequent resuspension with the 

supernatant. 400 µl cell suspension was transformed with 1 µg of the plasmid pBQ200. 1/5 of the total 

volume and the concentrated remain were plated on LB-PL plates supplemented with EL as selective 

antibiotic. The cells of two independent replicates were counted for both cell dilutions, extrapolated 

to match the full cell number and the mean and the standard deviation were computed.  

 

 

Figure 13 Competence test of different heterologous 
pathway mutants. 
Bacterial strains were inoculated from LB culture to 
MNGE+CAA minimal medium and incubated at 37°C until 
OD600 was 1. The cells were diluted with fresh MNGE medium 
an incubated for 1 h. The cells were centrifuged at 10,000 × g 
and the supernatant was used to set the OD600 to 1. 1 µg of 
pBQ200 plasmid DNA was used to transform the competent 
cells. 4/5 of the cells were applied to a LB-PL plate and the cfu 
was calculated after one day of incubation at 37°C. The bars 
represent the average cfu/µg DNA of two biological replicates. 
The error bars indicate the standard deviation. SP1: wild type, 
BP1100: ΔpdxST, BP1101: ΔytoQ, BP977: ΔbshC, BP1104: 
ΔytoQ ΔbshC, BP1246: ΔpdxST ΔytoQ ΔbshC, BP965: ΔpdxST 
PdxHJ, BP1103: ΔpdxST pdxHJ ΔbshC ΔytoQ. 
 

 

The B. subtilis wild type strain, the ΔytoQ and the ΔbshC single mutant showed a similar colony forming 

unit (cfu)/µg DNA. The ΔbshC ΔytoQ double mutant exhibits a slight increase in cfu. For all the strains 

carrying a deletion of the pdxST gene, the genetic competence was strongly reduced, independent of 

the other mutations. Only for the strain BP1103 (ΔpdxST pdxHJ ΔbshC ΔytoQ) no colonies were visible 

on the transformation plates (see Suppl. Figure 2). 
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Cysteine negatively affects PLP synthesis via a non-native vitamin B6 synthesis pathway 

Bacillithiol is a low-molecular-weight thiol keeping cytosolic proteins in a reduced state and protecting 

cells from reactive oxygen species, antibiotics and heavy metals (Chandrangsu et al., 2018). Under 

oxidative stress, it can act as a redox switch by S-bacillithiolation of regulatory proteins. In the same 

way cysteine can act as a redox switch by S-cysteinylation (J. W. Lee et al., 2007; Newton et al., 2012). 

Therefore, we suggested that the loss of bacillithiol could be complemented by the addition of cysteine, 

which is also a LMW thiol and important in oxidative stress response. Furthermore, former studies 

showed that toxic levels of PL can be complemented by mutations upregulating biotin synthesis genes 

and that PL inhibits the expression of the bio operon (http://hdl.handle.net/11858/00-1735-0000-

002E-E32C-B). The supplementation with biotin could thereby be a growth improving setup for the 

heterologous pathway. We tested the impact of cysteine and biotin in a drop dilution assay with 

mutants carrying different stages of the pathway.  

 

 

Figure 14 Drop dilution assay of heterologous pathway mutants. 
Cell material of B. subtilis strains incubated in C-Glc minimal medium supplemented with respective antibiotics and PL. 1 ml of the grown 
culture was centrifuged at 10,000 × g and the pellet was resuspended in 1 ml saline. This step was repeated two times and the OD600 was 
set to 1. Serial dilution of the cells in steps of 1:10 was performed and 5 µl of the suspensions ranging from 10-1-10-6 were spotted on C-
Glc agar plates either with supplementation of biotin (5 µM), cysteine (0.5 mM) or without supplementation. SP1: wild type, BP1100: 
ΔpdxST, BP965: ΔpdxST pdxJ pdxH, BP978: ΔpdxST pdxJ pdxH Δbshc, BP1102: ΔpdxST pdxJ pdxH ∆ytoQ, BP1103: ΔpdxST pdxJ pdxH ∆ytoQ 
Δbshc 
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Hence, the ytoQ overexpression plasmid pBP639 and empty plasmid were introduced into the 

B. subtilis strains BP965 (ΔpdxST pdxHJ) and BP978 (ΔpdxST pdxHJ ΔbshC). Together with the wild type 

strain SP1, the ΔpdxST mutant BP1100 and the two mutants BP1102 (ΔpdxST pdxHJ ΔytoQ) and BP1103 

(ΔpdxST pdxHJ ΔytoQ ΔbshC) the strains were inoculated in LB-PL medium overnight. After washing, 

the OD600 was set to 1 and a 1:10 dilution series was set up. 10 µl of the dilutions ranging from 10-1 – 

10-6 were dropped on C-Glc and C-Glc-PL plates supplemented with cysteine (0.5 mM), biotin (5 µM) 

or without further supplementation. Growth of the strains was monitored after two days of incubation 

at 37°C (see Figure 14). 

All strains were able to grew in the presence of PL but only the wild type strain SP1 and BP978 

overexpressing ytoQ grew without exogenous PL. BP1100, BP978 + empty plasmid and BP1102, which 

were dropped in close proximity to the strains, also showed growth but had a directional growth 

behavior, increasing at the sites at which they are pointing at the well growing strains. As produced PL 

is secreted, it can be taken up by auxotrophic strains (see Figure 32). BP965 showed poor growth and 

overexpression of ytoQ did not enhance growth. BP1103 lacking ytoQ did not grew at all. When biotin 

was in the medium, the strains reached a higher cell density but growth patterns stayed the same. The 

strains on the plate supplemented with cysteine showed a similar growth behavior as on the C-Glc 

plate without cysteine with the exception of BP978 overexpressing ytoQ, which lost its growth 

advantage. As the strain was not able to grow, PL was not secreted into the medium. Thus, also BP978 

did not grow any more. The negative effect of cysteine did not show up in the presence of PL indicating 

interference in the PL synthesis. 

Deletion mutants of the putative underground pathway can still produce PL 

To shed light on possible underground metabolism pathway routes, knockout mutants of cpgA; serA, 

serS and thrB were constructed in either wild type or in BP1036 background. BP1036 is a suppressor 

mutant harboring the partial heterologous pathway, a knockout of the bshC gene and a promoter-up 

mutation for ytoQ (∆pdxST pdxJ pdxH ∆bsh-∆A464 PytoQ*) and is therefore able to produce PL in minimal 

medium. SP1 and BP1036 were transformed with PCR products containing homologues regions of the 

respective genes, fused to an antibiotic resistance cassette resulting in the strains BP1272/BP1276 

(ΔcpgA), BP1273/BP1277 (ΔserA), BP1274/BP1278 (ΔserS) and BP1275/BP1279 (ΔthrB) for SP1 and 

BP1036, respectively. If B. subtilis uses the expected underground metabolism route, knockout of one 

of the participating genes should block PL synthesis in the BP1036 background and convey PL 

auxotrophy. The single and double mutants, the wild type SP1 and BP965 (ΔpdxST pdxHJ) were checked 

for PL dependent growth and were firstly inoculated in SP liquid medium with PL and respective 

antibiotics and incubated overnight at 37°C. The cultures were centrifuged at 10,000 × g and the cell 
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pellets were washed two times in saline. The OD was set to 1 and 10 µl spots of each strain were plated 

on G-Glc- and G-Glc-PL plates supplemented with serine (0.008%) and threonine (0.004%). As a 

deletion of cpgA leads to severe growth defect when glucose or other carbon sources are present, 

which feed into the pentose phosphate pathway (Sachla & Helmann, 2019), CSE plates were used in 

addition. As seen in Figure 15, on the C-Glc plate supplemented with PL all strains were able to grow 

except for BP1272 and BP1276 carrying the knockout of cpgA. Interestingly, all strains but BP965 and 

the cpgA mutants grew without B6, indicating that SerA, SerS and ThrB did not take part in the 

underground metabolism route or that another route exists in addition. The cpgA mutants could grow 

on the CSE plates, independent of PL. The other strains showed the same growth behavior as on the 

C-Glc plate. 

 

 

Figure 15 Influence of CpgA, SerA, SerC and ThrB on the heterologous B6 synthesis pathway. 
B. subtilis strains were grown in liquid SP medium supplemented with PL overnight. The cultures were centrifuged and the 
cell pellet washed 2 times in saline. After setting the OD600 to 1, 5 µl were dropped on either C-Glc or CSE plates and plates 
supplemented with PL. Growth was monitored after 1 day of incubation at 37°C. 
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The role of YtoQ and Bacillithiol in the underground metabolism pathway 

Since the proposed underground metabolism pathway could not be confirmed, we wanted to assess 

at which position YtoQ and bacillithiol feed into the pathway. 

 

Figure 16 Feeding of YtoQ and BSH into the pathway.  
pdxA, pdxB or a combination of both were introduced into the strains BP965 (ΔpdxST pdxJH) and BP978 (ΔpdxST pdxJH 
ΔbshC). Growth was analyzed with YtoQ overexpression plasmid and empty vector control on C-Glc minimal medium plates 
and plates supplemented with PL. Plates were incubated for 2days at 37°C. Black arrows indicate suppressor mutants. 

 

Therefore, we introduced the pdxA and pdxB genes and a combination of both into the strains BP965 

(ΔpdxST pdxJ pdxH) and BP978 (ΔpdxST pdxJ pdxH ΔbshC). The resulting strains BP1280 (ΔpdxST pdxJ 

pdxH pdxB), BP1281 (ΔpdxST pdxJ pdxH ΔbshC pdxB), BP1282 (ΔpdxST pdxJ pdxH pdxA), BP1283 

(ΔpdxST pdxJ pdxH ΔbshC pdxB) BP1284 (ΔpdxST pdxJ pdxH pdxA pdxB) and BP1285 (ΔpdxST pdxJ pdxH 

ΔbshC pdxA pdxB) were transformed with empty plasmid pBQ200 and the ytoQ overexpression 
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plasmid pBP639 and propagated on either C-Glc and G-Glc-PL minimal medium plates and incubated 

fur 2 days at 37°C (see Figure 16).  

 When PL was added to the medium, all strains could grow and formed a bacterial lawn. The 

growth behavior was highly dependent on the presence of YtoQ and of PdxA + PdxB without 

supplementation with PL. In the background of BP965 (ΔpdxST pdxJ pdxH) growth was neither possible 

with pdxA nor with pdxB. Interestingly, when both genes were present, the cells grew slightly but 

formed suppressor mutants, indicating that the genes are functionally expressed. Similar can be seen 

when YtoQ was overexpressed in this genetic background. This time, suppressor mutants formed 

independently of the presence of absence of the pdxA and pdxB genes, as it was observed before on 

C-Glc minimal medium (J. Rosenberg et al., 2018). In the background of BP978 (ΔpdxST pdxJ pdxH 

ΔbshC) overexpression of ytoQ enabled growth under all conditions but also without further ytoQ 

overexpression the cells grew but to a lesser extent. 

Identification of potential interaction partners of YtoQ 

YtoQ is a protein of unknown function. As it enables feeding into the heterologous pathway, it can be 

assumed that it has either enzymatic or regulatory activity on genome or protein level. As unspecific 

DNA binding of YtoQ could not be proven, we checked if YtoQ has interaction partners in B. subtilis 

with pulldown and in vivo crosslinking experiments. Therefore, the YtoQ expression plasmids pBP641 

and pBP642, adding a N-terminal and C-terminal Strep-tag, respectively and the empty plasmid 

pBQ200 were introduced into E. coli Rosetta (DE3). LB medium was inoculated with the transformed 

strains and cultivated until OD600 reached 0.8 and protein expression was induced by the addition of 

IPTG. After incubation for 3 h at 37°C the cells were harvested by centrifugation. In parallel, B. subtilis 

wild type strain SP1 and the suppressor mutant BP1036 harboring a functional heterologous pathway, 

were grown in C-Glc medium until OD600 of 1 and also harvested. Cell pellets of E. coli and B. subtilis 

were resuspended in Strep-tag purification buffer W and lysed by using the French press. The crude 

extracts of the E. coli cells carrying empty vector and the expression plasmids were split and each half 

was added to a separate purification column. The matrix was washed intensively with buffer W and a 

sample was collected (W). The B. subtilis crude extract of either SP1 (A) or BP1036 (B) were applied to 

one of the columns containing the empty plasmid, the expression plasmid and to a column containing 

the Strep-Tactin matrix without bound protein to check for unspecific binding. After another washing 

step bound proteins were eluted with buffer E. Fractions were analyzed with SDS-PAGE and 

subsequent silver staining. As shown in Figure 17 A, N-terminally tagged YtoQ was easily purified and 

thick bands occurred at the corresponding height of approximately 19 kDa in the washing fraction, as 

well as in all elution fractions containing the expression plasmid. When crude extract of SP1 was added 
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no additional bands co-eluted with YtoQ. The same was true for the C-terminally tagged YtoQ 

expressed by pBP642 (see Suppl. Figure 3). As no difference between both constructs were detectable, 

further experiments were conducted only with the N-terminally tagged construct expressed by pBP641. 

The context in which YtoQ plays a role is highly artificial as the pdxH and pdxJ genes from E. coli were 

introduced into B. subtilis. Thus, it cannot be ruled out that YtoQ is only active when PdxJ and PdxJ are 

present. The pulldown was repeated using crude extract of the B. subtilis strain BP1036, which carries 

the partial heterologous pathway, the deletion of bshC and a mutation upregulating ytoQ gene 

expression (see Figure 17 B). The elution fractions 2 – 4 were analyzed and again, high amounts of 

YtoQ could be purified, especially in the later elutions. For E3 bands were present for the YtoQ 

expression plasmid, which are not in the empty vector control. These corresponding proteins had a 

molecular weight of approximately 17 kDa and 45 kDa, respectively and were co-eluted from the E. 

coli cell extract. Addition of BP1036 crude extract did not yield in additional bands, which do not also 

occured in the controls. Nevertheless, the gels were sent for MS analysis to Dr. Elke Hammer 

(University of Greifswald). 

To rule out the possibility of transient interaction, we conducted an in vivo crosslinking experiment in 

different genetic backgrounds of B. subtilis. Accordingly, bacterial strains BKE29850 (ΔytoQ), BP1102 

(ΔytoQ ΔbshC), BP1246 (ΔpdxST ΔytoQ ΔbshC) and BP978 (ΔpdxST ΔbshC pdxHJ) were transformed 

with the SPINE plasmid pBP770 and the empty plasmid pGP382. The cells were cultivated in C-Glc 

medium supplemented with PL and respective antibiotics. When reached an OD600 of 1 the cultures 

were split and one half was treated with PFA for 20 min. After centrifugation, the cells were washed, 

lysed with the French press and purified by Strep-Tactin-affinity chromatography. The fractions were 

collected, boiled at 95°C for 30 min to release crosslinking bonds and subsequently analyzed by SDS-

PAGE and silver staining (see Figure 18). YtoQ was expressed and eluted in E2- E5 with increasing 

amount. In all genetic backgrounds, co-elution of interaction partners could be detected on the gels. 

Also crosslinking with PFA did not show additional bands. Together with the pulldown gels, the whole 

gel of the BP978 background was sent for MS analysis to Greifswald.  

Candidate 

Protein 

Function 
 

Size 

[kDa] 

Number of detected spectra3 

EV YtoQ EV+ SP1 YtoQ + SP1 

RpoC2 RNA polymerase 
beta’subuni 

134  - 4 - - 

YrkL2 Similar to NAD(P)H 
oxidoreductase 

20 - - - 10 

YtoQ2 unknown 
 

17 15 519 71 406 

RpoC1 RNA-polymerase 
beta’subunit 

155 - 8 - 6 

RpoB1 RNA-polymerase beta 
subunit 

151 - 2 - 3 

Table 16 MS analysis of pulldown candidates 
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MetH1 Homocysteine-N5-
methyltetrahydrofolat 

transmethylase 

136 - 30 - 38 

CarB1 Carbamoyl-phosphate 
synthase 

118 - 18 - 12 

AcrB1 Multidrug efflux protein 114 - 4 - 5 

MutS1 DNA mismatch repair 
protein 

95 - 2 - 2 

Pta1 Phosphate 
acetyltransferase 

77 - 5 - 7 

SecD1 Protein translocase 67 - 11 - 14 

PtsI1 Phosphoenolpyruvate-
protein 

phosphotransferase 

64 - 7 - 6 

Yjjk1 Predicted transporter of 
ABS superfamily 

62 - 11 - 14 

FumA1 Fumerate hydratase 60 - 3 - 10 

PyrG1 CTP synthase 60 - 3 - 3 

SucC1 Succinyl-CoA ligase 41 - 4 - 4 

RlpA1 Minor lipoprotein 38 - 5 - 2 

OmpR1 DNA-binding response 
regulator 

27 - 2 - 4 

Ftn1 Ferritin iron storage 
protein 

19 - 2 - 2 

1 proteins identified when mapped against E. coli database 

2 proteins identified when mapped against B. subtilis database 

3 detected proteins with at least two spectra and with significantly less spectra in the EV controls 

 

 The results of the pulldown analysis can be seen in Table 16. Since the protein was purified in 

E. coli and cell extract of B. subtilis was added, the spectra were mapped against the B. subtilis and the 

E. coli database. As promising candidates all proteins were selected for which at least two spectra were 

found and for which significantly lower spectra were detected in the empty vector control compared 

to the protein sample. Only three spectra were found, matching proteins in B. subtilis, the bait protein 

YtoQ, the RNA-polymerase beta’ subunit RpoC and YrkL, which is similar to a NAD(P)H oxidoreductase. 

Interestingly, for YrkL only spectra were found in the fraction containing the bait protein and crude 

extract of B. subtilis, suggesting a specific interaction. YrkL is similar to a NAD(P)H oxidoreductase. 

When mapping the spectra against the E. coli database, 16 hits were found. Again, RNA polymerase 

subunits beta and beta’ were identified in both fractions containing YtoQ. In addition, MutS (DNA 

missmach repair), PyrG (CTP synthase) and OmpR (DNA binding response regulator) also belong to the 

proteins involved in DNA homeostasis. From the E. coli candidates most spectra were found for MetH, 

a cobalamin-dependent homocysteine-N5-methyltetrahydrofolat transmethylase, involved in the 

synthesis of methionine from homoserine. Additional identified proteins are involved in central 

metabolism as CarB (carbamoyl-phosphate synthase), Pta (phosphate-acetyl transferase), PtsI 

(phosphoenolpyruvate-protein phosphotransferase), FumA (fumerate hydratase) and SucC (succinyl- 
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Figure 17 Pulldown with Strep-YtoQ. 
Strep-YtoQ (pBP641), expressed by Rosetta (DE3) was coupled to a Strep-Tactin matrix. The matrix was washed with 15 
ml buffer and bound proteins were either directly eluted or crude extract of B. subtilis wild type (A) or BP1036 (B) was 
added beforehand. Elution fractions were analyzed by SDS –PAGE and silver staining. M: protein size marker, W: fraction 
after washing step, Ex: elution fraction 1 - x of bound Strep-YtoQ, E+SP1/BP1036: elution fraction of bound STREP-YtoQ 
saturated with B. subtilis crude extract, SP1/BP1036: crude extract of SP1 or BP1036 added to the Strep-Tactin matrix. 
Arrows indicate bands, which are only present in elution fractions together with YtoQ 
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Figure 18 SPINE with YtoQ in different genetic backgrounds.  
Plasmid pBP770 (pGP380::ytoQ) for expression of N-terminally Strep-tagged ytoQ and empty vector (pBP380) were 
introduced into different strains and cultivated in C-Glc minimal medium. At an OD between 0.6 and 1 the cultures were 
split and one half was treated with para-formaldehyde (PFA). STREP-YtoQ was purified and different elution fractions (E2-
E5) were analysed by SDS-PAGE and subsequent silver staining. M: protein size marker. A: BKE29850 (ΔytoQ) B: BP1102 
(ΔytoQ ΔbshC) C: BP1246 (ΔpdxST ΔytoQ ΔbshC D: BP978 (ΔpdxST ΔbshC pdxHJ). 
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CoA ligase). Moreover, AcrB (Multidrug-efflux protein), SecD (protein translocase) and Yjjk (predicted 

transporter of ABS superfamily) belong to the group of transport proteins. The two remaining proteins 

were RlpA (Minor lipoprotein) and Ftn (ferritin-iron storage protein). Interestingly, for Ftn and YrkL C-

terminal peptides were identified in the YtoQ band, although the proteins do not share sequence 

homology. This could indicate a binding mechanism of YtoQ.  

 Multiple interaction partner candidates for YtoQ could be identified by the pulldown assay. 

The SPINE data was not completely analyzed at the timepoint of writing this thesis. Nevertheless, the 

interaction of YtoQ with the interesting candidates needs to be confirmed by different experiments in 

the future. 

 

 A B. subtilis ΔpdxT mutant suppresses vitamin B6 limitation by acquiring 

mutations enhancing pdxS gene dosage and ammonium assimilation  

      nt e i  in a ΔpdxT mutant depends on the extracellular ammonium 

B. subtilis synthesizes vitamin B6 via the PdxST enzyme complex. Previously it was shown that PdxS 

can produce PLP with high amounts of ammonium in a mutant lacking the glutaminase PdxT (Belitsky, 

2004b; Itagaki et al., 2013; Sakai et al., 2002). We constructed the ΔpdxT mutant BP1105 in the 

background of the B. subtilis wild type strain SP1 and tested for ammonium dependent growth 

together with the PLP auxotrophic strain BP1100 (ΔpdxST) and SP1. Therefore, the strains were 

cultivated in MSSM minimal medium containing 0.5% glucose and 0.02% glutamine (w/v) as carbon/ 

nitrogen sources. By adding increasing amounts of ammonium chloride, ranging from 1 to 120 mM, 

ammonium dependent growth was monitored (see Figure 19). Besides PdxT, also the high-affinity 

glutaminase Ylam and the low-affinity glutaminase GlsA are expressed in B. subtilis (G. Brown et al., 

2008). Hence, some ammonium could derive from cleaved glutamine.  

 The growth rate of the wild type strain is constant among all tested conditions, only the 

biomass was decreased for 1 mM ammonium, indicating a depletion of ammonium at a later stage of 

growth. The ΔpdxST mutant BP1100 was not able to grow at all, confirming its inability to form PLP. 

On the other hand, BP1105 (ΔpdxT) showed an ammonium-depended growth behavior with increasing 

growth rate and biomass formation at higher ammonium concentrations. 
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Figure 19 The dependency of a B. subtilis pdxT 
mutant on ammonium.  
The wild type strain SP1 and the pdxT and 
pdxST mutant strains were cultivated in MSSM 
minimal medium supplemented with 
increasing amounts of ammonium. The 
bacteria were cultivated in a 96 well plate and 
growth was determined by measuring the 
optical density at a wavelength of 600 nm 
(OD600) using a multi-well plate reader. Figure 
and legend derived from (Richts et al., 2021). 

  aracteri ation o  ΔpdxT mutants with decreased demand on extracellular ammonium 

The pdxT deletion mutant showed strongly reduced growth in medium containing only 10 mM and 20 

mM ammonium. Thus, we assumed that the mutant could be adapted to the low ammonium 

concentrations to gather beneficial mutations, enhancing the PLP synthesis. We propagated the ΔpdxT 

mutant on MSSM agar plates containing either 10 mM or 20 mM ammonium and incubated the plates 
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for 48 h at 37°C. As seen in Figure 20A, suppressor mutants arose under both conditions. Six different 

suppressor mutants were isolated from the 10 mM plate and 13 more from the 20 mM plate.  

 

 

Figure 20   olation o  ΔpdxT suppressor mutants with decreased dependency on extracellular ammonium.  
A. Formation of suppressor mutants by the strain BP1105 (ΔpdxT) on MSSM agar plates supplemented with either 10 mM 
or 20 mM ammonium. The plates were incubated for 48°C at 37°C. B. and C. Evaluation of growth of the pdxT suppressor 
mutants on MSSM agar plates supplemented with 10 mM and 20 mM ammonium. The plates were incubated for 48 h at 
37°C. S, suppressor mutant. Figure and legend derived from (Richts et al., 2021). 

 

To check if the mutants are stable, they were passaged twice on the respective MSSM medium and 

once on SP-rich medium plates. The suppressors were streaked on a plate together with the ΔpdxT 

mutant BP1105 to compare growth behavior at low ammonium. Five of the seven suppressors (S1, S3, 

S4, S6 and S7), which appeared on the 10 mM plate could grow better compared to the parental strain 

BP1105. The suppressor isolated on 20 mM ammonium, S8, S10, S11, S13, S14, S19 and S20 grew 

slightly better than the parental strain (see Figure 20C). Furthermore, we characterized the growth 

behavior of S1, S4 and S14 in liquid MSSM minimal medium. Consequently, MSSM medium containing 

30 mM ammonium and PL was inoculated with the parental strain BP1105 and the suppressor mutants 

and incubated overnight at 37°C. Precultures were inoculated from the cell suspensions, grown until 

OD600 of 0.5 – 0.8, washed 1 x in MSSM and used for inoculation of 100 µl MSSM medium containing 

30 mM ammonium. Growth was monitored in the plate reader.  
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Figure 21 Characterization of pdxT suppressor 
mutants with decreased dependency on 
extracellular ammonium.  
A. Growth of the ΔpdxT suppressors S1, S4 and 
S14 that are derived from the strain BP1105 
(ΔpdxT). B. Growth of the ΔpdxT suppressors 
S21 - S26 that are derived from the strain 
BP1106 (ΔpdxT PnrgAB-lacZ). C. Growth of the 
ΔpdxT suppressors S27 - S29 that are derived 
from the strain BP1182 (ΔpdxT-gfp PnrgAB-lacZ). 
The bacteria were cultivated in MSSM minimal 
medium supplemented with 30 mM 
ammonium. The bacteria were cultivated in a 
96 well plate and growth was determined by 
measuring the optical density at a wavelength 
of 600 nm (OD600) using a multi-well plate 
reader. Figure and legend derived from (Richts 
et al., 2021). 

All strains showed an improved growth compared to the parental strain but S1 and S4 to a higher 

extend than S14 as shown in Figure 21A. To assess the genetic changes allowing growth at limiting 

ammonium concentrations, we sequenced the genomes of the three suppressors. For a detailed list of 

mutations see Table 17.  
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Figure 22 Genome sequencing and Southern blotting analyses to assess the extent of pdxS amplification in the pdxT 
suppressors. A. Read coverage (average) along the chromosome of the pdxT suppressors. As shown in the figure inlays, 
based on these values the copy numbers of chromosomal segment containing the pdxS gene can be inferred. In all 
suppressors that were subjected to Illumina sequencing, the amplified is 15 kbp long and is located between two rRNA 
genes (rrnO-23S - rrnA16S, coordinates 11,709 – 31,832). B. Southern blotting analysis to detect the amplified 
chromosomal segment containing the pdxS gene. The parent strains BP1105, BP1106 and BP1182 served as controls. 
Chromosomal DNAs were digested with SacI and HindIII and the blots were hybridized with a pdxS-specific probe. Figure 
and legend derived from (Richts et al., 2021). 

 

S1 had a mutation in pbpA, which codes for the penicillin binding protein PBP2A. It controls the cell 

wall diameter and participates in cell wall biosynthesis (http://subtiwiki.uni-goettingen.de) (Zhu & 

Stülke, 2018). Also in S4 and S14 singe nucleotide polymorphisms (SNPs) emerged in ispD and pgpH, 

respectively. IspD is a 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, catalyzing a step in the 

isoprenoid synthesis pathway. The exchange of guanosine to thymine at position 574 in the pgpH gene 

leads to a stop codon truncating the protein after 192 of 711 amino acids. We furthermore recognized 

a genomic amplification of a 15 kbp long region when we had a look at the Illumina sequencing read 

depth. This region is bordered by the rrnO-16S/rrnO-23 and the rrnA16S/rrnA-23S genes and contains 

21 genes in total (see Suppl. Table 1). For S1 the amplification factor is about 11-fold and for S4 about 

3-fold (see Figure 22A). S14 does not amplify this region and only has the mutation in pgpH. 

Interestingly, the pdxS gene lies within in the amplified genome area. We confirmed the amplification 

by Southern blot analysis using a pdxS-specific probe. Due to the amplification, higher copy numbers 

of the probe binding site are available leading to a higher signal emission. Compared to the parental 

strain BP1105, the signal strength of the suppressor mutants was elevated, confirming the whole-

genome sequencing data (see Figure 22B). In conclusion, the conditional pyridoxal auxotroph ΔpdxT 

mutant can recover its ability to produce sufficient amounts of PL by amplification of the pdxS gene. 

As PBP2A and IspD act in different cellular processes, it is unlikely that they participate in PLP synthesis 

and mutations accumulated as secondary effects. The role of PgpH is discussed in the next section. 

 

Table 17 Mutations identified in the ΔpdxT suppressor mutants. 

Strain Parent strain 
(genotype) 

Locus Coordinatesc Protein, Function Type of mutation 

BP1115 
(S1)a 

BP1105 
(ΔpdxT) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

11.7-fold amplification 

pbpA 2,582,084 Penicillin-binding protein, cell 
wall biosynthesis 

C1844T (A616V) 

BP1116 
(S4)a 

BP1105 
(ΔpdxT) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

3.1-fold amplification 

ispD 109,813 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase, 
isoprenoid biosynthesis 

G25A (A9T) 

BP1117 
(S14)a 

BP1105 
(ΔpdxT) 

pgpH 2,613,850 c-di-AMP-specific 
phosphodiesterase, 
osmoregulation 

C574A (Stop) 
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BP1171 
(S21)b, d 

BP1106 
(ΔpdxT PnrgAB-
lacZ) 

pdxS Unknown Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

Amplification 

glnA 1,878,506 
1,879,443 

Glutamine synthetase, nitrogen 
metabolism 

G79A (D27N) 
C1016A (P339Q) 

BP1172 
(S22)a 

BP1106 
(ΔpdxT PnrgAB-
lacZ) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

5.1-fold amplification 

rpoE 3,813,083 RNA polymerase delta subunit, 
transcription 

C → T (14 bp upstream 
of the start codon) 

tnrA 1,397,468 Transcriptional pleiotropic 
regulator, nitrogen metabolism 

Insertion 280T (93 of 
111 amino acids and 9 
different amino acids at 
the C terminus) 

yknV 1,502,282 ATP-binding protein of 
unknown ABC exporter, 
unknown function 

Deletion A622 (lack of 
207 of 604 amino acids 
and 10 different amino 
acids at the C terminus) 

BP1173 
(S23)a 

BP1106 
(ΔpdxT PnrgAB-
lacZ) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

5.5-fold amplification 

glnA 1,878,607 Glutamine synthetase, nitrogen 
metabolism 

C180A (F60L) 

thrS T-
box 
RNA 

2,961,374 Threonyl-tRNA synthetase, 
protein synthesis 

G → A (179 bp upstream 
of the start codon) 

BP1174 
(S24)a, c 

BP1106 
(ΔpdxT PnrgAB-
lacZ) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

5.4-fold amplification 

dhbF 3,285,033 Involved in 2,3-
dihydroxybenzoate 
biosynthesis, bacillibactin 
biosynthesis 

G2629A (H877Y) 

nhaK 3,429,304 Cation/H+ antiporter, metal ion 
homeostasis 
 

G1046A (P349L) 

rpoE 3,812,989 
 

RNA polymerase delta subunit, 
transcription 

Deletion T82 (lack of 27 
of 173 amino acids and 
10 different amino acids 
at the C terminus) 

rpoE 3,812,984 RNA polymerase delta subunit, 
transcription 

T87A (K27N) 

rpsJ 135,234 Ribosomal protein, translation G → A 130 bp upstream 
of the start codon  

ahpA 1,492,176 Alkyl hydroperoxide reductase, 
protection against peroxide 
stress 

C → T (88 bp upstream 
of the start codon and 2 
bp downstream of -10 
region) 

BP1175 
(S25)a 

BP1106 
(ΔpdxT PnrgAB-
lacZ) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

5.4-fold amplification 

alaS 2,799,351 Alanyl-tRNA synthetase, protein 
synthesis 

C1466T (S489N) 

pgpH 2,613,916 
 

c-di-AMP-specific 
phosphodiesterase, 
osmoregulation 

Deletion C508 (lack of 
169 of 711 amino acids) 
and 6 different amino 
acids at the C-terminus) 

pgpH 2,613,912 c-di-AMP-specific 
phosphodiesterase, 
osmoregulation 

A510C (Stop509E) 



Results 

__________ 

- 69 - 

pksN 1,847,873 Polyketide synthase, 
biosynthesis of antibacterial 
compounds 

G13462A (E4488K) 

BP1184 
(S26)b 

BP1106 
(ΔpdxT PnrgAB-
lacZ) 

glnA 1,878,506 Glutamine synthetase, nitrogen 
metabolism 

G79A (D27N) 

BP1195 
(S27)b, d 

BP1182 
(∆pdxT::cat 
amyE::(PnrgAB-
lacZ aphA3) 
serS::(serS-
Palf4-gfp 
ermC)) 

pdxS Unknown Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

Amplification 

glnA 1,878,506 Glutamine synthetase, nitrogen 
metabolism 

G79A (D27N) 

BP1197 
(S28)b, d 

BP1182 
(∆pdxT::cat 
amyE::(PnrgAB-
lacZ aphA3) 
serS::(serS-
Palf4-gfp ermC) 

pdxS Unknown Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

Amplification 

glnA 1,878,607 Glutamine synthetase, nitrogen 
metabolism 

C180A (F60L) 

BP1199 
(S29)b, d 

BP1182 
(∆pdxT::cat 
amyE::(PnrgAB-
lacZ aphA3) 
serS::(serS-
Palf4-gfp 
ermC)) 

pdxS Unknown Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

Amplification 

glnA 1,878,607 Glutamine synthetase, nitrogen 
metabolism 

C180A (F60L) 

BP1148a 

BP1147 
(∆pdxT::cat 
amyE::(PnrgAB-
lacZ aphA3) 
serS::(serS-
Palf4-gfp ermC) 
recA::aad9) 

pdxS 11,709 – 
31,832 

Pyridoxal 5’-phosphate 
synthase domain, vitamin B6 
biosynthesis 

2-fold amplification 

yonO 2,222,914 SP DNA-dependent RNA 
polymerase 

G337T (Stop113E) 

yqjM 2,476,713 NADPH-dependent flavin 
oxidoreductase 

C864T (no effect) 

patA 1,472,749 PLP dependent biosynthesis of 
lysine and peptidoglycan 

G293A (A98V) 

    

ymfD 1,756,606 exporter for the siderophore 
bacillibactin 

G976A (A326T) 

Table derived from (Richts et al., 2021) 

aStrains were subjected to whole genome sequencing. 
bMutations in the glnA gene was identified by PCR using the primer pairs CD03/CD24. 
cCoordinates refer to the position in the genome sequence (GenBank: CP058242.1) (Richts et al., 2020) of the B. subtilis 
SP1 strain. 
dThe amplification of a genomic region containing the pdxS gene was verified only by Southern blotting. 

  aracteri ation o  ΔpdxT mutants carrying mutations in ammonium assimilation genes 

When growing with ammonium as only nitrogen source, the glutamine synthetase (GS), encoded by 

glnA, utilizes glutamate and ammonium to form glutamine (see Figure 23A) (Atkinson & Fisher, 1991; 

Gunka & Commichau, 2012). Hence, the global nitrogen regulator TnrA activates expression of the 

nrgAB genes, which code for the ammonium channel NrgA (see Figure 23A) (Detsch & Stülke, 2003; 

Mirouze et al., 2015;Wray et al., 1994, 1996; Yoshida et al., 2003). Produced glutamine inhibits the GS 

(FBI-GS), enables its ability to bind to TnrA and thereby blocks the DNA binding activity (Figure 23A) 

(Hauf et al., 2016; Wray et al., 2001). Moreover, the FBI-GS can bind and inhibit the transcription factor 

GlnR, which is an activator of its own expression (Fisher & Wray, 2008). With this regulatory network 
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B. subtilis can adapt the ammonium assimilation system to the available N-sources (Commichau et al., 

2008; Gunka & Commichau, 2012). 

 

Figure 23 Isolation of pdxT mutants carrying mutations in ammonium assimilation genes and their impact on the 
regulation of the PnrgA promoter. A. Control of ammonium assimilation in B. subtilis. When glutamine is limiting, TnrA 
activates the expression of the nrgAB genes encoding the ammonium transporter NrgA and the PII protein NrgB (Detsch 
and Stülke, 2003). The GS GlnA converts glutamate and the incoming ammonium to glutamine. Under conditions of excess 
nitrogen, FBI-GS binds to and inhibits TnrA. The nrgAB genes are not expressed. B. Formation of suppressor mutants by 
the strain BP1106 (ΔpdxT PnrgAB-lacZ) on MSSM agar plates supplemented with 20 mM ammonium and X-Gal. The plates 
were incubated for 48 h at 37°C. C. Evaluation of growth of the pdxT suppressor mutants on MSSM agar plates 
supplemented with 20 mM ammonium. The plates were incubated for 48°C at 37°C. S, suppressor mutant. D. Localization 
of the amino acid exchanges in GlnA that affect the interaction with TnrA. Amino acid exchanges that have been previously 
described (Fisher et al., 2002; Wray and Fisher, 2005, 2010; Fisher and Wray, 2006, 2009) and identified in the present 
study are indicated in turquoise and red, respectively, in a structure model of the GlnA-TnrA complex (PDBid 4S0R; 

Schumacher et al., 2015). E. -galactosidase activity assays to monitor the effect of the mutations in the tnrA and glnA 
genes on the activity of the PnrgAB promoter. The assay was performed with the B. subtilis wild type BP1124 (PnrgAB-lacZ), 
the pdxT mutant BP1106 (ΔpdxT PnrgAB-lacZ) and with the pdxT suppressors BP1171 (ΔpdxT glnA G79A C1016A PnrgAB-lacZ), 
BP1172 (ΔpdxT tnrAΔT280 PnrgAB-lacZ), BP1173 (ΔpdxT glnA C180A PnrgAB-lacZ) BP1174 (ΔpdxT PnrgAB-lacZ), BP1175 (ΔpdxT 
PnrgAB-lacZ) and BP1184 (ΔpdxT glnA G79A PnrgAB-lacZ). It should be noted that the strains BP1172, BP1173, BP1174 and 
BP1175 carry additional mutations (see Table 1). The bacteria were cultivated in MSSM medium supplemented with 1.3 
mM glutamine and 30 mM ammonium. Data points represent biologically independent replicates. Bars indicate means of 

replicates and the standard deviations are shown. -Galactosidase activities are given as units per milligram of protein. 
Figure and legend derived from (Richts et al., 2021) 
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As the suppressors of the pdxT mutant were isolated on MSSM medium containing small amounts of 

glutamine, the GS is feedback inhibited and binds the global DNA-binding transcription factor of 

nitrogen metabolism TnrA, so that the transcription of the ammonium transporter gene nrgA is 

blocked (Wray et al., 2001). The uptake of ammonium is mandatory for the cells to produce PLP so we 

supposed that suppressor mutants could come up, which upregulate the ammonium uptake and 

thereby suppress the partial PL auxotrophy. To screen for such mutants, we integrated a translational 

PnrgAB-promoter-lacZ construct into the ΔpdxT mutant by transformation with the plasmid pGP168, 

resulting in the strain BP1106 (ΔpdxT PnrgAB-lacZ). We propagated the strain on MSSM plates containing 

20 mM ammonium and X-Gal to screen for upregulation of the PnrgA promoter. After two days of 

incubation blue and white suppressor mutants formed, whereas the number of white suppressors was 

clearly higher (see Figure 23B). Four blue (S21-S23 and S26) and two white colonies (S24-S25) were 

isolated on plates containing X-Gal and growth was tested in MSSM medium supplemented with 30 

mM ammonium (see Figure 21B-C). All strains produced more biomass compared to the parental strain 

but grew with different speed. S21, S22, S24, S25 had a similar, but lower doubling time as the wild 

type. The doubling time of S23 and S26 was close to the one of the parental strain BP1106. Therefore, 

two blue and two white suppressors were subjected to whole-genome sequencing showing indeed 

mutations in tnrA and glnA. For the other blue suppressors these loci had been sequenced by sanger 

sequencing (Table 17). In S21, S23 and S26 mutations led to amino acid changes in GlnA, respectively 

to D27N/P339Q, F60L and D27N. These amino acids are in close proximity the binding site of TnrA (see 

Figure 21D. Thus, binding ability of the C-terminus of TnrA to the GS could be lowered and DNA binding 

favored, which would activate nrgAB expression. The found mutations have not been described before, 

although many known mutations in glnA were already described (Fisher et al., 2002;. Fisher & Wray, 

2006, 2009; Wray & Fisher, 2005, 2010). In S22 we found a base deletion in the tnrA gene resulting in 

C-terminal truncation of 18 amino acids and a change of the last 9 amino acids (see Table 17). The C-

terminus of TnrA is responsible for the binding to the FBI-GS (see Figure 21D) (Schumacher et al., 2015; 

Shin et al., 2000; Wray et al., 2001). Hence the variant is probably not able to bind to the FBI-GS and 

again, activates the PnrgAB promoter. We tested the effect on the nrgAB promoter by measuring the β-

galactosidase activities of the white and blue suppressors, the parental strain BP1106 (ΔpdxT PnrgAB-

lacZ) and the wild type strain BP1124 (PnrgAB-lacZ). The strains were cultivated in MSSM medium 

containing 30 mM ammonium.  

The promoters of the wild type (BP1124), the parental strain BP1106 and of the white suppressors S24 

and S25 showed no activity (see Figure 21E). The promoters of the blue suppressors were highly active. 

The glnA C180A mutation had the biggest effect on activity. The tnrA truncation and the other 

mutations in glnA showed lower activity but reached approximately the same level. 
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As we also analyzed the Illumina depth and Southern blot probe binding, we found that the pdxS gene 

was amplified also in the suppressors S21-S25 (Figure 22A and B). To conclude, the mutations affecting 

the ammonium assimilation increased the expression of the ammonium channel nrgA and thereby 

elevate ammonium uptake. Nevertheless, overproduction of the PLP synthase PdxS suppressed the 

loss of the glutaminase domain most effectively.  

Besides the amplification of pdxS genetic region and the mutations in glnA and tnrA, also additional 

mutations were acquired (see Table 17). The ribosomal binding site and the open reading frame of the 

rpoE gene was mutated in S22 and S25, respectively, probably leading to a deregulation of the RNA 

polymerase δ-subunit. Indeed, the activity of the rpoE* promoter of the suppressor mutant was 3-fold 

lower than the wild type version (Suppl. Figure 6) and the mutation in S24 led to a truncation of 27 

amino acids and 10 different amino acids at the C-terminus (see Table 17). Thereby, the protein was 

probably not functional. The suppressor 25 carried a mutation in the pgpH gene, similar to the 

mutation of suppressor 14, which truncated the PgpH protein by 202 amino acids. The effect of a loss 

of pgpH and rpoE was tested in terms of the bachelor thesis of Melvin Bönninger. He created pgpH 

and rpoE knockouts in the background of the ΔpdxT mutant and compared the growth behavior of the 

double mutants with the ΔpdxT mutant. As a control for ΔpgpH he also knocked out the second c-di-

AMP specific phosphodiesterase GdpP. To assess whether a possible positive effect is still present 

when pdxS is amplified, the double mutants as well as the ΔpdxT singe mutant, were transformed with 

the empty plasmid pBQ200 and the pdxS overexpression plasmid pBP775, which was constructed 

beforehand. Growth was tested in MSSM minimal medium containing ammonium ranging from 10 

mM – 120 mM (Suppl. Figure 4). In presence of 120 mM ammonium all strains reached about the same 

biomass, independently of pdxS overexpression. Only the ΔrpoE mutant with the empty plasmid had a 

slight growth defect. In 10 mM the difference between overexpression of pdxS and empty plasmid was 

clearer. As shown before, strains carrying the overexpression plasmid reached higher biomass and 

growth rate. Interestingly, without additional pdxS dosage, the ΔpgpH ΔpgpH double mutant showed 

a growth advantage in contrast to the ΔgdpP mutant. To confirm this effect, the ΔpdxT mutant was 

transformed with constructs for xylose inducible expression of rpoE, pgpH, and gdpP. The growth 

experiment was repeated with the same ammonium concentrations but growth was monitored also 

in presence 0.8% xylose (Suppl. Figure 4B). As expected, overexpression of pgpH caused a growth 

defect in 10 mM ammonium, confirming its role in suppressing the PL auxotrophy by pdxT deletion. 

Knockout or inducible expression of rpoE did not yield a positive effect, indicating its secondary effect, 

probably due to the amplified region.  

Suppressor S23, S24 and S25 also showed mutations in other genes, which are not involved in vitamin 

B6 metabolism (Table 17) (Richts et al., 2019). In conclusion, loss of pdxT can be complemented by 
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addition of exogenous ammonium. If ammonium is limited, amplification of the pdxS gene and 

mutations regarding ammonium uptake accumulate.  

pdxS gene amplification does not facilitate the evolution of a PdxS variant with enhanced 

enzyme activity 

Previous studies showed, that the replication of larger chromosomes, are more energy consuming. 

Thus, amplification of a genomic region can also have negative consequences for the cell (Reuß et al., 

2019). A possibility to escape this burden, is the rise of mutations, which directly compete with the 

limiting factor and provoke a de-amplification of the amplified region. We assumed that this could be 

also be applicable for the amplification of the ΔpdxT mutant, as further evolution could lead to the 

acquisition of beneficial mutations. As appropriate, de-amplification of the 15 kbp region could be the 

consequence. To monitor the de-amplification, we integrated a genetic cassette containing the green-

fluorescent protein (GFP) and an erythromycin resistance cassette under the expression of a 

constitutive promoter downstream of the pdxS genetic region in the ΔpdxT mutant BP1106 resulting 

in the strain BP1182 (ΔpdxT PnrgAB-lacZ pdxS-gfp) (see Suppl. Figure 5). Successful application of the 

used cassette was recently proven by Reuß et al. 2019 who visualized selective amplification and de-

amplification of the parEC genes being able to replace the essential topA gene if overexpressed (Reuß 

et al., 2019). 

The screening strain BP1182 was applied to MSSM minimal medium plates supplemented with 20 mM 

ammonium. The emerging suppressors were checked for an increase in GFP signal and the mutants 

BP1191 and BP1192 were isolated (see Suppl. Figure 5). We passaged the mutants 20 times in liquid 

MSSM medium and plated the cells after each passage on MSSM plates to analyze GFP signaling but 

were not able to see a decrease of amplification (see Suppl. Figure 5). Nevertheless, we isolated three 

more suppressors of the screening strain BP1182 and characterized them. The suppressor mutants 

S27-29 showed a growth advantage in MSSM medium compared to the parental strain (see Figure 21, 

Figure 22C) proved that the strains also carried the amplified region containing the pdxS gene. Besides, 

the suppressors also had mutations in glnA (G79A, C180A), which was checked by sanger sequencing 

(Table 17).  

 To prevent amplification and select for mutants acquiring mutations in the pdxS gene itself, 

we deleted the recA gene coding for RecA a multifunctional recombination protein, resulting in the 

strain BP1147 (ΔpdxT PnrgAB-lacZ pdxS-gfp ΔrecA). We isolated one suppressor BP1148 of the strain and 

analyzed it by whole-genome sequencing (Table 17). Interestingly, the suppressor was still able to 

amplify the pdxS gene region but only by factor 2. This was also confirmed as the suppressor still 

emitted fluorescence (data not shown). Furthermore, the suppressor had mutations in the genes patA 
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(N-acetyl-L,L-diaminopimelate aminotransferase), yqjM (NADPH-dependent flavin oxidoreductase) and 

yonO (SPβ RNA-dependent DNA polymerase). All of the enzymes do not seem to be directly involved 

in PLP metabolism except for PatA, which belongs to the PLP-dependent proteins (Richts et al., 2019). 

To conclude, mutations regarding the pdxS gene or its gene dosage cannot be achieved by evolution 

under the tested conditions. 

PdxS variants with higher enzymatic activity can be visualized by a PL-sensitive screening 

system 

As mutations regarding the pdxS gene could not be obtained by evolution experiments, we supposed 

that directed evolution of pdxS gene by random mutagenesis could lead to mutations in pdxS resulting 

in higher enzymatic activity. To test pdxS variants, activities need to be measured to shed light on the 

enzymatic activity, which implies purification of the variants and subsequent enzymatic assays. To 

prevent this time-consuming step, we decided to develop a screening system for pdxS variants to 

screen for higher activity in vivo. We planned to use plasmid-based mutagenesis in the E. coli strain 

XL1-Red, which lacks important DNA repair genes and thereby inserting random mutations during DNA 

replication. It was successfully used in former studies to generate randomly mutagenized gene variants 

(Dormeyer et al., 2019).The emerging plasmids were used to transform the B. subtilis screening strain 

and promising plasmid candidates could be detected directly on agar plate. For the screening system 

we were looking for a possibility to display varying amounts of produced PLP by promoting expression 

of the lacZ gene.  

PLP synthesis in B. subtilis is not feedback regulated on gene level as it is in other organisms (Belitsky, 

2014). But for example, the expression of the GabT, a γ-aminobutyric acid aminotransferase is 

controlled by the presence of PLP. As this system needs a combination of GABA, the substrate of GabT, 

and PLP for an activation of the gabTD promoter, the system was not ideal for the screening system as 

it was also dependent on the presence of GABA. The thi riboswitch in Arabidopsis thaliana changes it 

conformation upon PLP binding and blocks the polymerase to access the Shine-Dalgarno sequence 

(Han et al., 2020) and was a possibility for the screening system. Nevertheless, we decided to use a 

PLP-dependent expression system deriving from the human pathogen L. monocytogenes in which the 

expression of the pdxST genes is regulated in a PL-dependent manner (Belitsky, 2014). The promoter 

of the pdxST complex is bidirectional, driving the expression of the pdxST and pdxR genes, of which the 

latter gene encodes a regulator of the promoter. As seen in Figure 24A, under low PLP conditions, the 

promoter of pdxR is active leading to the expression of PdxR. The pdxST promoter is inactive as it needs 

PdxR binding to allow the RNA polymerase to be active. When PdxR is synthesized it binds to the 
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bidirectional promoter, activates pdxST expression but blocks its own transcription. PdxST can form 

PLP from ribose-5-phosphate, glyceraldehyde-3-phosphate and glutamine.  

 

 

Figure 24 Screening system to measure PLP levels in vivo.  
A: Upon PLP limitation the bidirectional promoter PpdxR-pdxST is active for the expression of pdxR and inactive for pdxST 
expression. Synthesized PdxR binds to the promoter region and facilitates conformational changes. Thereby, the 
expression of pdxR is blocked and the pdxST genes can be transcribed. PLP is synthesized from ribose-5-phosphate (R5P), 
glyceraldehyde-3-phosphate (G3P) and glutamine (Gln) by the PdxST complex. Free PLP can bind to PdxR and causes a 
conformational change, leading to a depositioning on the DNA by, which the expression of pdxST is blocked. B: Construct 
of the screening system. The bidirectional promoter of L. monocytogenes was amplified and introduced into the pAC7 
vector, which integrates into the amyE locus of B. subtilis and allows promoter-driven expression of the lacZ gene. C: When 
B6 is a limiting factor, PdxR is build and activates the bidirectional promoter. Thus, the lacZ gene is expressed. With the 
addition of X-Gal to the medium, cells expressing lacZ turn blue. On the other hand, when PLP is available, it binds to PdxR 
and prevents it from activating the promoter. As a consequence, the cells stay white.  

 

With rising levels, more and more PLP binds to PdxR and thereby leading to a conformational change, 

a repositioning on the DNA and finally a detachment. The expression of pdxST is blocked again and the 

pdxR is promoter active. To establish our PLP sensitive screening system, we amplified the pdxR gene 

together with the bi-directional promoter from L. monocytogenes chromosomal DNA and cloned using 

the vector pAC7 resulting in the plasmid pBP781 (pdxR-PpdxST
Lmo-lacZ), which integrates into the amyE 

locus in B. subtilis and promotes lacZ expression directed from the inserted promoter (see Figure 24B). 

As also the open reading frame of pdxR is included, PdxR is expressed in the absence of PLP and binds 
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to its promoter (see Figure 24C). According to this, lacZ is expressed and converts X-Gal in the medium, 

so that the cells turn blue. If PLP is available, it binds PdxR and the promoter is inactive. Since lacZ is 

not expressed the cells remain white.  

 

 

Figure 25 Test of the screening system.  
Plasmid pBP781 was introduced into B. subtilis wild type SP1, ΔpdxT mutant BP1105 and ΔpdxST mutant BP1100, resulting 
in the strains BP1206, BP1207 and BP1208, respectively. A: The strains were grown over night in LB medium supplemented 
with PL. The cell cultures were washed 2x in saline solution, the OD600 was adapted to 1 and 10 µl cell suspension were 
spread on TSS medium plate containing X-Gal and different PL concentrations. B: Screening strains were inoculated in 
MSSM minimal medium containing 30 mM NH4 and PL and were incubated over night at 37°C. The cultures were used to 
inoculate fresh minimal medium supplemented with either 100 nM, 500 nM, 900 nM or 1300 nM PL. When reached OD600 
between 0.5 and 0.8 cells were harvested by centrifugation and the resulting cell pellets were used to measure the LacZ 

activity. Bars indicate means of replicates and the standard deviations are shown. -galactosidase activities are given as 
units per milligram of protein.  

 

 To test the screening construct, we introduced the plasmid pBP781 into the wild type strains 

SP1 (BP1206), the ΔpdxST mutant (BP1207) and the ΔpdxT mutant (BP1208) to have three different 

situations of PLP availability. The wild type can produce PLP via PdxST without limitation. As PdxS is 

able to synthesize PLP from ammonium in the absence of PdxT but with a lower extend, PLP availability 

is lower than in the wild type. The pdxST mutant cannot produce PL at all and relies on PLP uptake 

from the medium. The strains were propagated on TSS medium plates containing X-Gal and different 

concentrations of PL ranging from 0 nM – 100 nM and incubated over night at 37°C. As depicted in 

Figure 25A, the ΔpdxST mutant BP1207 can only grow in presence of PL starting at 10 nM. The wild 

type mutant BP1206 and the ΔpdxST mutant are able to grow on all plates. As the wild type produces 

vitamin B6 without limitation, the cells will remain white under all tested conditions. The ΔpdxT mutant 
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only produces small amounts of PL as the glutaminase domain is missing. Thereby, without 

supplementation with exogenous PL the cells turn blue. With rising PL amounts a color change was 

detectible, reaching wild type-like color at 100 nM PL. Since the ΔpdxST mutant cannot produce 

additional PL, it remained blue even at 100 nM PL. 

 To quantify the screening capabilities of the screening system, we assessed the activity of LacZ 

crude extracts obtained from the three strains. Accordingly, we cultivated the strains in MSSM medium 

supplemented with 30 mM ammonium and varying PL concentrations ranging from 100 nM to 1300 

nM (Figure 25B). Since growth in liquid TSS medium was not possible, we decided to conduct the 

experiment in MSSM medium. As seen on plates, in the wild type background no β-galactosidase 

activity was measurable. The differences between the ΔpdxST and the ΔpdxT background was not as 

prominent as on solid medium but the latter reached lower minimum LacZ activity as the auxotrophic 

mutant. The lacZ expression seemed to be not in a linear relationship to the used PL amounts but more 

in an exponential decrease, which stands in agreement with the PdxR based regulation of the promoter. 

The present PLP affects both directions of the promoter at once and thereby limits the expression of 

lacZ and increased the expression of pdxR. Consequently, it can buffer away the free PLP and re-

establish a situation in which unbound PdxR is present again. 

 Next, we were looking for a suitable plasmid for the random mutagenesis in the E. coli XL1 Red 

strain. We aimed to transform the ΔpdxST mutant (BP1207) with the generated plasmid pool, so that 

the emerging strain should have the same PLP-sensitive screening behavior as BP1208 (ΔpdxT). In this 

strain differences in PLP levels could be indicated by a different colony color. We constructed the pdxS 

overexpression plasmid pBP775 by inserting the open reading frame of the pdxS gene into the pBQ200 

plasmid. The plasmid was introduced into BP1207 and the cells were plated on TSS agar plates 

containing X-Gal and rising concentrations of PL. As shown in Figure 26A, independent of the PL 

amount of the plates, the colonies remained white. As the plasmid pBQ200 is a high copy plasmid and 

expresses genes under the strong PdegQ*promoter (Martin-Verstraete et al., 1994; Msadek et al., 1991), 

the emerging gene dosage was too high. Hence, we excised the strong promoter and inserted the pdxS 

gene under the control of the Palf4 promoter (pBP788) and under control of the native PpdxS promoter 

(pBP789). When introduced into the screening strain, the strain carrying pBP789 was white even 

without exogenous PL addition, making the plasmid inappropriate. For 10 mM and 100 mM no colonies 

were on the plate due to the overall lower competence of the pdxST mutant as described in the 

competence test (see Figure 13). Colonies carrying pBP788 appeared blue on the plate without PL 

supplementation and turned white with increasing PL concentrations and were therefore suitable for 

random mutagenesis. Higher active PdxS variants produce more PL, which is signaled by whitish 

colonies when plated on a plate without exogenous PL supplementation. Furthermore, we analyzed 
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the range in, which the screening strain, carrying the pdxS expression plasmid, can sense differences 

in PL, by measuring β-galactosidase activity, as described before. Even small differences in exogenous 

PL amounts had a big effect of lacZ expression (see Figure 26B). Although, the difference between 0- 

and 1 mM PL was not significant, a strong decrease in β-galactosidase activity was seen when 10 nM 

were added, leading to a decrease of about 70%. The intracellular vitamin B6 concentration in E. coli 

is about 0.3 nmol per mg cell material (Matsuura et al., 1983). As one cell has a weight of about 10-9 

mg and a volume of 10-6 liter (Sundararaj et al., 2004), we can calculate the intracellular amount of PL 

by dividing the weight per cell by the PL concentration. 3.33 × 10-9 nmol of PL(P) are present in one cell. 

To get the molarity, we can divide by the volume of one cell and get 0,033 nmol or 33 pmol as the 

intracellular amount of PL. Therefore, even a slight increase in pdxS activity should be detectable.  

 

 

Figure 26 PL levels generated by different pdxS-expressing plasmids.  
A: Expression plasmids pBP775 (PdegQ*pdxS), pBP788 (Palf4-pdxS), pBP789 (PpdxS-pdxS) and empty plasmid pBQ200 were 

introduced into the screening strain BP1207 and plated on TSS agar plates containing X-Gal. B: -galactosidase activity 
assay was tested to check the sensitivity of the screening strain BP1207 containing the plasmid pBP788. The strain was 
cultivated in MSSM medium supplemented with 1.3 mM glutamine and 30 mM ammonium. Data points represent 

biologically independent replicates. Bars indicate means of replicates and the standard deviations are shown. -
galactosidase activities are given as units per milligram of protein. 

 

On that score, we introduced the plasmid pBP788 into E. coli XL1 Red and generated plasmid pools as 

it was described in Dormeyer et al. (2019) and transformed the plasmid pools into BP1207. After 

multiple attempts, we were not able to successfully transform the strain, neither with the plasmid 

pools, nor with the original plasmid and decided to stop the experiment.  
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  er roduction o   d   i   u  icient to relie e  itamin    au otro    o  a ΔpdxT mutant 

Most of our analyzed suppressor mutants showed an amplification of the 15 kbp long region including 

the pdxS gene (see Table 17). All genes, except for pdxS, cannot directly be related to vitamin B6 or 

ammonium metabolism and thereby explain the suppression mechanism (Suppl. Table 1). When 

counting the suppressors, which have an enhanced ammonium uptake and the other suppressors, we 

came up with a ratio of 0.3% for the blue suppressors. Thus, we concluded, that increasing the pdxS 

gene dose could be sufficient to suppress the loss of pdxT. To check this hypothesis, we introduced the 

pdxS overexpression plasmid pBP775 and the empty plasmid pBQ200 into the ΔpdxT mutant BP1105 

and into the ΔpdxT mutant carrying the PnrgAB-lacZ fusion (BP1106) and analyzed the emergence of 

suppressor mutants on MSSM minimal medium plates containing 20 mM ammonium. Therefore, cell 

material was taken from an LB medium plate containing PL and washed in saline. Equal amounts of cell 

material were propagated on the plates. When carrying the empty vector, both strains form 

suppressor mutants under the selective pressure (see Figure 27). For BP1106 (ΔpdxT PnrgAB-lacZ), also 

a blue colony was found, indicating mutations probably in the nitrogen assimilation system (glnA or 

tnrA). Moreover, the strains formed a bacterial lawn when they were transformed with the pdxS 

overexpression plasmid pBP775, demonstrating that overproduction of the PdxS PLP synthase subunit 

was sufficient to suppress the deletion of pdxT under the selective conditions. 

 

 

Figure 27 Overproduction of PdxS is sufficient to 
relieve vitamin B6 auxotrophy of a pdxT 
mutant. 
The cells of the strains BP1105 (ΔpdxT) and 
BP1106 (ΔpdxT PnrgAB-lacZ) that were 
transformed with the plasmid pBQ200 (empty 
plasmid) and pBP775 (pdxS) were propagated on 
MSSM agar plates supplemented with 20 mM 
ammonium and X-Gal. The plates were 
incubated for 48 h at 37°C. Figure and legend 
derived from (Richts et al., 2021). 

 

 

In addition, we wanted to relate the role of the mutations in glnA and tnrA we found in the suppressor 

mutants to the growth. As the suppressors carried additional mutations, which can be responsible for 

a difference in growth, we amplified the tnrAΔT280, glnAG79A, glnAC180A and glnAG79A C1016A alleles by PCR, 

fused them to an antibiotic resistance gene and transformed the strain BP1106 (ΔpdxT PnrgAB-lacZ) with 
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it. The insertion of the mutations was checked by PCR. To assess the effect of the mutations, the 

emerging strains were transformed with the pdxS overexpression plasmid pBP775 and the empty 

vector pBQ200 and growth was monitored in MSSM minimal medium containing 1-, 10-, 30- and 

120 mM ammonium). The strain carrying the wild type tnrA and glnA gene served as a control.  
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Figure 28 Effect of pdxS overexpression and increased ammonium uptake on PL synthesis. 
4 ml MSSM 30mM NH4 medium supplemented with PL were inoculated with single colonies of the B. subtilis strains BP1106 
(∆pdxT PnrgAB-lacZ)-pBQ200, BP1209 (∆pdxT PnrgAB-lacZ glnAG79A C1016A)-pBQ200, BP1210 (∆pdxT PnrgAB-lacZ glnAC180A)-
pBQ200, BP1211 (∆pdxT PnrgAB-lacZ glnAC79A)-pBQ200, BP1212 (∆pdxT PnrgAB-lacZ tnrA∆T280)-pBQ200, BP1106 (∆pdxT PnrgAB-
lacZ)-pBP775, BP1209 (∆pdxT PnrgAB-lacZ glnAG79A C1016A)-pBP775, BP1210 (∆pdxT PnrgAB-lacZ glnAC180A)-pBP775, BP1211 
(∆pdxT PnrgAB-lacZ glnAC79A)-pBP775 and BP1212 (∆pdxT PnrgAB-lacZ tnrA∆T280)-pBP775 and the precultures were incubated 
overnight at 37°C and 220 rpm. The overnight cultures were used to inoculate precultures in the same medium. When 
reaching an OD600 of 0.5 – 0.8 the cultures were used to inoculate a 96 well plate that was supplemented with 100 µl 
MSSM medium containing increasing amounts of ammonium chloride. The growth was monitored with an Epoch 2 
Microplate Spectrophotometer. Figure and legend derived from (Richts et al., 2021). 
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All strains overproducing pdxS had a better growth than the strains carrying the empty plasmid in 

medium supplemented with 1 – 30 mM ammonium (see Fehler! Verweisquelle konnte nicht gefunden 

werden.). Nevertheless, the mutations glnAC180A and glnAG79A C1016A produced less biomass compared to 

the wild type strain in the medium containing 30- or 120 mM ammonium. In the latter, the strain 

carrying glnAC180A mutation even growed worse than the strains transformed with the empty plasmid. 

This mutation showed the highest increase of PnrgAB promoter activity in Figure 23E. Accordingly, 

uncontrolled uptake of ammonium from the medium was toxic for the cells, as the regulatory network 

between GS and TnrA is disturbed. Without overproduction of PdxS, the growth difference between 

the mutants and the parental strain was only small and more prominent in medium containing less 

ammonium. Same as before, high concentrations of ammonium became toxic and the growth rate was 

diminished. Taking this into consideration, the overexpression of pdxS is dominant over the mutations 

in tnrA and glnA. 

PdxS positively affects complex colony formation 

When we evaluated the merge of suppressor mutants, we recognized that the colony morphology 

differs between the suppressors and the parental strains BP1105 (ΔpdxT) and BP1106 (ΔpdxT PnrgAB-

lacZ). We analyzed the influence of PdxS on complex colony formation by conducting a biofilm assay. 

Hence, the parental strains BP1105 and BP1106 and the suppressor mutants S1, S4, S14, S21-S26 were 

propagated on MSSM medium plates containing 30 mM ammonium and PL. To assess also the effect 

of pdxS overexpression, the parental strain BP1105 transformed with the empty plasmid (BP1105-

pBQ200) and the pdxS overexpression plasmid pBP775 (BP1105-pBP775) was tested together with the 

control strains SP1, 168, GP922 and DK1042. GP922 served as a negative control, as the ymdB gene 

was knocked out, which codes for a phosphodiesterase important for biofilm formation (Diethmaier 

et al., 2011). In contrast to the laboratory strain 168, the DK1042, a descendent of the “wild-wild type” 

NCIB3610 was able to form complex colonies (Konkol et al., 2013). The 168 strain carries mutated 

version of the genes rapP, sfp, epsC, swrA, and degQ and is therefore not able to form biofilms (McLoon 

et al., 2011). Why the tryptophane prototrophic wild type strain SP1 forms biofilms, although it harbors 

the same mutations, remains to be elucidated. 

 The laboratory wild type 168, GP922 (ΔymdB) and the ΔpdxT mutants (BP1105, BP1105 – 

pBQ200, BP1106) did not form a biofilm (see Figure 29). However, the suppressors S1 and S21 - S26, 

the wild type strains SP1 and DK1042 and the ΔpdxT mutant carrying the pdxS overexpression plasmid 

(BP1105-pBP775) formed complex colonies. Only the suppressors S4, S14 and S26 didnot form complex 

colonies. S14 and S26 did not harbor the amplification of the pdxS gene according to the Illumina read 

depth and Southern blotting analysis (see Figure 22). S4 carried a mutation in the ispD gene, which is 
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essential for isoprenoid biosynthesis. According to this, loss of pdxT leads to a defect in biofilm 

formation, which can be relieved by overexpression of pdxS. 

SP1
(wild type)

168
(trpC2)

GP922
(trpC2 ∆ymdB)

DK1042
(NCIB3610 derivative)

BP1115
(BP1105 S1)

BP1116
(BP1105 S4)

BP1117
(BP1105 S14)

BP1105-pBP775
(∆pdxT pdxS) 

BP1105-pBQ200
(∆pdxT empty plasmid) 

BP1105
(∆pdxT)

BP1171
(BP1106 S21)

BP1172
(BP1106 S22)

BP1173
(BP1106 S23)

BP1106
(∆pdxT PnrgAB-lacZ)

BP1174
(BP1106 S24)

BP1175
(BP1106 S25)

BP1184
(BP1106 S26)

 

Figure 29 Influence of PLP on 
complex colony formation.  
The B. subtilis strains were 
cultivated overnight in MSSM 
minimal medium with 30 mM NH4 
and PL supplementation. The 
culture was used to inoculate 2 ml 
of the medium to an OD600 of 0.1 
and incubated at 37°C until OD600 of 
0.5. 10 µl of the cell suspensions 
were spotted onto MSSM minimal 
medium agar plates supplemented 
with 20 mM glutamine, 0.1 µM PL, 
1% glycerol, 100µM MnCl2, 40 ng/ml 
Coomassie Brilliant Blue G-250 and 
20 ng/ml mM congo red stain. The 
plates were incubated for 4 days at 
37°C and the images of the complex 
colonies were obtained with a 
stereo fluorescence microscope 
Lumar.V12, 9,6-fold magnification. 
Figure and legend derived from 
(Richts et al., 2021). 
 
 

Activity of the PdxS is negatively regulated in the presence of NH4
+

 

The PdxS PLP synthase domain can form PLP even in absence of the PdxT glutaminase subunit by 

utilizing ammonium instead of glutamine. The growth defect of a ΔpdxT mutant in minimal medium 

supplemented with low ammonium can be complemented by the overexpression of pdxS or to a lower 

extend by increasing the ammonium uptake from the growth medium. Therefore, it is reasonable that 

free ammonium can be a limiting factor for PdxS to form PLP. We speculated that an increase of free 

ammonium could elevate the PLP production by PdxS.  

PdxT and PdxS were purified from the plasmids pBP766 (petSUMOadapt::pdxS) and BP767 

(petSUMOadapt::pdxT) (Dennis Wicke, internship 2019). These plasmids express pdxS and pdxT under 

the control the T7 promoter in E. coli, adding a 6 x His-tag, which can be cleaved off with the addition 

of SUMO protease. The SDS gels in Figure 30A show the purified proteins after cleavage with the 
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protease. As the tag is cleaved, the untagged protein is in the flow-through fraction of a Ni-NTA 

purification column and the uncut protein together with the SUMO protease in the elution fraction 

(E1). Although PdxT was not cleaved completely both proteins were purified without major impurities 

in the flow-through (FT) as indicated by the red rectangles.  

 

 

Figure 30 Ammonium dependent activity of PdxS. 
PdxS and PdxT were expressed from pBP766 and pBP767 in E. coli Rosetta strain and purified via 6xHis-tag. The tag was 
cleaved off using SUMO protease. A: Coomassie stained SDS-PAGE of PdxT and PdxS elution fractions after cleavage with 
SUMO protease. tag-free protein is present in the flow-through fraction (FT/ FT2), SUMO protease and uncleaved protein 
in the elution fractions (E). For PdxT the flow-through was split in half and collected separately. Red boxes indicate protein, 
which was used for the enzyme assay. B: Functionality test of purified PdxS and PdxT was done in a reaction volume of 
100 µl containing 25µM PdxS, 25 µM PdxT, 50 mM Tris-HCL, pH 7.9, 20 mM glutamine, 10 mM Ribose-5-phosphate. The 
synthesis of chromophore I2 was determined in a multi-well plate reader at 315 nm. Different combinations of subunits 
and substrates were tested for activity. C: Influence of ammonium on PdxS and PdxST activity. Instead of glutamine, 
different amounts of ammonium were used as substrate for the assay. 

 

Next, we tested the proteins for functionality and conducted an enzymatic assay sensing the formation 

of the chromophore I2 at 315 nm as it was described by Smith et al. (2015). We carried out the reaction 

in 100 µl volume containing 50 mM Tris-HCl, pH 7.9, 10 mM ribose-5-phosphate and either 20 mM 

glutamine or 20 mM ammonium. The reaction was started by adding 25 µM PdxS, 25 µM PdxT or a 

combination of both. As seen in Figure 30B, both of the reactions PdxS + ammonium (PdxS + NH4
+) and 

PdxS + glutamine (PdxS + Gln) showed enzymatic activity, whereas the reaction with glutamine was 
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faster. When PdxT was added to the reaction the turnover speed increased for both glutamine and 

ammonium utilization. Thereby, the reaction of PdxST with ammonium was slower than the reaction 

of PdxS with glutamine, which is unexpected as glutamine cannot be used by PdxS. Glutamine can 

easily degrade to glutamate and ammonium after short period of storage (Sigma-Aldrich technical 

bulletin glutamine) so that NH4
+ is free for the reaction. As the same amounts of ammonium and 

glutamine were used for the assay and not all of the glutamine degraded to glutamate (PdxST + 

glutamine still exhibits the best activity), it did not explain the faster reaction. Both subunits of the 

PdxST complex were fully functional and we tested the influence of different ammonium levels on 

enzyme activity of the PdxST complex and only the PLP synthase subunit PdxS to form chromophore 

I2. The assay was conducted with the same substrate concentrations as before but we used rising 

concentrations of ammonium. Against our expectation, increasing concentrations of ammonium did 

not speed up the turnover time but led to a decrease of chromophore I2 formation for the PdxST 

complex and also for PdxS alone (see Figure 30C). Although, this seems to be counterintuitive it could 

explain why PdxS + glutamine could reach faster turnover speed as with ammonium supplementation. 

For both substrates 20 mM was set into the reaction. 20 mM of ammonium led to a drastic reduction 

of enzyme activity. As only few amounts of glutamine were probably degraded to ammonium, the 

ammonium concentration was rather low, giving a higher activity.  

In vivo-crosslinking of the PdxST complex revealed possible interaction partners 

PLP is a co-factor involved in almost 4% of all known enzymatic reactions (Percudani & Peracchi, 2003, 

2009). In B. subtilis there are 65 PLP-dependent proteins of, which at least 61 are bona fide (Richts et 

al., 2019). As PLP serves as a co-factor also for essential cellular functions, it is indispensable for the 

cells (Percudani & Peracchi, 2009; Zhu & Stülke, 2018). Moreover, high amounts of PL are toxic for the 

cells as the 4-aldehyde moiety is very reactive and can form covalent adducts even with PLP-

independent proteins (W. M. Lee et al., 2005; Mizushina et al., 2003; Vermeersh et al., 2004). Therefore, 

PLP metabolism has to be tightly regulated to keep the PLP levels in balance to prevent intoxication 

and allow its use as a co-factor. In contrast to other organisms, pdxST expression is not regulated on 

genome level as in other organism (Belitsky, 2014; Liao et al., 2015). Thus, we came up with the 

hypothesis, that the PdxST complex is probably feedback inhibited by PLP but may be able to interact 

with PLP-dependent proteins and thereby, provide the cofactor directly into needed reactions. For this 

reason, we conducted an in vivo crosslinking experiment with PdxST. Firstly, we cloned the pdxST gene 

region into the vector pGP382, which adds a C-terminal Strep-tag. The resulting plasmid pBP772 and 

the empty vector were introduced into the PL auxotrophic mutant BP1100 (ΔpdxST) and the 
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functionality of the plasmid was checked by plating both strains on C-Glc and C-Glc plates 

supplemented with PL (see Figure 31A). 

  

 

Figure 31 Interaction partners of the PdxST complex. 
A: Functionality check of the SPINE plasmids. BP1100 carrying the SPINE plasmid pBP772 (pdxST) or the empty plasmid 
pBP382) were streaked on C-Glc or C-Glc-PL agar plates. B: SPINE PdxST. Plasmid pBP772 (pGP382::pdxST) for expression 
of C-terminally Strep-tagged PdxST and empty plasmid (EV, pBP382) were introduced into BP1100 (ΔpdxST) and cultivated 
in C-Glc minimal medium. At an OD between 0.6 -1 the culture was split and one half was treated with para-formaldehyde 
(+/- PFA). PdxST-Strep was purified and different elution fractions (E1/ E2 ) were analyzed by SDS-PAGE and subsequent 
silver staining. M: protein size marker. Red squares indicate bands, which were cut out and sent for mass spectrometry 
analysis C: Different combinations of bacterial two-hybrid plasmids were introduced into E. coli strain BTH01. After 
incubation 5 µl cell suspension were dropped on LB agar plates containing respective antibiotics, IPTG and X-Gal. The plates 
were incubated at 28°C for 48 hours.  

 

In presence of PL, both strains grew well on minimal medium. But without exogenous PL only the strain 

could grow carrying the pdxST expression plasmid showing that a functional PdxST complex was 

formed. Next, we cultivated the stains in 1 l C-Glc medium supplemented with PL until they reached 

and OD of 1.1. The cultures were split and one half was treated with PFA for 15 min at 37°C. After 
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washing with Buffer W, the cells they were lysed in the French press and applied to a Strep-Tactin 

matrix. The bound protein was rinsed extensively with 30 ml Buffer W so that no protein could be 

detected in 30 µl washing fraction. Elution Buffer E was added and the samples were analyzed on a 

silver stained SDS-PAGE gel (see Figure 31B). In all elution fractions of the expression plasmid and the 

empty plasmids bands were present at heights of 20 kDa and 130 kDa. As these bands came up 

independently of pdxST expression, they probably belong to the biotinylated proteins AccB (17 kDA) 

and PycA (127 kDa), respectively. A prominent band appeared in the elution fractions of the expression 

plasmid at a height of 25 kDa, which was not present in the empty plasmid control, matching the size 

of PdxT-Strep (PdxT 17 kDa). As the co-expressed PdxS (31 kDa) was not tagged, it was co-purified with 

PdxT but in a lower fashion and appears at a height below 35 kDa. The amount of the eluted subunits 

was higher when PFA was added and increased even more in E2. In the fraction of pBP772 treated with 

PFA we could identify additional bands, which were not present in the EV control. Therefore, we cut 

out the most prominent bands (Red rectangles) and gave them for MS analysis to Dr. Elke Hammer 

(University of Greifswald). It could be confirmed that sample one contained mainly PdxS protein, which 

was not present in the empty vector control. In addition, the presence of PdxT in sample 2 could be 

confirmed as it was not detected in the control. In sample 3 only few hits were found but these 

indicated the presence of YkuU (AhpA) an alkyl hydroperoxide reductase. Probe 4 did not show any 

hits, although maximal injection volume was used. Thus, no further information could be gathered. 

Besides, in lane 5 only 3 hits were found for AcpA whereas one also in the control. AcpA is an essential 

acyl carrier protein, active in fatty acid biosynthesis. Although only few hits were found, interaction of 

AhpA and AcpA with the PdxST complex were checked by bacterial two-hybrid assay. Accordingly, two-

hybrid plasmids were constructed (pBP800 – pBP819) fusing PdxS, PdxT, PdxST, AhpA, AcpA both N-

terminally and C-terminally with either T18 or T25 fragments of the catalytic domain of Bordetella 

pertussis adenylate cyclase. If these fragments come together, enzymatic activity is reconstituted and 

cAMP is formed. cAMP activates the expression of the lactose operon, giving rise to blue colonies on 

plates supplemented with X-Gal. Different combinations of the plasmids were transformed into the E. 

coli strain BTH101. Plasmids containing the C-Zip domain served as a control. As seen in Figure 31C, C- 

and N-terminally fused AhpA strongly interacted with itself as it was already shown for a dimeric 

human peroxiredoxin-1 mutant sharing 48% identity with AhpA (Cho et al., 2015; Zhu & Stülke, 2018). 

Furthermore, both AhpA constructs showed a weaker interaction with the C-terminally tagged PdxST 

complex but the latter also interacted slightly with the C-Zip control, suggesting unspecific binding. As 

expected, PdxS interacted with itself and the whole PdxST complex. PdxT only weakly interacted with 

itself and PdxS, but gave a strong signal when the complete C-terminally fused complex was expressed. 

For AcpA no interaction was found. As AcpA forms a hetero-hexamer together with AcpS, it could be 
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that an intact complex is necessary for interaction with PdxST (Parris et al., 2000). Intriguingly, in the 

PdxT suppressors S24 a mutation was found in the intergenic region of ahpA, 88 bp upstream of the 

start codon and 2 bp downstream of the putative -10 region (see Table 17). Therefore, promoter 

activity tests were made for the wild type and mutant promoter of ahpA but no chage in activity could 

be measured (data not shown). 

 Vitamin B6 transporter 

Assessment of a role of nucleobase:cation symporter family proteins in PL uptake 

To date, it is still not much known about the im- or export of the B6 vitamers. Only few transporters 

have been identified such as Pup1 in Arabidopsis thaliana, Bsu1 in Schizosaccharomyces pombe, Tpn1p 

in Saccharomyces cerevisiae or PdxU2 (HmtP) in Lactobacillus brevis (Stolz et al., 2005; Stolz & 

Vielreicher, 2003; Szydlowski et al., 2013; T. Wang et al., 2015). As a BLASTp search with all four 

proteins against the B. subtilis proteome did not lead to the identification of any promising candidates, 

we decided for a more general approach by checking the properties of the known transporters. Tpn1p 

belongs to the group of purine-cytosine permeases (2.A.39) and to the family of nucleobase:cation 

symporter-1 (ncs1) according to UniProt (https://www.uniprot.org/uniprot/C7GX08). Since Pup1 of 

A. thaliana also belongs to the purine nucleobase transporters (Bürkle et al., 2003), we in checked 

B. subtilis for members of this protein group and identified the purine-cytosine permease-like YxlA and 

the allantoin permease PucI. Besides the nucleobase:cation symporter-1, there is a second group the 

nucleobase:cation symporter-2 (NCS2) (TC 2.A.40) in B. subtilis with the members PbuX (xanthine 

permease), PucJK (uric acid permease), PyrP (uracil permease) and YwdJ (unknown function). PdxU2 is 

the S-component of the energy coupling factor (ECF) transporter consisting of the S-component, which 

binds the substrate, two ATPases (A-components) and the transmembrane domain (T-component), 

which links A- and C-component (Eitinger et al., 2011; Slotboom, 2014; P. Zhang, 2013). In B. subtilis 

micronutrients are transported via the ECF transporter system, encoded by ybxA (A-component1), 

ybaE (A-component2) and ybaF (T-component) (Zhu & Stülke, 2018). 

To assess if one of the candidate genes is able to im- or export PL, we created knockout mutants in the 

wild type background and in the background of the PL auxotroph mutant BP1100 (ΔpdxST). As the 

auxotroph strain relies on the uptake of PL, construction of the ΔpdxST transporter double mutant 

should not be possible, unless there are multiple transport systems. On that score, we first constructed 

the single mutants by transforming the B. subtilis wild type strain SP1 with PCR products. The 

chromosomal DNA of the mutants was extracted and used to transform the pdxST mutant BP1100. As 

a positive control for the transformation process, genomic DNA of GP550 (amyE::cat) was transformed 

carrying a construct with the same resistance cassette. As seen in Figure 32A, double mutants in the 
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background of the auxotrophic strain were possible for all candidates. Consequently, the strains were 

given the following names BP1148 (ΔybxA ΔybaEF), BP1256 (ΔpbuX), BP1257 (ΔpucJK), BP1258 (ΔpyrP), 

BP1259 (ΔywdJ), BP1260 (ΔylxA), BP1261 (ΔpucI), BP1198 (ΔpdxST ΔybxA ΔybaEF), BP1266 (ΔpdxST 

ΔpbuX), BP1267 (ΔpdxST ΔpucJK), BP1268 (ΔpdxST ΔpyrP), BP1269 (ΔpdxST ΔywdJ), BP1270 (ΔpdxST 

ΔylxA), BP1271 (ΔpdxST ΔpucI).  

Next, we quantified the growth of single and double mutants in C-Glc minimal medium containing PL. 

For this purpose, the strains were cultivated in a C-Glc preculture until they reached an OD600 of 0.5 – 

0.8. The cells were washed in saline solution and used to inoculate 100 µl of C-Glc-PL medium. Growth 

was monitored in the plate reader at 37°C for 9 hours. As depicted in Figure 32B, all single mutants 

grew at wild type level, except for the ΔpyrP mutant, which produced the same biomass but with a 

reduced growth rate. However, this difference was not present in the double mutants, which all 

showed same growth behaviour as the wild type or the ΔpdxST mutant. 

 Since differences in import of PL could not be shown for the mutants, we tested if export of PL 

was compromised. Accordingly, we cultivated the single and double mutants together with the wild 

type strain SP1 and the PL auxotroph strain BP1100 in SP medium overnight, washed the cells 2 x in 

saline and dropped 10 µl of a OD600 1 cell suspension on C-Glc screening plates, containing the PL-

sensitive screening strain BP1207 (see above). Because this strain is auxotroph for PL, it can only grow 

if PL is secreted by the bacteria growing on top. When PL is taken up by the strain, the PL sensitive 

promoter is active and expresses X-Gal in a PL-dependent manner (see Figure 24). If the strains are 

able to secrete PL, a halo will form around the bacteria being white at high PL and blue at low PL levels.  

The ΔpdxST mutant BP1100 was not able to grow since the agar plates did not contain PL. Thus, there 

was no halo in contrast to the positive control (SP1). Furthermore, all double mutants (BP1198, 

BP1267-BP1271) did not grow as expected. The single mutants (BP1148, BP1257-BP1261) also secreted 

PL, showing that the proteins were not solely responsible for PL export.  
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Figure 32 Characterization of candidate transporter. 
A: Knockout mutants of possible transporter genes were created by transforming the B. subtilis wild type strain with a PCR 
product. Genomic DNA of the single mutants BP1148 (ΔybxA ΔybaEF), BP1256 (ΔpbuX), BP1257 (ΔpucJK), BP1258 (ΔpyrP), 
BP1259 (ΔywdJ), BP1260 (ΔylxA), BP1261 (ΔpucI) was used to transform the PL auxotrophic strain BP1100 (ΔpdxST). 
Transformability was tested by transformation with gDNA of GP550, harboring the same antibiotic resistance cassette 
(+control). To exclude weak DNA quality, the gDNA was also introduced into the wild type strain SP1. B: The growth of 
transporter candidate mutants was monitored in a 96-well platereader. Therefore, singe mutants BP1148 (ΔybxA ΔybaEF), 
BP1256 (ΔpbuX), BP1257 (ΔpucJK), BP1258 (ΔpyrP), BP1259 (ΔywdJ), BP1260 (ΔylxA), BP1261 (ΔpucI), double mutants 
BP1198 (ΔpdxST ΔybxA ΔybaEF), BP1266 (ΔpdxST ΔpbuX), BP1267 (ΔpdxST ΔpucJK), BP1268 (ΔpdxST ΔpyrP), BP1269 
(ΔpdxST ΔywdJ), BP1270 (ΔpdxST ΔylxA), BP1271 (ΔpdxST ΔpucI), the ΔpdxST mutant BP1100 and wild type strain SP1 were 
used to inoculate C-Glc medium supplemented with PL. When reached an OD600 of 0.5 -0.8 the cells were washed with 
saline and used to inoculate 100 µl of the same medium. C: Export capability of transporter candidate mutants. Strains 
were grown over night in LB medium supplemented with PL. The cell suspension was washed two times with saline solution 
and the OD600 was set to 1. 10 µl were spotted on C-Glc screening plate containing the B. subtilis PL-sensitive strain BP1207 
(for further information see above). 
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Evolution under low PL conditions or with toxic B6 analogues does not trigger suppressor 

formation 

The deletion of candidate genes could exclude a role as B6 transporting proteins. Therefore, we 

decided to go a step back and try out evolutionary approaches. We firstly plated the B6-auxotrophic 

strain BP1100 (ΔpdxST) and an auxotrophic mutant BP1103 (ΔpdxST pdxJ pdxH ΔytoQ ΔbshC) carrying 

the pdxH gene on C-Glc minimal medium plates and added a filter paper at one site containing either 

10 µl of a PL stock (100 µM) or a PN stock solution (100 mM). Although the cells only grew in a small 

radius around the filter paper, we were not able to find suppressor mutants at the border region, 

where the vitamer concentration was limited (data not shown). We hoped to find mutants, which 

either overexpress the transporter or carry mutations enhancing uptake capabilities for the vitamers. 

Since we were not able to find suppressor mutants, we changed the approach and tried to select for 

mutants by evolving B. subtilis in the presence of the vitamers and antivitamins, which share a similar 

structure with the vitamins but are known to be toxic. Two of these substances are ginkgotoxin and 4-

deoxypyridoxine. As seen in Figure 33A the antivitamins only differ in their 4’ headgroup from the 

vitamers so that it is very likely that they are taken up by the same transport system. Due to the similar 

structure both substances inhibit the pyridoxal kinase PdxK and thereby prevent that taken up B6 is 

phosphorylated and converted to the active compound PLP (Leistner & Drewke, 2010; Mooney et al., 

2009; Woolley, 1963) . 

We tested the growth of the B. subtilis wild type SP1, a mutant BP965 (ΔpdxST pdxHJ) carrying the 

pdxH gene and by that being able to convert PNP to PLP and the two auxotrophic strains BP1100 

(ΔpdxST) and BP1207 (ΔpdxST pdxR-PpdxST
Lmo-lacZ) for growth on C-Glc minimal medium supplemented 

with each of the three vitamers pyridoxal (100 nM), pyridoxine (100 mM) and pyridoxamine (100 mM). 

A plate without vitamer addition served as a control. As seen in Figure 33B, only the wild type strain 

grew on the minimal medium plate without further vitamer supplementation. All strains grew with 

addition of PL or PM and only wild type SP1 and the mutant carrying pdxJ grew upon PN 

supplementation, as expected. Moreover, we analyzed the inhibitory effect of ginkgotoxin and 4-

deoxypyridoxine. Consequently, the auxotrophic strain BP1103 (ΔpdxST pdxJ pdxH ΔytoQ ΔbshC) 

carrying the pdxH gene was equally spread on C-Glc medium plates. Filter papers were added 

containing either 10 µl of one of the respective vitamer or antivitamer stock solutions. For ginkgotoxin, 

10 mg ginkgotoxin (Sigma-Aldrich) were solved in 50 µl sterile water and 900 mg 4-deoxypyridoxine 

(Sigma-Aldrich) were solved in 6 ml 70°C sterile water for the second antivitamin solution. The control 

plate contained only a filter with the respective vitamer. To create a gradient between vitamer and 

antivitamer, two filter papers were placed on the plates, one containing the vitamer and one either 

ginkgotoxin or 4-deoxypyridoxine (see Figure 33C).  
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Figure 33 Antivitamin-driven evolution 
of B. subtilis.  
A: Chemical Structures of Pyridoxal and 
the two antivitamins ginkgotoxin and 4-
Deoxypyridoxine. B: Strains SP1 (wild 
type) BP965 (ΔpdxST pdxHJ), BP1100 
(ΔpdxST) and BP1207 (ΔpdxST 
amyE::pdxR-PpdxS

Lmo-lacZ) were taken 
from LB agar plates, washed 2 x with 
saline solution and set to OD600 of 1. 10 
µl were streaked out on C-Glc plates 
supplemented with the vitamers PL, PM 
or PN, respectively. C: Cell material of 
BP1103 (ΔpdxST pdxJH ΔbshC ΔytoQ) 
was taken from LB plate, washed 2 x in 
saline and set to OD600 of 1. 100 µl of cell 
suspension was equally distributed on C-
Glc plates. Filter papers were added with 
10 µl of vitamer solution (upper filter 
plate) or 10 µl vitamer solution (center 
filter plate). For PM the vitamer was 
added to the center, 4-deoxypyridoxine 
to the left and ginkgotoxin to the bottom 
filter, respectively. 
 

 

As the filter papers were placed with a distance in between, gradients for both substances formed, 

intercepting at one point. We speculated that as the vitamer competes with the antivitamin for PdxK 

binding, the bacteria could evolve to either increase vitamer transport or mutate the transporter to 

only transport the vitamers but not the antimetabolites. On the control plates only containing the 

vitamer filter paper, growth was seen in an area around the filter for all vitamers. For 4-

deoxypyridoxine no inhibitory effect was detected on the plates with PL or PN. When ginkgotoxin was 

added, directly around the filter paper a faint zone of decreased growth could be observed but to the 

outside of the plate, the diameter of grown cells was strongly increased compared to the control plate. 

For the PM plate the vitamer was put on top of the middle filter paper and 4-deoxypyridoxine (left) 
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and ginkgotoxin (right) were added besides. Again, we saw that the amount of cell material was 

strongly increased and that in the surrounding of the ginkgotoxin a faint zone of inhibition occurred. 

We also checked the E. coli wild type 3110 but it showed the same outcome (data not shown). 

Following this, we were wondering why ginkgotoxin elevated the total amount of cell material on 

minimal medium plates even without vitamers added (data not shown). Ginkgotoxin is produced in 

the ginkgo tree Ginkgo biloba by a pathway firstly producing PLP by its PdxST analogue and subsequent 

modification of the head group by yet unknown reactions (Leistner & Drewke, 2010). As the 

manufacturer of the ginkgotoxin has given no information whether it is extracted from the tree or 

synthesized and only gave the information that it is >98% pure. We analyzed the ginkgotoxin via MS 

to check for the presence of PL and found out that indeed about 1% PL was present in the ginkgotoxin 

(data not shown). Since we used high concentrations of 0.2 mg/µl, which corresponds to 200 g/l, 1% 

PL makes a 2 g/l stock, which is about 1000 times higher than the stock that is normally used. As a 

consequence, a slight inhibitory effect could be observed for ginkgotoxin but the toxin:PL ratio was too 

low to raise evolutionary pressure.  

Mutations affecting the sigA operon and the arsR regulator promote PL detoxification 

Next, we assessed the ability of B. subtilis and E. coli to adapt to toxic concentrations of PL. For B. 

subtilis, experiments with toxic amounts of PL were already conducted by Jonathan Rosenberg 

(http://hdl.handle.net/11858/00-1735-0000-002E-E32C-B). He evolved B. subtilis on minimal medium 

plates supplemented with 3 mM PL and could identify a connection between biotin availability and 

tolerated PL amounts. We were curious if we can find additional mutations preventing PL intoxication, 

for example in the uptake/ secretion system of PL. As shown by Wicke et al. 2019, evolutionary 

adaptive mechanisms can differ between organisms. For instance, the evolution of B. subtilis and E. 

coli in the presence of the herbicide glyphosate revealed that B. subtilis acquired mutations in the gltT 

glutamate transporter gene, thereby reducing herbicide uptake, and E. coli acquired mutations in the 

aroA gene encoding the 3-phosphoshikimate 1-carboxyvinyltransferase AroA, which is targeted by the 

herbicide. Therefore, we tested PL tolerance of E. coli wild type W3110, a B. subtilis wild type derivate 

BP1124 (PnrgAB-lacZ) and the PL auxotrophic screening strain BP1207 (ΔpdxST pdxR-PpdxST
Lmo-lacZ) in C-

Glc medium containing PL ranging from 100 µM to 5 mM. As depicted in Figure 34A, the E. coli wild 

type W3110 growed with up to 1 mM PL without constraint. When 2 mM were added, the cells reached 

the same optical density but the growth rate was already slightly compromised. Further increase to 

3 mM of PL led to a strong growth defect and a complete inhibition of growth in 4 mM and 5 mM. As 

expected, the PL auxotroph B. subtilis mutant BP1207 had a higher PL tolerance compared to the wild 

type derivate, as it is not able to synthesize additional PL. Besides of that, growth behavior was very 
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similar. In 100 µM PL the cells showed the best growth and further PL supplementation led to a 

decrease in growth rate and also lower biomass. In contrast to E. coli, the negative effect of PL was in 

a linear manner. The more PL was added, the more growth compromised were the cells. Since the 

growth was still possible in 2 mM PL for E. coli and in 4 mM PL for B. subtilis, the three strains were 

plated on C-Glc plates, containing either 2 mM PL or 4 mM PL and incubated for up to seven days at 

37°C. For the B. subtilis strains suppressor mutants emerged on the plates containing 4 mM PL but not 

on the plate with 2 mM PL. Contrary, E. coli cells were able to grow fine on agar plates supplemented 

with 2 mM PL but no colonies appeared on the plate with 4 mM PL. We isolated multiple suppressors 

of BP1207 from the 4 mM PL plate and tested their growth behavior in C-Glc medium with 4 mM PL 

compared to the parental strain BP1207. As seen in Figure 34C, both suppressor 7 (BP1252) and 

suppressor 11 (BP1254) showed a growth advantage compared to the parental strain BP1207, whereas 

suppressor 11 reached the higher biomass of both. Consequently, both suppressor mutants were 

analyzed by whole-genome sequencing (see Table 18).  

 

Table 18 Mutations identified in the PL tolerating suppressor mutants. 

Strain Parent strain 
(genotype) 

Locus Coordinatesa Function Type of mutation 

BP1252 
(S7) 

ΔpdxST pdxR-
PpdxST

Lmo-lacZ 
arsR 334,279 transcription repressor (ArsR 

family) 
190-A (33 different 
amino acids, truncation 
of 58 aa) 

BP1254 
(S11) 

ΔpdxST pdxR-
PpdxST

Lmo-lacZ 

yqeT 2,624,733 similar to ribosomal protein 
methyltransferase) 

G34A (H12Y) 

mutS2 2,922,754 Putative DNA repair protein 547T (3 different aa, 
truncation of 600 aa) 

yqxD 2,604,034 Unknown  A->T 161 bp upstream 
of the start codon 
(putative - 35 region) 

dnaG 2,604,034 DNA primase 

sigA 2,604,034 Sigma factor A 

aCoordinates refer to the position in the genome sequence (GenBank: CP058242.1) (Richts et al., 2020) of the B. subtilis 
SP1 strain. 

 

For S7, we found a mutation in ArsR, a repressor of the ars operon. The mutation led to an early stop 

and thereby, probably to a loss of function. ArsR represses the transcription of an operon, containing 

yqcK, arsB and arsC. YqcK is a protein of unknown function, sharing 64.7% similarity with FosB from 

Bacillus licheniformis, which refers resistance to fosfomycin (Zhu & Stülke, 2018). ArsB is an arsenate 

exporter and ArsC an arsenate reductase. As these genes are probably upregulated in the suppressor 

mutant, higher yields can be expected. It remains to be elucidated, which of the proteins is responsible 

for the higher PL tolerance. Interestingly, ArsB is a transporter, which could hint for a PL exporter and 

YqcK is involved in fosfomycin resistance. In the heterologous pathway mutant it could be shown, that 

bacillithiol and PL synthesis are connected with each other (J. Rosenberg et al., 2018). Since deletion 
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of the bacillithiol synthesis creates a fosfomycin sensitive phenotype a connection between 

metabolism of vitamin B6 and bacillithiol remains elucidated. 

 

 

Figure 34 Toxic concentrations of PL lead to suppressor formation.  
A: PL tolerance of E. coli wild type strain W3110 and B. subtilis strains BP1207 (∆pdxST amyE::(pdxR-PpdxS)lmo-lacZ) and 
BP1124 (PnrgA-lacZ) were tested. The strains were inoculated from C-Glc-PL overnight culture in fresh C-Glc-Pl medium and 
incubated until OD600 of 0.8 to 1 was reached. The cells were washed in saline, adapted to OD600 0.5 and were used to 
inoculate 100 µl of C-Glc medium supplemented with different concentrations of PL. Growth was monitored in a multi-
well-plate reader at 37°C. B: Cell material of B. subtilis and E. coli strains was taken off an LB agar plate, washed 2x in saline 
solution and set to the same OD. 100 µl cell suspension was spread equally on C-Glc agar plates containing either 2- or 4 
mM pyridoxal. The plates were incubated for 5 days at 37°C. Black arrows indicate suppressor mutants. C: Growth 
comparison of BP1207 and its suppressor mutants BP1252 and BP1254 in C-Glc medium containing 4 mM PL.  

 

Suppressor 11 carried a SNP in the yqeT gene, which codes for a protein similar to ribosomal protein 

methyltransferase. Furthermore, a frameshift in mutS2 led to a truncated protein missing 600 aa and 

having the last 3 amino acids exchanged. Lastly, the putative -35 region of an operon was mutated and 
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thereby its expression is probably changed. The operon consists of the genes yqxD, dnaG and sigA 

coding for an unknown protein, the DNA primase DnaG and the sigma factor A SigA, respectively. Since 

the expression of the sigma factor was changed, the regulation of more than 1000 genes was disturbed, 

which makes it hard to elucidate the involved mechanism in PL resistance (Zhu & Stülke, 2018). 

Nevertheless, the impact of the mutations on gene expression in both S7 and S11 remains to be proven 

experimentally. 

 

 Evolution of a genome-reduced organism 

Improvement of growth of genome-reduced B. subtilis strains by adaptive laboratory 

evolution 

Genome-reduced organisms are taking big parts in modern science as they can be used to shed light 

on essential gene functions, to address questions in evolution biology and they may serve as 

production hosts (Breuer et al., 2019; Juhas et al., 2014; Reuß et al., 2016; Van Tilburg et al., 2020). 

The MiniBacillus project aims at generating genome-reduced B. subtilis strains harbouring only a 

defined set of genes. Therefore, a blueprint was made to identify all essential gene functions, which 

are needed to remain in the final organism (Reuß et al., 2016). In theory, growth of the strain should 

not be compromised, as all important metabolites can either be taken up or synthesized (Reuß et al., 

2016).  

 We were able to delete approximately 40% of the B. subtilis genome in the Strain PG39 but 

came to a dead end, though, as further genome reduction was not possible. Instead of taking some 

steps back and using a different deletion route as it was done before (Reuß et al., 2017), we decided 

to conduct an evolutionary approach to enhance general fitness of the minimal organisms. Thus, we 

cultivated the strains PG10 (genome reduction 34.6% (Reuß et al., 2017) and the strain PG39 (genome 

reduction 40.2 % http://hdl.handle.net/11858/00-1735-0000-002E-E5F8-F) in 10 ml LB-Glc medium 

and diluted the culture every day 1:200. After 5 dilutions, the strains were stored in cryo cultures and 

used to start the serial dilution again. We cultivated the cells for 30 dilution cycles and compared the 

growth of the evolved strains with the parental strains. As seen in Figure 35 Growth of evolved, 

genome-reduced strainsthe evolved PG10 strain (PG10evo) reached a higher biomass than the parental 

strain PG10 and also showed slight enhance in growth speed. The growth speed of the evolved PG39evo 

did not differ from the parental strain but the strain reached a higher final OD600. Moreover, the 

evolved strain remained stable and kept it amount of biomass, whereas the parental strain lysed after 

prolonged incubation time.  
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Figure 35 Growth of evolved, genome-reduced strains. 
Genome reduced B. subtilis strains PG10 and PG39 were evolved in LB-Glc medium for 6 weeks by serial dilution, resulting 
in the strains BP1108 and BP1151, respectively. Growth of the evolved strains was compared to the parental strains. 
Therefore, precultures of the strains were inoculated from cryo cultures and incubated overnight. Fresh LB-Glc medium 
was inoculated from the overnight culture and incubated until the OD600 was ~0.5. The growth was monitored in 100 ml 
baffled flasks containing 20 ml LB-Glc medium every 30 minutes by measuring the OD600 in 1 ml micro cuvettes. The grey 
box indicates the timespan where no measurements were made. The resulting curve is an estimation and can differ. 

 

We sequenced the genomes of the strains and mapped the reads to a modified B. subtilis 168 

sequences considering all respective deletions of PG10 and PG39. We were able to identify differences 

between parental strains and evolved strains as depicted in Table 19.  

In the evolved PG10 strain, we found 25 mutations of which 7 were silent mutations. We further 

categorized the mutations and classified the gene as uncharacterized, amino acid metabolism, stress 

adaptation, nitrogen metabolism, nucleotide utilization, co-factor synthesis, information processing 

and lifestyles (see Figure 36). Five mutations were found in genes involved in amino acid metabolism. 

MtrA is a methylthioribose transporter, taking up methylthioribose a precursor of methionine and 

other deriving amino acids. The lysC gene codes for an aspartokinase II, which is involved in lysine 

biosynthesis. RocA is a 3-hydroxy-1-pyrroline-5-carboxylate dehydrogenase synthesizing a step in the 

arginine pathway. Thus, also ornithine and citrulline utilization may be affected. The mutation in asnH 

was silent and had no effect on the amino acid composition. AsnH is an asparagine synthase, which 

forms L-asparagine and L-glutamate from L-aspartate and L-glutamine. GabT is active in utilization of 

gamma-amino butyric acid (GABA) and acts as a gamma-aminobutyrate transaminase transferring the 

amino group from 4-aminobutanoate or (S)-3-amino-2-methylpropanoate to 2-oxoglutarate to form 

glutamine (Zhu & Stülke, 2018). 
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Figure 36 Classification of PG10 mutations. 
Mutated genes found in the evolved PG10 strain were categorized by function. Underlined genes symbolize that only silent 
mutations occurred in the gene. Size of the pieces correlate with the amount of the found mutations. 

 

The next proteins belong to the de-stressing class, which involves cellular processes that help the cells 

to overcome stress situations. Ycef is a general stress protein referring resistance to Mn2+ intoxification. 

MhqN is a protein of unknown function but similar to a NAD(P)H nitroreductase. MhqO and MhqP are 

a hydroquinone-specific dioxygenase, conferring resistance to methyl-hydroxyquinone and a protein 

of unknown function probably also involved in methyl-hydroquinone resistance. The function of YfkF 

is also unknown but it is similar to the multidrug efflux transporters. The compatible solute transporter 

OpuD mainly transports glycine betaine and arsenobetaine after osmotic pressure. Furthermore, CsbA 

is a general stress protein, required for protection against paraquat stress but the mutation in the 

evolved strain is silent and does not affect the amino acid sequence. Moreover, one gene coded for a 

protein, acting in carbon metabolism, Nap a carboxylesterase cleaving lipid esters to alcohols and 

carboxylate. To the group of cellular processes belongs DltB, which participates in teichoic acid 

synthesis and is therefore important for the biosynthesis of cell wall components and MurA the UDP-

N-acetylglucosamine 1-carboxyvinyltransferase, forming precursors of peptidoglycan. Besides the 

genes taking part in amino acid metabolism, also nasB a gene involved in the electron transfer subunit 

of the nitrate reductase was mutated. Together with NasC it reduces nitrate to nitrite using NADH + H+ 

as a cofactor. With the mutation in panB biosynthesis of coenzyme A could be altered and co-factor 

synthesis would be affected. RecJ belongs to the group of proteins operating in the field of information 

processing. It is a single-strand specific DNA exonuclease, which acts together with RecQ in replication 

fork maintenance and is crucial for RecA-dependent acquisition of homologous genes from related 

species by natural transformation. srfAA, yhbB and spoVS belong to the group of genes defining the 

lifestyle of B. subtilis and play a role in surfactin biosynthesis, which is important for swarming, in spore 

coating and in spore core dehydration, respectively. However, the mutation in srfAA is again a silent 
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mutation. The last group defined all the genes with an unknown function: ykvA, csbX and yvac of which 

only the latter carried a mutation leading to a change in amino acid sequence. 

 For the evolved PG39 strain we also found differences compared to the parental strain but to 

a lesser extent. The strain carried mutations in the 5’-UTR of spoIIE, which controls SigF activity and is 

required for normal formation of the asymmetric septum, in cysE involved in biosynthesis of cysteine, 

in desK a coding for a sensor kinase, regulating the cold shock expression of des, in the intergenic region 

between pgi and ptsG of the inserted glycolytic cassette and in yuxN coding for a transcriptional 

repressor controlling the Spx stability. We also checked the parental strain for the mutations and found 

that the mutation in the intergenic region of pgi and ptsG already existed in PG10.  

 

Table 19 Mutations identified in the evolved MiniBacillus strains. 

Strain Parent strain 
(genotype) 

Locus Coordinatesa Function Type of mutation 

BP1108 
(PG10evo) 

PG10 
murR 191,828 

regulation of muramic acid 
utilization C210T (M70I) 

  
yceF 272,726 

resistance to Mn2+ 
intoxication G208A (G70S) 

  nasB 319,589 utilization of nitrate C1663T (A555T) 

  srfAA 342,355 surfactin synthetase 
 

C6894T no effects 

  srfAA 342,358 C6897G no effect 

  
gabT 378,231 

utilization of gamma-amino 
butyric acid T230A (R77E) 

  
nap 507,920 

lipid degradation Substitution in 5’UTR T-
>G 

  

mhqNOP 512,207 

highly upregulated operon 
in PG10, which was 
therefore deleted in further 
deletion strain 

Substitution in 5’UTR. T-
C 

  mtrA 608,763 uptake of methylthioribose C379A (A127S) 

  
yfkF 666,536 

similar to multidrug-efflux 
transporter C802T (D268N) 

  yhbB 731,330 spore coat protein, amidase G9T no effect 

  yhbB 731,335 G14T (G5V) 

  ykvA 1,037,991 unknown C42T no effect 

  spoVS 1,294,123 spore coat assembly G51T no effect 

  spoVS 1,294,125 G53C (G18A) 

  panB 1,469,042 biosynthesis of coenzyme A A239G (V80A) 

  
recJ  1,819,931 

Replication fork 
maintenance C2352G (R784S) 

  csbX 1,834,707 unknown C73T no effect 

  
lysC  1,907,408 

biosynthesis of lysine Substitution in 5’UTR. G-
>T 

  

opuD 2,053,475 

compatible solute 
transport 

374 +C, frame shift:52 
altered aa, 336 aa 
missing 

  yvaC 2,312,382 unknown C1462A (V488F) 

  
csbA 2,383,252 

protection against 
paraquat stress C186G no effect 

  
rocA 2,587,207 

arginine, ornithine and 
citrulline utilization C578A (G193V) 
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dltB 2,638,964 

biosynthesis of teichoic 
acid 

G191T (G64V) 

  asnH 2,692,699 biosynthesis of asparagine G1167V no effect 

BP1151 
(PG39evo) 

PG39 

spoIIE 70,355 

control of SigF activity, 
required for normal 
formation of the 
asymmetric septum 

Substitution in 5’UTR 
C->A 

  

cysE  113,214 

biosynthesis of cysteine 416+GTTCTATTACGG 
(tandem repeat) 
(139+GSIT) 

  
desK 1,256,695 

regulation of cold shock 
expression of des 

T1036C (F139L) 

  
yuxN 2,034,999 

control of Spx stability 473+T frameshift 112 aa 
missing 

aCoordinates refer to the position in the genome sequence of B. subtilis 168. All genome deletions were manually 
synchronized in the sequence. 
 

The highly upregulated mhqNOP operon is downregulated in the evolved PG10 strain 

Taken together, several mutations were identified in the evolved strains, which could be responsible 

for a higher general fitness compared to the parental strain. Nevertheless, the mutation in the 

promoter of the mhqNOP operon was of our special interest because transcriptomic data revealed that 

this operon is highly upregulated in PG10. This is due to a deletion of its repressor MhqR in a former 

strain and connected to a uncontrolled expression of the operon, leading to a waste of energy since 

the expressed proteins are not used by the B. subtilis strain under the cultivation conditions (Reuß et 

al., 2017). Therefore, the mhqNOP operon was deleted in a further strain to cope this energy waste. 

We were curious, if the mutation in the mhqNOP promoter region could be the evolutionary answer 

of the strain to lower the expression of the operon and thereby confirming our idea to delete it. We 

constructed plasmids by cloning the mutant (pBP760) and the wild type (pBP761) 5’-UTR of mhqNOP 

into the pAC7 vector. As the promoter region is fused to the lacZ gene, promoter activities can be 

measured. We introduced the plasmids pBP760 and pBP761 into the B. subtilis PG10 strain, resulting 

in BP1113 and BP1114, respectively. The strains were cultivated in LB-Glc medium until the OD600 was 

about 0.5 and the β-galactosidase activity was measured as described. As seen in Figure 37, the wild 

type promoter had an activity of approximately 60 units per milligram of protein. In contrast to that, 

the mutant promoter only turned over 1 unit per milligram of protein. We wondered in which time 

frame the mutation in the mhqNOP promoter came up and also sequenced the promoter region in the 

strains we stored after 5, 10, 15, 20 and 25 cycles of cultivation. Consequently, we amplified the 

mhqNOP 5’-UTR with PCR, analyzed the fragment by Sanger sequencing and found out that the 

mutation occurred between cycle 25 and 30. 
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Figure 37 -galactosidase activity of wild type and mutant mhqNOP promoter. 
Wild type and mutant mhqNOP promoter activities were measured. The strain 
BP1113 and BP1114, harboring the mutant and the wild type promoter, 
respectively, were cultivated in LB-Glc medium and harvested when the OD600 
reached 0.4 – 0.6. Data points represent biologically independent replicates. Bars 

indicate means of replicates and the standard deviations are shown. -
galactosidase activities are given as units per milligram of protein.  

 

 
  

 

  

   

      
(     

       
      

(           

 
  
al
ac
to
 i
d
a 
e
ac
 
 i
t 



Discussion 

__________ 

- 101 - 

 Discussion 

 The role of YtoQ and BSH in the heterologous pathway 

The phenotypes of ytoQ and bshC mutants 

A PL-auxotroph B. subtilis mutant harboring only the last two genes of the DXP-dependent pathway 

pdxJ and pdxH, forms suppressor mutants, which delete the bacillithiol synthesis gene bshC and 

upregulate the ytoQ gene. To assess the function of YtoQ, we deleted and overexpressed the ytoQ 

gene in the B. subtilis wild type and analyzed the growth (see Figure 11). Although a growth effect on 

solid medium could not be detected, the ytoQ mutant showed a slightly reduced growth compared to 

the wild type, when grown in liquid SM minimal medium. We furthermore tested growth of the bshC 

single mutant and of the ytoQ bshC double mutant in presence and in absence of ytoQ overexpression. 

Besides the ytoQ mutant, also the bshC and the ytoQ bshC double mutant had an impaired growth 

compared to the wild type, but the defect of the ytoQ mutant was bigger than of the bshC mutant. The 

double mutant showed the same growth behavior as the bshC mutant. Thus, the negative effects did 

neither stack nor were reversed when both genes were deleted. Moreover, overexpression of ytoQ 

had no significant effect on growth in the bshC or in the bshC ytoQ double mutant. As the growth did 

not improve upon complementation with ytoQ+, this renders out that the deletion of bshC could be 

superior compared to the ytoQ deletion. Otherwise, as stated by Fang & Dos Santos (2015), 

supplementation with CAA or Fe2+ could not rescue the phenotype of the bshC mutant. They showed 

that addition of especially glutamine, glutamate, leucine and isoleucine were able to overcome the 

growth defect. These amino acids need Fe-S enzymes in their synthesis routes. Therefore, BSH could 

be important for the synthesis of the amino acids as it is needed to maintain high activity of Fe-S 

containing enzymes (Chandrangsu et al., 2018; Fang & Dos Santos, 2015; Rosario-Cruz et al., 2015). 

When supplemented with iron, the growth curves are mostly identical to the ones without 

supplementation (see Figure 11). Since Fe2+ is oxidation-prone, the experiment was repeated with 

fresh FeCl2 and also in MSSM minimal medium but showed the same results (data not shown). Upon 

CAA supplementation, the wild type reached the stationary phase faster. Interestingly, the ytoQ single 

mutants showed wild type-like growth behavior when CAA was added to the medium. This was not 

the case for the other mutants, regardless of the overexpression of ytoQ. It would have been 

interesting to test if overexpression of bshC shows any beneficial effects in the ytoQ deletion mutant. 

Besides that, the growth of the ytoQ mutant with different amino acids could be checked to assess if 

the beneficial effect of CAA derives from glutamine, glutamate, leucine and isoleucine or from different 

amino acids. 
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 We furthermore tested the susceptibility of different heterologous pathway mutants to 

oxidative stress and the antibiotic fosfomycin. Although no differences could be seen in size of the 

zone of inhibition for the oxidative stressors, suppressor mutants arose on the H2O2 plates for the ytoQ 

mutant, the bshC mutant the ytoQ bshC double mutant and for the pdxST ytoQ bshC triple mutant (see 

Suppl. Figure 1C). As the suppressor formation was observed only in two replicates, the mutants have 

not been isolated. However, it would be interesting to repeat the experiment and to analyze potential 

suppressor mutants. 

 For the fosfomycin test, only the strains carrying a deletion in bshC were susceptible, as it was 

described before (Cao et al., 2001). The only exception is BP965 (ΔpdxST pdxJ pdxH), which also showed 

sensitivity to fosfomycin. Fosfomycin is an epoxide-antibiotic and inhibits the UDP-N-

acetylglucosamine 1-carboxyvinyltransferase MurA (Kahan et al., 1974). B. subtilis is naturally 

fosfomycin resistant as its FosB protein can transfer BSH to the antibiotic and thereby open the 

epoxide-ring. This inactivates the antibiotic and MurA is no longer inhibited (Roberts et al., 2013). 

Deletion of BSH synthesis therefore leads to an increased fosfomycin susceptibility, which matches the 

outcome of the experiment (Gaballa et al., 2010). Since the pdxST mutant (BP1100) is fosfomycin 

resistant, the presence of PdxJ or PdxH must play a role in the susceptibility of BP965 to fosfomycin, 

but how needs to be further analyzed. YtoQ seemed to have no significant influence on fosfomycin 

susceptibility as its presence did not change the sensitivity towards fosfomycin significantly.  

 Moreover, we tested genetic competence for the pathway mutants. YtoQ an BSH did not seem 

to have a direct influence on genetic competence (see Figure 13). The deletion of pdxST lead to a strong 

loss of competence, although PL was present in the medium. It could be, that for some PLP-dependent 

proteins it is important to receive PLP from the synthesis complex. Thus, the complex could be directly 

involved in competence formation by sequestering PLP to the target proteins. Similar could be 

observed for biofilm formation, discussed below. Two PLP-dependent proteins NifZ and YrvO play a 

role in tRNA modification. If the PLP transfer to the proteins is diminished, this could lead to a lack of 

specific tRNAs and thereby to a deregulation of DNA metabolism, leading to decrease competence 

efficiency. The competence levels among the other mutants harboring the pdxST deletion was about 

the same, independent of additional genetic changes. Interestingly, the competence in the ΔpdxST 

pdxHJ ΔbshC ΔytoQ mutant (BP1103) was completely abolished. As neither the ΔpdxST pdxHJ (BP965) 

nor the ΔpdxST ΔbshC ΔytoQ (BP1246) mutant showed a difference in competence compared to the 

pdxST mutant, the loss of competence is probably a secondary effect. As described above, the ytoQ 

mutant showed a growth defect in minimal medium. Although the competence test was conducted on 

complex medium, the additional deletion of pdxST or the other genetic changes could lead to growth 

defects and thus to a lower general fitness. This could be tested by conducting growth experiments of 
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the used strains also in complex medium and check for growth differences between the ytoQ singe 

mutant and the other stains.  

 

Identification of potential interaction partners of YtoQ 

 In the pulldown experiment multiple potential interaction partners of YtoQ were identified 

from E. coli and B. subtilis (see Table 16. One candidate, which was found exclusively when B. subtilis 

cell extract was added to the bait protein, is YrkL. Similar to YtoQ, YrkL is highly expressed under thiol 

depletion and in E. coli It has a well described homolog KefF (Zhu & Stülke, 2018). KefF is a glutathione-

regulated potassium efflux system, which can efficiently detoxify electrophiles (Lyngberg et al., 2011). 

Besides that, it can activate the potassium efflux channel KefC, thus leading to efflux of potassium and 

import of protons. By that, the intracellular pH is lowered and reducing environment is generated 

(Lyngberg et al., 2011). The Kef system is exclusively present in Gram-negative bacteria but a similar 

mechanism could be also present in B. subtilis maybe involving BSH as replacement for glutathione 

(Ferguson et al., 1993). The spectra found for RpoC occurred in the search against the E. coli and the 

B. subtilis database. The homologs share 68.9% similarity (Zhu & Stülke, 2018). As spectra were found 

in the fractions with and without SP1 cell extract, it is likely that the RNA polymerase subunit derived 

from E. coli. However, the interaction with the RNA polymerase beta and beta’ subunit from E. coli 

could give a hint that YtoQ indeed has a regulatory function and possesses DNA binding activity by its 

predicted helix-turn helix motif at the C-terminus (http://hdl.handle.net/11858/00-1735-0000-002E-

E32C-B).  

 A connection to oxidative stress response was found by the putative interaction with MetH, 

which is a cobalamin-dependent enzyme involved in methionine synthesis. MetH is not present in B. 

subtilis but a similar protein MetE catalyzes the same step but cobalamin-independent (Zhu & Stülke, 

2018). Upon oxidative stress, MetE is S-bacillithiolated and S-cysteinylated, signaling a relation 

between YtoQ and BSH (Chi et al., 2011; Hochgräfe et al., 2007). Furthermore, Pta catalyzes the 

conversion of acetyl-CoA and acetyl phosphate in E. coli (Dittrich et al., 2005). As CoA can act as an 

oxidative stress reducing agent interaction with YtoQ could alter the equilibrium of the reaction to 

cope with oxidative stress (Newton et al., 2008). Lastly, several enzymes involved in central carbon 

metabolism were identified as potential interaction partners of YtoQ, namely Pta (phosphate-acetyl 

transferase), PtsI (phosphoenolpyruvate-protein phosphotransferase), FumA (fumerate hydratase) 

and SucC (succinyl-CoA ligase). All of these candidates also have homologs in B. subtilis and it would 

be interesting to test, if YtoQ plays a role in central carbon metabolism. Since PLP is produced from 

carbon backbones, deriving from glycolysis and pentose phosphate pathway, YtoQ could regulate the 
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availability of substrates for the synthesis of B6. Since the number of spectra was quite low in general, 

possible interactions need to be confirmed by additional experiments. 

 

To roles of YtoQ and BSH in the heterologous vitamin B6 synthesis pathway 

 As BSH can be partially replaced by cysteine in vivo, we tested the growth of the heterologous 

pathway mutants in presence of cysteine. Interestingly, the beneficial effect of bshC deletion and ytoQ 

overexpression was lost. The presence of cysteine had a negative effect on growth in the heterologous 

pathway mutant. This indicates, that the removal of BSH probably has something to do with the 

oxidative stress response, in which cysteine can take over. 

 Overexpression of ytoQ in the bshC background did not cure the growth defect in minimal 

medium but was beneficial in the heterologous pathway mutant. We tried to further evolve a strain 

lacking ytoQ (ΔpdxST pdxJH ΔbshC ΔytoQ) to screen for different suppression mechanisms, but growth 

was not possible in this strain on minimal medium without PL addition (data not shown). As ytoQ needs 

to be overexpressed to establish wild type-like growth, the cellular levels seem to be too low to 

maintain its function in the pathway. Both ytoQ and bshC are expressed under control of the DNA-

binding regulator Spx and thus have a similar expression pattern (Zhu & Stülke, 2018; Zuber et al., 2011; 

http://hdl.handle.net/11858/00-1735-0000-002E-E32C-B). Spx is required to be in its oxidized form to 

regulate gene expression (Nakano et al., 2005). Accordingly, the upregulation of ytoQ expression 

makes it independent of the oxidative levels. Since BSH is missing in the mutant, the cells are prone to 

oxidative stress, which could also have an effect on the oxidative state of Spx and could explain why 

ytoQ expression needs to be upregulated (Imber et al., 2019). Nevertheless, an increased susceptibility 

to oxidative stress could not be seen in the heterologous pathway mutants (see above). Moreover, 

vitamin B6 was shown to be active as an antioxidant being able to scavenge up to eight hydroxy radicals 

(Matxain et al., 2006, 2009). As the oxidative stress potential is increased by the absence of BSH, PLP 

could also be used as a protectant, which would result in decreased levels of available PLP. Thus, it 

would be interesting to measure the oxidation state of the heterologous pathway mutant, the wild 

type and different ytoQ / bshC deletion mutants and overexpression strains. Furthermore, measuring 

the PLP pools in the wild type and the heterologous pathway mutant could give a hint about the 

synthesis quality of the heterologous pathway and of how much PLP is available for the reaction.  

 We firstly supposed, that BSH and cysteine could act on SerA, since they can to bind at the 

active center under thiol depletion and lead to a and an inhibition of the enzyme (Chi et al., 2011, 2013; 

Hochgräfe et al., 2007). This would have confirmed the presence of our suggested underground 

metabolism pathway route consisting of GapA, CpgA, SerA, SerC and ThrB. Thus, we deleted the 

nonessential of those genes cpgA, serA, serC and thrB in the background of a fully functional 
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heterologous pathway mutant and checked for PL-dependent growth. As GapA is essential in B. subtilis, 

knockout is not possible and a participation of Gap in the pathway was not checked. As deletion of the 

other genes had no effect on growth on minimal medium without PL supplementation, we can exclude 

the presence of the genes in the underground metabolism pathway (see Figure 15). Next, we 

introduced pdxA, pdxB and a combination of both into the ΔpdxST pdxJH (BP965) and the ΔpdxST pdxJH 

ΔbshC (BP978) mutant to assess, whether the mutants are still dependent on the deletion of bshC or 

the overexpression of ytoQ. By that, we tried to find out if the underground metabolism pathway is 

similar to the DXP-independent pathway or follows a completely different route. For the single 

integration no growth difference was seen, indicating that the function of neither PdxA nor PdxB is 

complemented by the overexpression of ytoQ and the loss of BSH and the pathway follows a different 

route. When pdxA and pdxB were expressed together, the ΔpdxST pdxJH and ΔpdxST pdxJH ΔbshC 

mutant were able to grow without addition of PL. Suppressor mutants occurred in presence of bshC, 

though. As these depend on the presence of the bshC gene, it is likely that they have mutated BSH 

synthesis related genes. Thus, although in theory all necessary vitamin B6 synthesis genes are present 

in the mutant, the absence of BSH still seems to be important. Therefore, it is probably involved either 

upstream or downstream of this branch for example at GapA. GapA is a homolog of the E. coli Epd and 

is known to have a redox sensitive active site, which can be oxidized to intramolecular disulfides (Chi 

et al., 2011; Liebeke et al., 2008). Although GapA is not S-bacillithiolated, BSH is involved in maintaining 

the redox state of oxidized thiol-groups and maybe GapA is a target of BSH and thus is a candidate for 

the underground metabolism pathway. It is also possible that by integration of pdxA and pdxB another 

novel route including SerC is formed, which is not the underground metabolism pathway YtoQ acts in.  

Overexpression of ytoQ is not necessary when pdxA and pdxB are expressed. All in all, the data suggest, 

that an underground metabolism pathway exists, which could detour PdxA and PdxB. As this 

experiment was conducted only once, it needs to be repeated to confirm the roles of YtoQ and BSH, 

though.  

 

Perspective for the underground metabolism pathway 

 The DXP-dependent vitamin B6 synthesis pathway is limited to α- and γ-proteobacteria and 

the evolutionary younger pathway (Mittenhuber, 2001). It was stated that the last common ancestor 

first lost the PdxST complex, as it lived in a B6-rich surrounding and later on needed to acquire a new 

way to synthesize PLP (Fitzpatrick et al., 2007). As the salvage pathway still was present, the pathway 

could have evolved from mostly already existing enzymes (Mittenhuber, 2001; Schoenlein et al., 1989). 

One exception is PdxJ, which has high similarity with PdxS in terms of structure and mechanism. Thus, 

PdxJ could have evolved convergently or was taken up from the surrounding (Fitzpatrick et al., 2007). 
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It was also shown that a point mutation in pdxJ can suppress the loss of pdxH. If this mutation mimics 

the PdxS function, or just takes over the PdxH mechanism still needs to be elucidated (Man et al., 1996). 

Besides that, ThiG was identified as a protein with high similarity to the B. subtilis PdxS in a 

computational screen and overexpression could recover the loss of pdxB in E. coli (Oberhardt et al., 

2016). In addition, SerA is a homolog of PdxB and both share a common ancestor (Schoenlein et al., 

1989). The remaining reactions of the pathway mostly depend on proteins acting in serine metabolism 

(SerC) and deoxyxylulose synthesis (Dxs), which are also common in organisms harboring the DXP-

independent pathway. All in all, the chance, that a heterologous synthesis pathway can form in 

B. subtilis when only pdxH and pdxJ are introduced as additional genes is, expectably high. Since the 

DXP-independent pathway emerged from a last common ancestor harboring the DXP-independent 

pathway, the fundamental set of needed enzymes is already present. PdxJ and PdxH seem to be the 

only enzymes, which are not related with additional metabolic tasks and have to be added to the 

genome to establish the DXP-independent pathway. It would be interesting to test if the point 

mutation in PdxJ can also complement the absence of PdxH in the background of the heterologous 

vitamin B6 synthesis pathway in B. subtilis (Man et al., 1996).  

 Nevertheless, CpgA, SerA, SerS and ThrB can be excluded from the theoretical route of the 

underground metabolism pathway. Thus, it could be tested, if the pathway involves the deoxyxylulose 

producing branch, or if PdxJ, PdxH and YtoQ for example directly synthesizing PdxS maybe together 

with other proteins like ThiG. As the deoxyxylulose synthase Dxs is essential in B. subtilis it cannot be 

deleted. For this reason, it could be introduced into the genome under an inducible promoter and 

deleted afterwards to knock down the gene. Thus, if a PL-dependent phenotype could be observed at 

low levels of Dxs, this could demonstrate that Dxs is used for the heterologous pathway. The second 

substrate of PdxJ APA seems to be absent in in B. subtilis. Although similar metabolites are present in 

the cells, this could indicate a role of PdxJ and PdxH apart from the DXP-dependent pathway. 

 

 Deletion of pdxT can be complemented by overexpression of pdxS 

Genomic amplification as the main suppression mechanism 

Deletion of the pdxT gene leads to a growth defect in B. subtilis when cultivated in minimal medium ( 

Belitsky, 2004b). We confirmed existing data, showing that the loss of the transaminase subunit of the 

PdxST synthesis complex can be complemented by ammonium supplementation (see Figure 

19)(Belitsky, 2004b). We evolved the ΔpdxT mutant under limiting amounts of ammonium and found 

that some suppressors were able to reach the same biomass than the wild type (see Figure 19 and 

Figure 21). Most of the suppressors harbored a genomic amplification of a 15 kbp region including the 
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pdxS gene, which codes for the vitamin B6 synthase domain (see Table 17 and Figure 22). As described 

before, growth can be enhanced by increasing the dosage of beneficial genes by selective genomic 

amplification (Dormeyer et al., 2018; Elliott et al., 2013; Reuß et al., 2019; J. Rosenberg et al., 2018; 

Wicke et al., 2019). Genetic amplifications occur in all kingdoms of life and are a common possibility 

to adapt to changing environmental conditions (Andersson & Hughes, 2009). Mostly, they are not very 

stable and get quickly lost if the selective pressure decreases. The stability depends on the size, the 

amplification factor and the location of the amplified region (Pettersson et al., 2008; Roth et al., 1996). 

Accordingly, it could be shown that amplification leads to a decrease in fitness and slower growth as 

in the parental strain without amplification (Reams et al., 2010). Therefore, amplifications can be seen 

as a temporary solution before the enrichment of stable mutations since a duplication of a gene 

encoding a beneficial enzyme is more likely to occur than mutations enhancing the activity directly. 

Once one of the genes in the amplified genomic region has acquired a beneficial mutation, the  gene 

dosage can decrease by selective de-amplification (Andersson & Hughes, 2009; Sonti & Roth, 1989; 

Straus, 1975, 1976). It was estimated that in about 10 % of a bacterial population, which was grown in 

medium without a selective pressure, a gene duplication is present somewhere in the genome (Roth 

et al., 1996). These random amplifications may be beneficial to the cells when they are facing new 

selective pressures. 

 General steps of homologous recombination are conserved among all organisms in the basic 

mechanism and only the involved proteins differ. During replication an arrest of the DNA synthesis can 

occur and single stranded DNA (ssDNA) gaps can emerge. These gaps need to be repaired as double 

strand breaks are promoted, which can cause lethality (Cox et al., 2000). Firstly, double stranded DNA 

ends are detected and processed. Next, recombinases as RecA are loaded onto the ssDNA and the 

complex pairs with intact homologous DNA fragment. A junction is formed and DNA is synthesized 

involving the 3’-OH end of the invading strand. Lastly, the crossover junction is resolved by 

endonucleases and the daughter strands are formed (Friedberg et al., 2006; Lenhart et al., 2012). 

 In E. coli DNA strands are processed by the RecFOR complex and thus, RecA can be translocated 

to the DNA by either the RecBCD- or the RecFOR complex of, which the former acts in the repair of 

double strand breaks (DSB) and the latter in single strand DNA (SSG) gap repair (Arnold & 

Kowalczykowski, 2000; Clark, 1973; Hegde et al., 1996; Korolev, 2017; T. C. Wang et al., 1993). Under 

normal conditions, binding of RecA to the ssDNA is inhibited by single strand DNA binding proteins 

(SSB) but the mediating RecBCD or RecFOR complexes detach the SSBs from the ssDNA and promote 

RecA binding at the gaps (Korolev, 2017; Morimatsu et al., 2012; Umezu et al., 1993; Umezu & 

Kolodner, 1994; Webb et al., 1997). The RecA/ssDNA nucleoprotein filament facilitates the search for 

homologous regions and DNA synthesis (Kreuzer, 2013). Finally, the emerging Holliday junctions are 
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resolved by RuvABC and RecG (A Kuzminov, 1999; Shinagawa & Iwasaki, 1995; West, 1996). The 

complex pathway of homologous recombination in E. coli is reviewed in more details in Dubnau (1999), 

Korolev (2017) or Sonenshein et al. (1993). 

 In B. subtilis double strand ends are processed by the AddAB complex as the RecBCD complex 

does not exist. Both complexes have the same function but use different mechanisms for the 

processing of the DNA (Lenhart et al., 2012; Yeeles & Dillingham, 2010). Among the Firmicutes the 

AddAB complex is widely conserved and deletion of the complex leads to severe defects in double 

strand break repair (Alonso et al., 1993; Cromie, 2009; Haijema et al., 1996; Kooistra et al., 1997; 

Meima et al., 1995). It could be shown that the RecJ, RecQ and RecS proteins can complement the loss 

of addAB, also indicating a role in strand processing (Sanchez et al., 2006). After the DSB ends are 

processed, this enables RecA to bind to the resulting 3’ssDNA. Similar to the mechanism in E. coli the 

SSBs need to be removed by AddAB before RecA can bind at the gap position. For the translocation of 

RecA to the DNA the RecFOR complex is necessary. In contrast to the E. coli pathway, the DNA 

mediating AddAB complex could not be related with RecA-DNA binding (Ayora et al., 2011; Sanchez, 

Carrasco, Ayora, et al., 2007a, 2007b). It is still not clear if the RecFOR complex also takes part in the 

repair of double stranded breaks as the complex in E. coli and also how the RecA loading to the DNA is 

managed mechanistically (Kidane & Graumann, 2005; Lenhart et al., 2012; Manfredi et al., 2008; 

Umezu & Kolodner, 1994). The recruited RecA needs a homologous DNA template and ATP or 

desoxyATP (dATP) to start extending the DNA strand, whereby dATP is the favored nucleotide as it 

yields in a 10-fold higher activity of RecA (Carrasco et al., 2008). Contrary to E. coli, B. subtilis possesses 

only the RuvA and RuvB proteins for the branch migration to resolve Holiday junctions. It is 

furthermore hypnotized, that RecU takes over the part of RuvC in B. subtilis and closes the gaps in the 

DNA (Fernández et al., 1998; McGregor et al., 2005). The RecG protein is also thought to facilitate the 

branch migration in addition to RuvAB (Sanchez, Carrasco, Cozar, et al., 2007). More detailed 

information about the recombination process in B. subtilis can be found in Ayora et al. (2011) or 

Sanchez et al. (2007a). 

 We tried to further evolve the ΔpdxT suppressor mutants by using a green fluorescent protein-

based screening system, which can display the amplification level of a suppressor and assumed that a 

de-amplification could occur and mutations regarding the pdxS gene or acquisition of promoter-up 

mutations could be the consequence as seen before (Dormeyer et al., 2017; Reuß et al., 2019; J. 

Rosenberg, 2016; Zaprasis et al., 2014). We cultivated a ΔpdxT suppressor with high fluorescent signal 

for 20 generations in minimal medium but were not able to select a de-amplification mutant (see Suppl. 

Figure 5). We furthermore deleted the recA gene in the ΔpdxT mutant to force a different mechanism 



Discussion 

__________ 

- 109 - 

of suppression but still obtained genomic amplification of the 15 kbp region in the suppressor mutant 

although only 2-fold.  

 For the amplification of a genetic region its surrounding is important (Reams & Neidle, 2004). 

To facilitate the amplification, repetitive sequences are mostly required, as insertion sequences, 

transposable elements, repetitive extragenic palindromic (REP) sequences or ribosomal operons, 

which are present among many bacteria (Anderson & Roth, 1981; Haack & Roth, 1995; Jessop & 

Clugston, 1985; Lehner & Hill, 1980; Lin et al., 1984; Shyamala et al., 1990). The amplified genetic 

region in the suppressors was guided by the rRNA genes rrnO-16S-rrnAO-23S and rrnA16S-rrnA23S. It 

has already been observed in other studies that amplified regions are bordered by rRNA genes, as 

described in Anderson & Roth (1981), Benda et al. (2020) or Lehner & Hill (1980). As these genes have 

a high sequence identity, they allow homologous recombination and by that multiplication of the 

genetic area.  

 Amplifications, which are bordered by direct repeats of at least 200 bps length could be related 

to the recA gene and recA deletion mutants show a at least ten-fold reduction in amplification and de-

amplification frequency (Petes & Hill, 1988; D Romero & Palacios, 1997). Recombination events 

between direct repeats can be mediated also independent of RecA at a high frequency in E. coli but 

shorter homologous repeats with a length ranging from few groups of ten to several hundred 

nucleotides are required (Bi & Liu, 1994; Dianov et al., 1991; Dutra et al., 2007; Jain et al., 2020; Lovett 

et al., 1993, 1994). The RecA-independent rearrangement of DNA has an efficiency of about 25-30% of 

the RecA-dependent homologous recombination but depends on the distance between the 

homologous regions (Bi & Liu, 1994; Chédin et al., 1994; Lovett et al., 1993, 1994; Morag et al., 1999). 

It is assumed that the repeats need to interact with the same replication fork to allow RecA-

independent template switch (Lovett, 2017). Furthermore, RecA-independent recombination events 

are associated with crossover formation between sister chromosomes and the frequency increases if 

DNA replication proteins as dnaC, dnaE, dnaQ, holC, ssb or priA have a defect (Lovett et al., 1993; 

Saveson & Lovett, 1997). This supposes a similar recombination event as performed by RecA, which 

can be explained by a template switch promoting a discontinued lagging strand. Holliday junction 

formation and further processing enable crossovers (Lovett, 2017). In this model, the recombination is 

not guided by strand invasion into duplex DNA as for RecA-dependent recombination but the nascent 

strand unwinds and generates singe stranded DNA. Deletion of ruvAB inhibits the migration of holiday 

junctions and increases RecA-independent crossover events as more ssDNA is free for annealing (S T 

Lovett et al., 1993). In contrast to the RecFOR-mediated homologous recombination, this RecA-

independent rearrangement of DNA is suggested to take place mostly in replication of sister 

chromosomes and not with separate homologs (Lovett et al., 1993, 2017). When bordered by rrnA 
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genes, multiplication rates of the genetic region are unaffected by the deletion of recA, recB, recF or 

recBF in E. coli. Interestingly, a ΔruvC ΔrecG double mutants shows a 30-fold decreased amplification 

rate in that can be recovered if one of the genes (recA, recB or recF) is deleted in addition (Andrei 

Kuzminov, 2001; Spies & Kowalczykowski, 2004). Accordingly, deletion of recA, recB and recF 

presumably promotes accumulation of unrepaired DNA strand breaks, which can further anneal with 

rrnA loci from another sister chromosomes during replication and by that allow formation of 

amplifications (Reams & Roth, 2015). Furthermore, a ΔrecG ΔruvC double mutant does neither allow 

homologous recombination nor single strand annealing as emerging Holliday junctions cannot be 

resolved. Nevertheless, the RecFOR or RecBCD pathways can initially start the repair of DSS and SSG 

and therefore single strand ends, which are necessary for annealing are still processed but also lead to 

the accumulation of free ends. These can block the pathway and thereby recombination events (Reams 

& Roth, 2015). As recA, recB or recF are acting upstream of recG and ruvC and additional deletions of 

one of the genes facilitate that single strand ends cannot accumulate anymore and ends are free for 

alternative annealing (Reams et al., 2014; Reams & Roth, 2015). Recently the rarA gene was related 

with RecA independent recombination (Jain et al., 2020; H. Romero et al., 2020). RarA is an AAA+ 

ATPase with sequence similarities to the DNA clamp loader complex and is important to keep the 

genome stability but its mechanism was widely unknown (Jain et al., 2020; Page et al., 2011). It is 

hypothesized that RarA is involved in cross-over formation by but this could not be experimentally 

proven yet (Jain et al., 2020).  

 A second model for RecA-independent recombination is based on misalignments of nascent 

DNA strand and with the template strand, which is defined as “replication slippage” (Albertini et al., 

1982; Lovett et al., 1993, 2017; Morag et al., 1999). This could be provoked by an unwinding of the 

nascent strand and a subsequent pairing with the downstream homologous region, which will cause a 

deletion or could also promote multiplication of the region (Morag et al., 1999) This effect often 

happens when the adenine residues of the DNA are still hemimethylated as it is shortly after replication 

(Bzymek et al., 1999; Lovett & Feschenko, 1996).  

 Deleted or amplified genetic regions can also lie within inverted repeat sequences (Galas, 

1978; Glickman & Ripley, 1984). This mechanism is increased in RecA-deficient- or DNA Polymerase III 

mutants. It is assumed that replication gaps can foster the formation of a cruciform like structure of 

the double stranded DNA that is induced by the inverted repeats (Bzymek & Lovett, 2001). Two 

different routes were proposed for the further process, which are depend either on SbcCD or DnaK of, 

which the latter is also important for RecA-independent recombination, which does not imply inverted 

repeat sequences (Goldfless et al., 2006; Pinder et al., 1998; Trinh & Sinden, 1991).  
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 Since the amplified region is bordered by the rrn genes, which allow RecA-independent 

recombination, the deletion of recA just decreased general fitness of the suppressor mutants and could 

not stop the amplification of the region containing pdxS. In contrast to the ΔpdxT mutant, the ΔpdxT 

ΔrecA double mutant forms only few suppressor mutants of, which only one could be isolated and was 

viable after isolation. As the homologous rrn gene regions have a size of approximately 4500 bp, they 

enable both RecA-dependent and RecA-independent recombination events (Dutra et al., 2007; Jain et 

al., 2020; Lovett, 2017). When deleting recA, only RecA-independent recombination is possible, which 

is less efficient and depends on the distance between the homologous regions (Bi & Liu, 1994; Chédin 

et al., 1994; Lovett et al., 1993, 1994; Morag et al., 1999). This could be the reason for the low 

amplification factor of the ΔpdxT ΔrecA double mutant in comparison to the other suppressors (see 

Table 17, Figure 22 Genome sequencing and Southern blotting analyses to assess the extent of pdxS 

amplification in the pdxT suppressors. A. Read coverage (average) along the chromosome of the pdxT 

suppressors. As shown in the figure inlays, based on these values the copy numbers of chromosomal 

segment containing the pdxS gene can be inferred. In all suppressors that were subjected to Illumina 

sequencing, the amplified is 15 kbp long and is located between two rRNA genes (rrnO-23S - rrnA16S, 

coordinates 11,709 – 31,832). B. Southern blotting analysis to detect the amplified chromosomal 

segment containing the pdxS gene. The parent strains BP1105, BP1106 and BP1182 served as controls. 

Chromosomal DNAs were digested with SacI and HindIII and the blots were hybridized with a pdxS-

specific probe.).  

 

Promoter-up mutations and evolvability of PdxS 

 The fact that no promoter up-mutations were accumulated regarding the pdxS gene, as it has 

been observed in other studies, hints at a limited evolvability of the promoter (Dormeyer et al., 2018; 

Elliott et al., 2013; Reuß et al., 2019; J. Rosenberg et al., 2018; Wicke et al., 2019). PdxST can be 

translated from two different transcripts. The first transcript, dacA-pdxS-pdxT-serS can be processed 

upstream of dacA by RNase Y and the second transcript includes pdxS pdxT and serS (DeLoughery et 

al., 2018; Nicolas et al., 2012). In general, pdxST is already highly expressed under most growth 

conditions as the transcript amounts are nearly equal to highly active P43 promoter (P. Z. Wang & Doi, 

1984; Zhu & Stülke, 2018). Under sporulation-favored conditions, the expression of pdxS is lower 

compared to the constitutive P43 promoter, which can be explained by a regulation of Spo0A. Spo0A 

regulates sporulation and also represses pdxS transcription (Molle, Fujita, et al., 2003; Zhu & Stülke, 

2018). dacA and serS are also overproduced by the amplification and a toxic effect based on the 

accumulation of these operon members can be excluded. Otherwise, such toxic effects could also be 

resolved by one of the other genes, which lie in the amplified region and are also expressed at a higher 
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degree (see below). Furthermore, the evolvability of the promoter itself could be limited by its 

sequence and a combination of multiple mutations could be needed to enhance the activity of the 

promoter (Richts et al., 2021). Following this, the quantity of free promoter regions could also be a 

limiting factor, if the amount of RNA polymerase exceeds the free binding sites on the DNA and a fast 

expression is blocked. In contrast to promoter up mutations, amplifications could thereby free more 

promoter sites for the RNA polymerase. 

 Since an evolutionary approach to promote mutations in the pdxS gene is not possible under 

the tested conditions, a directed mutagenesis of the pdxS gene seems to be a reasonable possibility. 

We constructed a PLP-sensitive screening system, which can monitor differences in the PLP levels of 

the cells and to detect pdxS variants with higher activity (see Figure 25). We did not finish the 

mutagenesis and screening process as we questioned the ability of B. subtilis to evolve the pdxS gene. 

It was not possible to force mutations regarding the pdxS gene or its promoter, although amplifications 

are energy costly and often accomplished by further mutations in the relevant gene (Andersson & 

Hughes, 2009; Sonti & Roth, 1989; Straus, 1975, 1976). Besides that, structural analysis of the PdxS 

protein revealed that targeted amino acid exchanges in the PdxS protein only at 1 of 14 sites lead to 

an increase of the initial synthesis speed of PLP (Smith et al., 2015). Although these changes were 

biased as they were made to check for synthesis relevant sites in the active center of PdxS, this shows 

that a beneficial amino acid exchange in the active center is not likely to evolve. Interestingly, the 

S. cerevisiae PdxS homologs were shown to form only homohexamers instead of a homododecamers, 

due to a sequence insertion. Especially a single lysine residue could be identified as important for the 

formation of the hexameric structure. The residue is only found in the yeast and when it was integrated 

into the B. subtilis PdxS, it also formed a hexameric complex. Moreover, it was shown that this 

hexameric PLP synthase complex has a 4-fold higher activity  than the bacterial counterpart (Neuwirth 

et al., 2009). The advantage of having a dodecameric PdxS protein over the hexameric complex still 

needs to be elucidated.  

 Apart from that, the activity of PdxS was tested together with PdxT and our evolutionary 

approach aimed to find PdxS variants, which produce PLP independent of PdxT and in the presence of 

low amounts of ammonium. Therefore, suppressor mutants could on the one hand indeed increase 

PdxS activity to form PLP but on the other hand also enhance the channeling of ammonium to the 

active center of PdxS. In the full enzyme complex PdxT cleaves off ammonia from glutamine and 

channels it through a hydrophobic pore to the active site of PdxS, where it interacts with ribose-5-

phosphate (M. Strohmeier et al., 2006). In B. subtilis cells, nitrogen is mostly present as ammonium 

(NH4
+). Since the pH in the cells is about 7.5, 2% of the nitrogen is available as hydrophobic ammonia 

(Clément & Merlin, 1995; Detsch & Stülke, 2003; Padan et al., 2005). Amino acid changes in the PdxS 
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protein could thereby increase the ammonium/ammonia flux to the active center. As this potentially 

requires complex structural changes, an increase in PdxS concentrations seems to be an easier way to 

overcome the problems of ammonium channeling to the active center and increasing the enzymatic 

activity.  

This could also provide an explanation why the PdxT protein exists, although it is not necessary for the 

PLP synthesis. Under limiting nitrogen concentrations, the ability of PdxS to shuttle ammonia to its 

active site is limited and the PLP synthesis capacity cannot compete with the production of the PdxST 

complex. When comparing the genetic background of bacteria using the DXP-independent pathway, it 

striking that the pdxS and the pdxT gene almost always occur together in the genome. Only few 

exceptions can be found, in which only the pdxS gene is present as for Natranaerobius thermophilus, 

Clostridium novyi NT or Anaerococcus hydrogenalis DSM 7454 (www.microbesonline.org). When 

comparing entries of pdxS and pdxT in the Database of Clusters of Orthologous Genes (Cogs), 461 of 

1309 organisms are listed, which carry the pdxT gene and 420 of 1309 with the pdxS gene (Galperin et 

al., 2021). Hence, PdxS variants exist, which seem to function independent of PdxT either by having an 

improved ammonium utilization or being supplied with ammonium by different glutaminases (G. 

Brown et al., 2008). Furthermore, organisms, which live in an ammonium-rich environment could also 

be independent of PdxT, as we were able to see that the emergence of suppressor mutants highly 

depends on the pH value of the medium (data not shown). When the pH of the medium was 6.5 

suppressors formed but at a pH of 7.5 the pdxT mutant grew like the wild type on minimal medium 

plates and low ammonium concentrations. At this pH the equilibrium shifts more towards ammonia, 

which can diffuse through the membrane and does not need an uptake system (Clément & Merlin, 

1995; Detsch & Stülke, 2003). Nevertheless, it might be interesting to study the PdxS variants of these 

organisms to shed more light onto the relation between PdxS and PdxT and of how PLP synthesis can 

be enhanced in absence of PdxT. This might be also interesting for the design of a minimal organism 

(see below). 

Moreover, also organisms exist, which carry multiple copies of the pdxS gene as Syntrophobotulus 

glycolicus DSM 8271. This could either lead to higher PLP synthesis but also to the emergence of a 

proteins with different functions. Plants have multiple PdxS homologs, which are also responsible for 

thiamine production (Paxhia & Downs, 2019). 

 

Additional mutations in the pdxT suppressor mutants 

In addition to the amplification of the pdxS gene, we identified mutations in the nitrogen assimilation 

genes tnrA and glnA (see Figure 20). TnrA is a master regulator of nitrogen metabolism and involved 

in the regulation of at least 30 genes (Mirouze et al., 2015; Wray et al., 1996; Yoshida et al., 2003). To 

http://www.microbesonline.org/cgi-bin/genomeInfo.cgi?taxId=386415
https://www.uniprot.org/taxonomy/561177
http://www.microbesonline.org/cgi-bin/genomeInfo.cgi?taxId=645991
http://www.microbesonline.org/cgi-bin/genomeInfo.cgi?taxId=645991
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establish the functional regulatory network, binding of GlnA and TnrA is crucial (Gunka & Commichau, 

2012; Wray et al., 1996). The C-terminus of TnrA binds to a cleft in the feedback inhibited GlnA. 

Thereby, DNA-binding capacity of TnrA alters and expression behavior changes. The mutations 

regarding GlnA were located in close proximity to the TnrA binding sites (see Figure 23D). Furthermore, 

the mutation in the tnrA gene led to a truncation of the C-terminus of TnrA. Both types of mutation 

inhibit binding of TnrA to GlnA and thus foster binding of TnrA to NrgB at the membrane. This activates 

TnrA and promotes transcription of the nrgAB promoter. In the wild type, TnrA is bound to NrgB only 

under ammonium limitation, which promotes the expression of nrgA (Fedorova et al., 2013; Kayumov 

et al., 2011). The promoter showed 100-fold higher activity for the TrnA truncation, the GlnA G79A 

C1016A and the GlnA G79A mutations and even a 175 times higher activity with the GlnA C180A 

mutation. These mutations yielded in a growth advantage in the ΔpdxT mutant, if the ammonium 

concentrations did not exceed 30 mM and were even detrimental if the 120 mM ammonium was 

supplemented or pdxS was overexpressed. An increase of ammonium uptake in pdxS overexpression 

mutants did only have a positive effect, if the available ammonium was lower equal 10 mM. Since the 

regulation of nitrogen assimilation is disturbed in these mutants, uncontrolled expression of the 

ammonium channel in combination with high ammonium in the medium, led to an accumulation of 

ammonium in the cells. This was also supported by the fact that the suppressor mutants had defects 

growing on complex medium (data not shown). Under normal conditions B. subtilis can tolerate high 

amounts of ammonium in the medium without growth disadvantages, but due to the deregulation of 

the nitrogen network, this harbors a detrimental effect (Leejeerajumnean et al., 2000). Since TnrA 

cannot be in a GlnA-bound state, its own expression becomes constitutive. The same is true for glnRA. 

By that not only the glutamine synthesis is not controlled anymore on gene level; the GOGAT cannot 

be expressed in the presence of TnrA and by that the link between carbon- and nitrogen metabolism 

is disturbed (Belitsky et al., 2000). The amplification of pdxS was shown to be the main suppression 

mechanism and deregulation of the ammonium uptake occurred only in few suppressor mutants and 

always together with the amplification. Therefore, the mutations upregulating the ammonium uptake 

could be a first mechanism to quickly boost the available amounts of ammonium for PdxS. The 

cultivation medium contains glutamine, which inhibits tnrA expression and leads to limited NrgA 

formation. The more the glutamine is catabolized, the more TnrA is produced and by that, ammonium 

channel is expressed. The low amounts of TnrA cannot be blocked by binding to GlnA in the mutants 

and thus, ammonium uptake can be increased more rapidly. Since ammonium probably can only hardly 

reach the active center of PdxS and it could come to a block of the active centers and thereby to a 

congestion of ammonium (see above). When the glutamine is fully catabolized in the pdxT mutant, 

PdxS levels could be the limiting factor for the PLP formation, which generates the evolutionary 
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pressure for the amplification. Furthermore, we tested the influence of the GlnA/TnrA mutations only 

in an artificial context not considering the other genes within the amplified region. These genes could 

have an effect on growth in the suppressors, which is not considered in the experiment.  

 Ammonia is thought to be the limiting substrate in PLP production as R5P and G3P are 

produced in high amounts during glycolysis and pentose phosphate pathway (Smith et al., 2015). 

Thus, it is surprising that increasing concentrations of ammonium lower the turnover speed of PdxS 

and PdxST to form PLP (see Figure 30). To assess the inhibitory potential of ammonium on the PLP 

synthesis, more experiments must be done. 

 The amplified region containing pdxS does not contain any other gene, which can be directly 

related to vitamin B6 metabolism and we were able to show that overexpression of the pdxS gene in 

the ΔpdxT mutant re-establishes genetic stability and wild type-like growth behavior in minimal 

medium containing even moderate amounts of ammonium (see Figure 27, Figure 28). Several of the 

co-amplified genes affect DNA information processing as guaB (biosynthesis of GMP), dck (purine 

salvage), dgk (purine salvage), yaaJ (tRNA modification), scr (RNA-driven elongation arrest), dnaX 

(replisome), recR (RecA mediated DNA repair) (Zhu & Stülke, 2018). By changing the copy numbers of 

these genes, de-regulation of these nucleotide involving processes can occur, probably harming the 

cells. In addition, also bofA, coding for an inhibitor of the sigma factor SigK, lies within the region. SigK 

is mainly responsible for the regulation of sporulation-specific genes in the mother cell and increased 

inhibition of SigK leads to a loss of sporulation (Losick & Shapiro, 1993; Sun et al., 2021). 

 Besides the amplification, only two genes harbored mutations among multiple suppressors, 

rendering them as relevant. The deletion and downregulation of rpoE in two of the suppressor mutants 

could not be related with an increase of PLP production. Deletion of rpoE in the pdxT mutant does not 

show any growth advantage and even a detrimental effect under high ammonium conditions (see 

Suppl. Figure 4). The rpoE gene codes for the delta subunit of the RNA polymerase and is present in B. 

subtilis and some other Gram-positive bacteria at least at the same level or higher as the other 

components of the RNA polymerase (RNAP). The amount of RpoE increases when reaching the 

stationary phase (Doherty et al., 2010; López de Saro et al., 1995). Deletion of rpoE gene leads to an 

altered cell morphology and longer lag phases. RpoE is able to destabilize the binding of RNAP with 

weak or cryptic promoters. Thereby, deletion can upregulate such genes, which otherwise would not 

be expressed. By that, growth can be improved when exposed to stress (López de Saro et al., 1999; Xue 

et al., 2010, 2012). Furthermore, RpoE is involved in the recycling of RNAP and helps removing the 

sigma factors from the holoenzyme, and DNA and RNA from binary complexes. On that score, it is 

important to maintain constant RNAP levels in the cell (Keller et al., 2014; Williamson & Doi, 1978). We 

therefore suggest, that lowering the RpoE levels in the cells counteracts the amplification of the other 
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genes. As amplifications are not stable and energy costly, lowering the overall amount of transcription 

could overcome detrimental effects of the amplification (Andersson & Hughes, 2009; Reams et al., 

2010). Besides that, also toxic accumulation of the other co-amplified proteins could be rescued by 

lowering the RNAP efficiency. 

 The second gene which was mutated in two suppressors is pgpH coding for the cyclic-di-AMP 

(c-di-AMP)-specific phosphodiesterase PgpH (Zhu & Stülke, 2018). Together with GdpP, PgpH catalyzes 

the degradation of the second messenger c-di-AMP, which takes part mainly in potassium- and osmo-

homeostasis but could also recently be related with the stringent response and glutamate metabolism  

(Gundlach et al., 2016; Krüger et al., 2021a, 2021b; Peterson et al., 2020). Thus, we tested the growth 

of the pdxT mutant, carrying either a deletion of pgpH or gdpP in addition (see Suppl. Figure 4). We 

observed that the deletion of pgpH leads to a growth advantage in medium containing low amounts 

of ammonium when the pdxS gene dosage were at wild type levels. This effect vanishes if pdxS was 

overexpressed or the ammonium concentration was high. When pgpH was overexpressed in the pdxT 

mutant, the opposite effect could be observed, indicating a functional relation between PgpH and 

vitamin B6 metabolism. This effect could not be observed for the second phosphodiesterase GdpP, 

which can be because PgpP is supposed to be the main phosphodiesterase and it is more abundant 

than GdpP (Commichau et al., 2019). In L. monocytogenes deletion of pgpH increases the intracellular 

concentration of the alarmone guanosin-3′,5′-bispyrophosphat ((p)ppGpp) (S. Liu et al., 2006). The 

second messenger (p)ppGpp promotes entering the stringent response, in which growth promoting 

processes are stopped and important metabolites are synthesized. This cellular program is for example 

executed in situations of amino acid starvation (Cashel & Gallant, 1969; K. Liu et al., 2015). 

Furthermore, c-di-AMP is directly related with (p)ppGpp signaling as it was recently shown (Krüger et 

al., 2021a; Peterson et al., 2020). When the c-di-AMP levels are low (p)ppGpp acquisition is stimulated 

and the stringent response is activated. Furthermore, (p)ppGpp binds to both phosphodiesterases and 

inhibits c-di-AMP degradation (Corrigan et al., 2015; Huynh et al., 2015; Rao et al., 2010). Our 

suppressors emerged on minimal medium with 5 mM potassium. Under this condition the bacteria 

form high amounts of c-di-AMP (Gundlach et al., 2017). Thus, (p)ppGpp synthesis is not further 

stimulated and the stringent response intensity is lowered. Since PgpH and GdpP are not blocked by 

(p)ppGpp, c-di-AMP is degraded. A detailed model of the connection between c-di-AMP and (p)ppGpp 

signaling was described in Krüger et al. (2021). The deletion of pgpH in the suppressors could thereby 

maintain high c-di-AMP levels in the cells. As c-di-AMP could be also related with nitrogen metabolism 

recently, elevated c-di-AMP concentrations could thereby also lead to an increases ammonium pool 

for supplying PdxS (Krüger, et al., 2021a). In addition, one suppressor harbored a mutation in the 

cation-proton antiporter nhaK gene, which could be identified as a potassium exporter (Krüger et al., 
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2021a). The described mutation decreased potassium export and maintained internal high potassium 

concentrations. The mutation in the pdxT mutant suppressor is in close proximity to the mutation, 

which was already described, indicating that potassium export could be also lowered in the mutant. 

This would also keep the c-di-AMP pool high. How exactly the elevated c-di-AMP pool supports PLP 

synthesis by PdxS needs to be further investigated but as the deletion of pgpH was the only mutation 

in one suppressor to overcome the loss of PdxT, a relation between c-di-AMP signaling and PLP 

synthesis by PdxS cannot be excluded. 

 

The role of vitamin B6 in biofilm formation 

Some of the pdxT suppressor mutants showed complex colony formation after longer incubation time. 

We therefore checked the ability of the parental strain and the suppressors to form complex colonies. 

Interestingly, first attempts to analyze complex colony formation on Msgg agar plates (see Diego 

Romero et al., 2010) failed, since the strains showed no growth. A closer look at the B. subtilis 

expression data showed that pdxS is only weakly expressed in Msgg medium (Zhu & Stülke, 2018). 

Therefore, we induced biofilm formation by adding manganese and glycerol to the MSSM medium 

plates and added PL. The B. subtilis wild type strain SP1 shows complex colony formation in contrast 

to the laboratory wild type strain 168. This strain carries mutations in the genes rapP, sfp, epsC, swrA, 

and degQ and is therefore not able to form biofilms (McLoon et al., 2011). The SP1 strain was genome 

sequenced and compared to the 168 sequence (Richts et al., 2020). Although 25 genome modifications 

could be identified, none affects the genes mentioned above or can be directly related with biofilm 

formation. One mutation in the intergenic region of the penicillin binding protein A pbpA was found 

though, which was shown to be important for biofilm formation (Kumar et al., 2012; Miyamoto et al., 

2020). In the future it might be interesting to test, which of the genetic differences can complement 

the diminished biofilm formation of the strain 168, as none of the genes described by McLoon et al is 

altered in the SP1 strain.  

 The pdxT mutant showed abolished complex colony formation, which could be rescued alone 

by overexpression of pdxS. As PL is supplemented to the medium in sufficient amounts, the vitamin B6 

concentration cannot be solely responsible for the lack of biofilms in the pdxT mutant, indicating that 

the PdxST complex is somehow directly involved in the formation of biofilms. The EpsN UDP-2,6-

dideoxy 2-acetamido 4-keto glucose aminotransferase and the SpeA arginine decarboxylase, are both 

PLP dependent proteins and involved in biofilm formation. Thus, depletion of PLP or deletion of espN 

or speA abolishes complex colony formation (Burrell et al., 2010; Kaundinya et al., 2018). It was shown 

though that strains with too high PL levels have a deficient effect on biofilm formation in Streptococcus 

mutans (Liao et al., 2015). Recovery of biofilm formation was given, if the suppressors harbored the 
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amplification of the pdxS genetic region. It could be that PLP needs to be transported to the target 

proteins via PdxST. As discussed below, PLP was found to be bound at the PdxST complex and directly 

provided to the PLP-dependent proteins. By deletion of PdxT, the holding site for PLP could be 

damaged and the delivery to the targets interrupted. Since overexpression alone, restores biofilm 

formation, a positive effect of one of the other amplified genes can be excluded. Only three 

suppressors did not form a biofilm of which two (BP1117 and BP1184) carried no amplification of pdxS. 

BP1116 was the only suppressor with an amplification of pdxS and no complex colony formation. This 

can be explained by an additional mutation in the ispD gene, which is responsible for isoprenoid 

synthesis. A relation between isoprenoid synthesis and biofilm formation could be shown in 

Thermotoga maritima (Pysz et al., 2004). 

 

 Vitamin B6 transport and detoxification 

Until now only few vitamin B6 transport mechanisms could be identified. Examples are Pup1 in 

Arabidopsis thaliana or Tpn1p in the yeast S. cerevisieae (Stolz & Vielreicher, 2003; Szydlowski et al., 

2013). Furthermore, the ECF transporter system was related as a PN transporter (Slotboom, 2014; T. 

Wang et al., 2015). We searched for Tpn1p similar proteins in B. subtilis and identified 6 candidate 

genes, belonging to the same group of nucleobase:cation symporters. We deleted these genes and the 

genes for the ECF transporter in B. subtilis in the wild type and in a vitamin B6 auxotrophic strain. Next, 

the mutants were tested for PL-dependent growth phenotypes and export capabilities. Deletion of all 

of the transporter candidates was possible in the auxotrophic pdxST mutant, indicating that none of 

the genes is solely responsible for vitamin B6 uptake (see Figure 32A). We also quantified growth of 

the single mutants and the pdxST double mutants but could not identify differences in between the 

strains. We also checked for export of PL but all mutants are still able to excrete PL into the medium 

(see Figure 32C). We conducted the experiment only in a qualitative fashion and could not determine 

differences in the exact amount of secreted PL between the different mutants and control strains. 

Recently, it could be shown, that a yggS mutant of E. coli secretes phosphorylated PL into the medium 

(Vu et al., 2020). The fact that phosphorylated vitamers can be exported, indicates that im- and export 

are probably separated and conducted by different transporters, as growth of microorganisms could 

only be described with the unphosphorylated vitamers yet. One exception is Salmonella enterica. This 

organism harbors a periplasmic vitamin B6 phosphatases PhoN, dephosphorylating PLP in the medium 

to PL and thereby allowing the uptake (Vu & Downs, 2020).  

 Furthermore, we tried to evolve auxotrophic B. subtilis mutants under vitamin B6-limiting 

conditions but no suppressor mutants evolved, independent of the used vitamer. Moreover, 
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cultivation of B. subtilis with anti-vitamins did also not yield in mutations. The tested compounds 

ginkgotoxin and 4’-deoxypyridoxal have a similar structure with the vitamers and inhibit the pyridoxal 

kinase PdxK by competitive inhibition. Thereby, phosphorylation of imported vitamers is prevented 

(Leistner & Drewke, 2010; Scott & Hockney, 1979; Woolley, 1963). Due to the structural similarity, it is 

likely, that anti-vitamins and vitamers are taken up by the same transport system. Thus, we suggested 

that mutations in the transport system could emerge, preventing the toxins from import or changing 

the uptake specificity towards the vitamers. We used a doubled gradient approach, in which vitamin 

and anti-vitamin were added to the opposite poles of an agar plate. Thus, bacteria were exposed to 

crossing concentration gradients of vitamer and toxin. By that, we hoped to find a sweet spot where 

vitamers are taken up to promote growth and sufficient toxin is imported to establish an evolutionary 

pressure. Nevertheless, no mutations could be observed, probably due to contamination of the anti-

vitamins with portions of vitamin B6, as we identified in the ginkgotoxin. Hence, the toxic effect of the 

anti-vitamins could be recovered by the presence of high amounts of vitamers, which remove the toxin 

from the active site of PdxK (Wada & Haga, 1997).  

 Since evolution under limiting vitamin B6 conditions was not successful, we cultivated bacteria 

under toxic PL amounts, as it was done before (http://hdl.handle.net/11858/00-1735-0000-002E-

E32C-B). We evolved E. coli and B. subtilis wild type derivatives under two selective conditions on solid 

medium plates (see Figure 34). For E. coli we were not able to isolate suppressors, as evolution at 2 

mM PL concentration resulted in a bacterial lawn and at 4 mM the cell did not grow at all. However, 

for B. subtilis we isolated two suppressor mutants on the 4 mM plate, which showed an improved 

growth behavior compared to the parental strain and sequenced their genomes. The first suppressor 

harbored only one mutation in the arsR gene, truncating the protein by 58 aa and substituting the last 

33 C-terminal aa. Thus, the ArsR regulator is likely to have lost its functionality. ArsR is a repressor of 

an operon which contains the yqcK gene of unknown function, the arsB arsenate exporter gene and 

the arsC arsenate reductase gene (see Table 18). YqcK shares a 64.7% identity with FosB from Bacillus 

licheniformis, which is a metallothiol transferase involved in fosfomycin resistance (Zhu & Stülke, 2018). 

Interestingly, a relation between vitamin B6 production in a heterologous pathway and the presence 

of the LMW thiol bacillithiol could be identified (J. Rosenberg et al., 2018). As FosB requires bacillithiol 

as a thiol donor to confer fosfomycin resistance, more and more clues come up indicating that the 

LMW thiol and vitamin B6 are related. Anyways, a relation of yqcK and PLP detoxification needs to be 

confirmed experimentally. In addition, ArsB is an exporter of arsenate. As arsenate and PL do not share 

structural similarities, it is unlikely that PL is exported by ArsB. The last enzyme in the operon is ArsC, 

which catalyzes the reduction of arsenate to arsenite. 

http://hdl.handle.net/11858/00-1735-0000-002E-E32C-B
http://hdl.handle.net/11858/00-1735-0000-002E-E32C-B
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Enzymes using phosphoric monoesters as prosthetic groups can also use the unphosphorylated 

derivatives when arsenate is present (Lagunas & Solis, 1968). In contrast to phosphate, arsenate 

spontaneously form esters, as the central atom offers better access to a fifth ligand. It could be shown 

that arsenate and pyridoxal together form pyridoxal-arsenate and can be used by aspartate 

aminotransferase instead of PLP (Ali & Dixon, 1992). Since PL levels are high and enzymes can use PL 

in presence of arsenate, enzyme activity is independent on phosphorylation of PL. Furthermore, 

arsenate and PL form a covalent bound and thereby produce a similar structural property as in PLP. 

Thus, it should also have the same reactivity and toxicity. The deletion of ArsR results in higher 

expression of the arsenate detoxification system, removing arsenate from the cells. Although this 

would lower the arsenate levels in the cells and prevent unintended reactions of PL-arsenate, the 

cellular amounts of arsenate should be rather low. It is not supplemented in the growth medium and 

should not be present in the water used for the medium as it was deionized before. 

The second suppressor harbored mutations regarding the yqeT and the mutS2 gene, coding for a 

putative ribosomal protein methyltransferase and a putative DNA repair protein, respectively. In 

addition, a SNP was present in the putative -35 region of an operon coding for yqxD, dnaG and sigA 

and thus probably deregulating the operon. The function of yqxD is unknown and dnaG codes for the 

DNA primase. The sigma factor A is also deregulated. As it controls the expression of over 1000 genes, 

this makes an assumption about the detoxification mechanism impossible. In former studies biotin and 

CAA could be identified as a detoxifying agent, when the cells are exposed to high amounts of PL 

(http://hdl.handle.net/11858/00-1735-0000-002E-E32C-B). 

To find out more about the transport of vitamin B6, more experiments need to be done. To find new 

candidate genes, further bioinformatical studies could help, which for example could consider 

comparison to genome reduced strains as M. pneumoniae or the synthetic organism Syn3A. These 

organisms do not possess a vitamin B6 synthesis system and need to take up vitamin B6 from the 

surrounding. Comparing known transporter proteins of these organism with the B. subtilis transporters, 

could identify new candidates for vitamin B6 uptake. On the contrary, for M. pneumoniae only two 

proteins are annotated as PLP-dependent according to UniProt, the serine hydroxymethyltransferase 

GlyA and the cysteine sulfinate desulfinase CsdA. The functions of these proteins are predicted based 

on homology to homologous proteins and it is not confirmed experimentally. Since M. pneumoniae is 

a pathogen and draws its nutrients from the surrounding rather than producing them, it could be that 

these proteins function without PLP and PLP-dependent proteins do not exist or that the PLP-

dependent reaction of the proteins is not relevant und import of PLP is not necessary anymore. Most 

reactions catalyzed by PLP belong to the amino acid biosynthesis or other metabolic processes (Richts 

et al., 2019). As these are not needed in the pathogen, the dependency of PLP is highly reduced. Thus  



Discussion 

__________ 

- 121 - 

 To find out more about the shuttling of PLP to the target proteins, we crosslinked PdxST in vivo 

to find possible interaction partners (See Figure 31). Although prominent bands occurred in the SDS 

PAGE of the elution samples, only weak signals were detected in the MS screen for AhpA and AcpA. 

For AcpA no interaction could be observed and AhpA only showed a weak interaction for the C-

terminally tagged sample and only if PdxS and PdxT were present. The PdxST complex also showed 

slight interaction with the Zip control, indicating an unspecific interaction. Thus, the interaction of 

AhpA and PdxST needs to be proven by different experiments. AhpA is an alkyl hydroperoxide 

reductase and acts in protection against peroxide stress. Interestingly, it possesses a thioredoxin 

domain.  

 Although we could not identify direct interaction partners of the PdxST complex, shuttling 

mechanisms of PLP to the targets are probably present in B. subtilis. It was thought that produced 

vitamin B6 is bound at the PdxST through in Schiff base and is thereby in a steady-state. When a PLP-

dependent protein is in close proximity, PLP leaves the PdxST complex and interacts with the PLP-

dependent protein (Fitzpatrick et al., 2010). This could be for example shown for the aspartate 

aminotransferase AspB and such carrier proteins could explain the low intracellular PLP concentrations 

(Fu et al., 2001; Moccand et al., 2011). A similar mechanism was confirmed for E. coli. In PdxH and PdxK 

synthesized PLP is bound and carried to the apoenzymes (Barile et al., 2019; Ghatge et al., 2012, 2016). 

Furthermore, Yggs was identified as a PLP binding protein without enzymatic activity and it was 

suggested that it is a PLP carrier protein, involved in the control of the B6 salvage (Ito et al., 2013, 

2020). Moreover, of the approximately 188,000 vitamin B6 molecules in E. coli PNP and PMP together 

have an amount of 51% and PLP of 42%. Furthermore, 60% of the PLP is estimated to be bound by 

proteins (Fu et al., 2001). This indicates that the amount free PLP is kept low in the cells to prevent 

toxic reactions. Since the DXP-dependent pathway is catalyzed by multiple enzymes, the pathway can 

be regulated at several steps during synthesis of PLP to prevent further toxic accumulation of vitamin 

B6 (Tramonti et al., 2021). The synthesis of PLP via PdxST is not controlled on gene level (Belitsky, 2014) 

and thus it is likely that the synthesis of PLP is controlled by feed-back inhibition. The fact, that PLP can 

be hold by the complex until it is needed by PLP-dependent enzymes, supports this hypothesis but 

detailed enzyme kinetics still remain to be determined. Moreover, the slower synthesis speed of the 

PdxST complex, compared to the DXP-dependent pathway could be another possibility to overcome 

toxic PLP accumulation without the need of regulation. 
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 MiniBacillus 

The MiniBacillus project aims at creating a minimal B. subtilis strain, which only contains genes with 

assigned and necessary functions (Reuß et al., 2016). On the one hand, this project sheds light on the 

question: “what is the requirement for life?” but on the other hand a genome-reduced organism is 

constructed, which can be the starting point for novel biotechnological production pathways (Van 

Tilburg et al., 2020). In former studies a genome reduction of 40.51% was achieved in the PG39 strain 

(http://hdl.handle.net/11858/00-1735-0000-002E-E5F8-F). All of our attempts to further reduce the 

genome of the PG39 strain were not successful and we reached another dead end in the deletion 

progress. Thus, we decided evolve the reduced strain to enhance its general fitness in the cultivation 

medium. We conducted the evolutionary approach for the PG10 strain (34.6% reduction) and the PG39 

strain and were able to isolate mutants with enhanced growth ability after six weeks of cultivation (see 

Figure 35). Genome sequencing revealed, that the PG10 strain contained 25 mutations compared to 

the parental strain, which can be assigned to different cellular processes, as lifestyle formation, 

information processing or carbon- and nitrogen metabolism. This indicates, that a genome-reduced 

strain can be optimized by evolution and further improved. Interestingly, the PG10 strain harbored a 

mutation in the promoter of the mhqNOP operon, which was shown to be highly upregulated in PG10 

due to a deletion of its regulator MhqR (Reuß et al., 2017). The mutation led to a downregulation of 

the promoter. This confirms the design of further deletion strains because the operon was deleted in 

a following strain as it did not fulfill a relevant function and the high expression resulted in a waste of 

energy (Reuß et al., 2017). In contrast to PG10, PG39 carried only mutations in four genes, spoIIE, cysE, 

desK and yuxN (see Table 19). When comparing the growth of the parental strain with the evolved 

strain, the latter produced more biomass and maintained its biomass in the stationary phase in 

contrast to the parental strain (see Figure 35). As YuxN controls Spx stability, the truncation of YuxN 

probably alters the availability of Spx. Spx is a regulator involved in the oxidative stress response (see 

above). Thus, this could be an indication that the PG39 strains suffers from oxidative stress. Moreover, 

a tandem repeat was found in the cysteine biosynthesis gene cysE. A similar mechanism was identified 

in the glutamate dehydrogenase GudB (B R Belitsky & Sonenshein, 1998; Gunka & Commichau, 2012). 

Under normal growth conditions the main glutamate dehydrogenase is RocG active and GudB is 

inactive due to a tandem repeat in the gudB gene. When rocG is deleted, the gudB gene is decryptified 

and the active glutamate dehydrogenase GudB can fully replace RocG. Thus, the insertion of the 

tandem repeat in cysE could be a cryptification mechanism to either inhibit or promote its activity. 

CysE takes part in cysteine synthesis. As cysteine is an important LMW thiol, this again suggests an 

adaptation to oxidative stress. In the future it might be interesting to test the evolved PG39 strain for 

genetic competence. If the strain regained the ability to take up DNA, it could be used for proceeding 

http://hdl.handle.net/11858/00-1735-0000-002E-E5F8-F
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with the deletion process. Otherwise, an earlier strain could be used to generate a new linage in the 

deletion tree of MiniBacillus. 
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 Appendix 

 Materials 

Enzymes  

Enzymes Supplier 
Dig Mix ThermoFischer 
DNase I Roche Diagnostics, Mannheim 
FastAPTM  ThermoFisher, Waltham 
Lysozyme Merck, Darmstadt 
FusionTM DNA Polymerase Biozym, Hessisch-Oldendorf 
Restriction endonucleases ThermoFischer, Waltham 
RNase A Roche Diagnostics, Mannheim 
T4-DNA ligase Roche Diagnostics, Mannheim 
Taq DNA polymerase ThermoFischer, Waltham 

 

Equipment 

Device Manufacturer 

Biofuge fresco Heraeus Christ, Osterode 
Blotting device VacuGeneTMXI  Amersham, Freiburg 
ChemoCam imager Intas, Göttingen 
Cuvettes (microliter, plastic) Sarstedt, 
Electronic scale Sartorius universal  Sartorius, Göttingen 
French pressure cell G. Heinemann 
Fiberlite F9 / F40 rotors ThermoFisher, Bonn 
GelDocTM XR+ Bio-Rad, München 
Gel electrophoresis device Waasetec, Göttingen 
Heating block Dri Block DB3  Waasetec, Göttingen 
Heraeus Pico 21 ThermoFisher, Bonn 
Hydro tech vacuum pump  Bio‐Rad, Munich 
Incubator Innova R44 New Brunswick, Neu‐Isenburg, 
Incubator shaker Innova 2300 New Brunswick, Neu-Isenburg 
LabCycler  LabCycler SensorQuest, Göttingen  
Magnetic stirrer JAK Werk, Staufen 
Microplate reader SynergyMx Mini-Protean BioTek, Bad Friedrichshall 
Mikroprozessor pH‐Meter 766 Calimatic  Knick, Berlin 
Mini‐Protean III System  Bio‐Rad, Munich 
Nanodrop ND‐1000 ThermoFisher, Bonn 
Nitrocellulose membrane Bio-Rad, München 
Open air shaker Innova 2300 New Brunswick, Neu‐Isenburg 
Polyvinylidendifluoride membrane (PVDF) Bio-Rad, München 
Refrigerated centrifuge PrimoR Heraeus Christ, Osterode 
Scale Sartorius universal Sartorius, Göttingen 
SDS-PAGE glass plates Bio-Rad 
Southern blotting device VacuGeneTM XL (GE Healthcare) 
Special accuracy weighing machine Sartorius, Göttingen 
Spectral photometer Ultraspec 2000 Amersham, Freiburg 
Steam autoclave Zirbus, Bad Grund 
Stereo Lumar V12 stereo microscope Carl Zeiss, Göttingen 
Sterile bench Hera Safe ThermoFisher, Bonn 
Thermocycler Biometra, Göttingen 
TS Sorvall WX utraseries centrifuge / RC 6+ Beckmann Coulter, Krefeld 
Ultra centrifuge, Sorvall Ultra Pro 80 ThermoFisher, Bonn 
UV Transilluminator 2000  Bio-Rad Laboratories GmbH, München 
Vortex Bender and Hobein, Bruchsal 
Water desalination plant Millipore, Schwalbach 
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Commercial systems 

System Supplier 
NucleoSpin Plasmid-Kit Macherey-Nagel, Düren 
PageRulerTM Plus Prestained Protein Ladder ThermoFisher, Waltham 
peqGOLD Bacterial DNA Kit PEQLAB, Erlangen 
PCR Purification Kit Quiagen,  

 

Chemicals 

Chemical Supplier 
Blocking reagent Roche 
HDGreenTM Plus DNA Stain Intas, Göttingen 
  
  

 

Bacterial strains 

Strains constructed in this work 

Name Genotype Construction1 

BP1100 trp+ ∆pdxST::tet BV604 -> SP1 

BP1101 trp+ ∆ytoQ::aphA3  BKK29850 -> SP1 

BP1102 
trp+ ∆pdxST::tet amyE::(pdxJ-aad9) aprE::(pdxH) 
∆ytoQ::aphA3 

BKK29850 -> BP1017 

BP1103 
trp+ ∆pdxST::tet amyE::(pdxJ-aad9) aprE::(pdxH) 
∆bshC::cat ∆ytoQ::aphA3  

BKK29850 -> BP978 

BP1104 trp+ ∆bshC::cat ∆ytoQ::aphA3 BKK29850 -> BP977 

BP1105 trp+ ∆pdxT::cat 
LFH [(BR77 + BR83; BR82 + BR83; cat-fwd(kan) + cat-
rev(kan)] -> SP1 

BP1106 trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3  pGP168 -> BP1105 

BP1107 trp+ ∆pdxST::tet amyE::(pdxST-strep-aphA3)  pBP773 -> BP1100 

BP1108 evolved PG10 strain 6 weeks of daily passages of PG10 in LB-Glc 

BP1109 evolved PG39 strain 1 week of daily passages of PG39 in LB-Glc 

BP1110 evolved PG39 strain 2 weeks of passages of PG39 in LB-Glc 

BP1111 trpC2 amyE::PmhqN
-T139C-lacZ apha3 pBP760 -> 168 

BP1112 trpC2 amyE::PmhqN
wt-lacZ apha3 pBP761 -> 168 

BP1113 PG10 background amyE::PmhqN
-T139C-lacZ apha3 pBP760 -> PG10 

BP1114 PG10 background amyE::PmhqN
WT-lacZ apha3 pBP761 -> PG10 

BP1115 
trp+ ∆pdxT::cat; ~12x amplification of a 15 kb region 
including pdxS, other mutations present 

BP1105; S1; cultivation of BP1105 on MSSM plates 
with 1.3mM Q and 10 mM NH4 

BP1116 
trp+ ∆pdxT::cat; ~3x amplification of a 15 kb region 
including pdxS.  

BP1105; S4; cultivation of BP1105 on MSSM plates 
with 1.3mM Q and 10 mM NH4 

BP1117 trp+ ∆pdxT::cat; truncation: pgpHC574A
  

BP1105; S14; cultivation of BP1105 on MSSM plates 
with 1.3mM Q and 20 mM NH4 

BP1118 BP1115 background ; PnrgA-lacZ aphA3 pGP168 -> BP1115 

BP1119 BP1116 background PnrgA-lacZ aphA3 pGP168 -> BP1116 

BP1120 BP1117 background PnrgA-lacZ aphA3 pGP168 -> BP1117 

BP1121 trp+ amyE::(PgracaroE cat) pBP763 -> SP1 

BP1122 
trp+ aroE::aad9 (pBQ200::aroE1256trunc ermC). mutation 
in aroE1256G to restores WT aroE length.  

BP239 cultivation on CS-Glc plate with Phe, Tyr 
gradient Suppressor 7 

BP1123 
trp+ aroE::aad9 (pBQ200::aroE1256-trunc ermC). 
mutation in aroE1256G restores WT aroE length. 

BP239 cultivation on CS-Glc plate with Phe, Tyr 
gradient Suppressor 12 

BP1124 trp+ PnrgA-lacZ aphA3 pGP168 -> SP1 

BP1125 trp+∆pdxS::cat 
LFH [BR103 + BR104, BR105 + BR106, cat-fwd(kan) + 
cat-rev(kan)] -> SP1 

BP1126 trp+∆pgpH::ermC GP2034 -> SP1 

BP1127 trp+ ∆pgpH::ermC pdxT::cat GP2034 -> BP1105 

file:///C:/Users/richts1/AppData/Roaming/Microsoft/Minibacillus/Evolution/Whole%20genome%20PG10C%20evolved.xlsx
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BP1128 trp+∆pgpH::ermC pdxT::cat PnrgA-lacZ apha3 GP2034 -> BP1106 

BP1129 
trp+ ∆pdxT::cat serS-ermC-gfP 

LFH [BR121 + BR122, BR123 + BR124, mls-rev(kan) + 
SW41 gDNA1966] -> BP1105 

BP1130 
trp+ serS-ermC-gfP 

LFH [BR121 + BR122, BR123 + BR124, mls-rev(kan) + 
SW41 gDNA1966] -> SP1 

BP1131 trp+ amyE::(pdxST-strep-aphA3)  pBP773 -> SP1 

BP1132 trp+ ∆aroA::ermC 
LFH [BR126 + BR127, BR129 + BR130, mls-fwd(kan) + 
ml-rev(kan)]-> SP1 

BP1133 trp+ ∆aroB::ermC 
LFH [BR133 + BR134, BR135 + BR136, mls-fwd(kan) + 
ml-rev_o.T.(kan)]-> SP1 

BP1134 trp+ ∆aroC:ermC 
LFH [BR139 + BR140, BR141 + BR142, mls-fwd(kan) + 
ml-rev(kan)] -> SP1 

BP1135 trp+ ∆aroD::ermC 
LFH [BR145 + BR146, BR147 + BR148, mls-fwd(kan) + 
ml-rev_o.T.(kan)]-> SP1 

BP1136 trpC2 ∆aroA::ermC 
LFH [BR126 + BR127, BR129 + BR130, mls-fwd(kan) + 
ml-rev(kan)]-> 168 

BP1137 trpC2 ∆aroB::ermC 
LFH [BR133 + BR134, BR135 + BR136, mls-fwd(kan) + 
ml-rev_o.T.(kan)]-> 168 

BP1138 trpC2 ∆aroC::ermC 
LFH [BR139 + BR140, BR141 + BR142, mls-fwd(kan) + 
ml-rev(kan)] -> 168 

BP1139 trpC2 ∆aroD::ermC 
LFH [BR145 + BR146, BR147 + BR148, mls-fwd(kan) + 
ml-rev_o.T.(kan)]-> 168 

BP1140 trp+ amyE::(PgracaroE cat) ∆aroE::aad9 pBP762 -> BP1121 

BP1141 BKE25660 suppressor 2 cultivation on SP-EL for several days 

BP1142 BKE25660 suppressor 1 cultivation on SP-EL for several days 

BP1143 BKE25660 suppressor 3 cultivation on SP-EL for several days 

BP1144 BKE25660 suppressor 4 cultivation on SP-EL for several days 

BP1145 trp+ amyE::PrpoE
WT-lacZ pBP777 -> SP1 

BP1146 trp+ amyE::PrpoE
G->A-lacZ pBP778 -> SP1 

BP1147 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 serS-ermC-gfP 
∆recA::aad9 gDNA GP2542 -> BP1182 

BP1148 BP1147 S1  
cultivation of BP1147 on MSSM 20mM NH4 1.3 mM 
Q 

BP1149 trpC+ Δ(ybxA-ybaE-ybaf)::cat 
LFH [BR227 + BR228, BR229 + 230, cat-fwd(kan) + cat-
rev(kan)]-> SP1 

BP1150 PG39 evolved for 6 weeks. Replicate A 6 weeks evolution in LB-Glc 

BP1151 PG39 evolved for 6 weeks. Replicate B 6 weeks evolution in LB-Glc 

BP1152 PG39 evolved for 6 weeks. Replicate C.  6 weeks evolution in LB-Glc 

BP1153 evolved PG10 1 week evolution in LB-Glc 

BP1154 evolved PG10 2 weeks evolution in LB-Glc 

BP1155 BP1105 Suppressor #2 
evolved BP1105; cultivation on MSSM 1.3mM Q; 10 
mM NH4 

BP1156 BP1105 Suppressor #3 
evolved BP1105; cultivation on MSSM 1.3mM Q; 10 
mM NH4 

BP1157 BP1105 Suppressor #5 
evolved BP1105; cultivation on MSSM 1.3mM Q; 10 
mM NH4 

BP1158 BP1105 Suppressor #6 
evolved BP1105; cultivation on MSSM 1.3mM Q; 10 
mM NH4 

BP1159 BP1105 Suppressor #7 
evolved BP1105; cultivation on MSSM 1.3mM Q; 10 
mM NH4 

BP1160 BP1105 Suppressor #8 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1161 BP1105 Suppressor #9 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1162 BP1105 Suppressor #10 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1163 BP1105 Suppressor #11 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1164 BP1105 Suppressor #12 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 
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BP1165 BP1105 Suppressor #13 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1166 BP1105 Suppressor #15 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1167 BP1105 Suppressor #16 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1168 BP1105 Suppressor #17 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1169 BP1105 Suppressor #19 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1170 BP1105 Suppressor #20 
evolved BP1105; cultivation on MSSM 1.3mM Q; 20 
mM NH4 

BP1171 
BP1106 Suppressor #1 Blue. Only sequenced by PCR: 
glnAG79A, C1016A 

evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1172 
BP1106 Suppressor #2 Blue tnrA280T other mutations 
present  

evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1173 
BP1106 Suppressor #3 Blue glnAC180A other mutations 
present  

evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1174 
BP1106 Suppressor #4 White rpoE82-T,T87A other 
mutations present  

evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1175 
BP1106 Suppressor #5 White pgpH508-C,T512G other 
mutations present  

evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1176 BP1106 Suppressor #6 White 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1177 BP1106 Suppressor #7 White 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1178 BP1106 Suppressor #8 White 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1179 evolved PG10 3 weeks of passages -> LB-Glc 

BP1180 evolved PG10 4 weeks of passages -> LB-Glc 

BP1181 evolved PG10 5 weeks of passages -> LB-Glc 

BP1182 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 serS-ermC-gfP 

LFH [BR121 + BR122, BR123 + BR124, mls-rev(kan) + 
SW41 gDNA1966] -> -> BP1106 

BP1183 trp+ ∆pdxST::tet amyE::PdacA-pdxS aphA3 pBP776 -> BP1100 

BP1184 BP1106 suppressor blue glnAG79A 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1185 BP1106 suppressor fladder phenotype 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1186 BP1106 suppressor fladder phenotype 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1187 BP1106 suppressor volcano phenotype 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1188 BP1106 suppressor volcano phenotype 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1189 BP1106 suppressor brown 
evolved BP1106; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1190 BP1182 suppressor with strong gfp signal 
evolved BP1182; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1191 BP1182 suppressor with strong gfp signal 
evolved BP1182; cultivation on MSSM 1.3mM Q 
20mM NH4 

BP1192 evolved BP1191 BP1191 evolved for 1 week -> MSSM 1.3 Q 20 NH4 

BP1193 evolved BP1191 BP1191 evolved for 1 week -> MSSM 1.3 Q 20 NH4 

BP1194 evolved BP1191 BP1191 evolved for 1 week -> MSSM 1.3 Q 20 NH4 

BP1195 BP1182 blue Suppressor #1 
evolved BP1182; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1196 trpC+ pdxS::cat amyE::PdacA-PdxS aphA3 pBP776 -> BP1125 

BP1197 BP1182 blue Suppressor #11 
evolved BP1182; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1198 trpC+ ΔpdxST::tet Δ(ybxA-ybaE-ybaf)::cat 
LFH [BR227 + BR228, BR229 + 230, cat-fwd(kan) + cat-
rev(kan)]-> BP1100 
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BP1199 BP1182 blue Suppressor #17 
evolved BP1182; cultivation on MSSM 1.3mM Q 
20mM NH4 X-Gal 

BP1200 evolved BP1191 BP1192 evolved for 1 week -> MSSM 1.3 Q 20 NH4 

BP1201 evolved BP1192 BP1193 evolved for 1 week -> MSSM 1.3 Q 20 NH4 

BP1202 evolved BP1192 BP1194 evolved for 1 week -> MSSM 1.3 Q 20 NH4 

BP1203 
BP1191 cultivated for 3 week in MSSM 1.3 Q 20 NH4. 
diluted 1:80 twice a day -> 24 dilutions. Replicate 1 BP1200 evolved for 1 week -> MSSM 1.3 Q 20 NH5 

BP1204 
BP1191 cultivated for 3 week in MSSM 1.3 Q 20 NH4. 
diluted 1:80 twice a day -> 24 dilutions. Replicate 2 BP1201 evolved for 1 week -> MSSM 1.3 Q 20 NH5 

BP1205 
BP1191 cultivated for 3 week in MSSM 1.3 Q 20 NH4. 
diluted 1:80 twice a day -> 24 dilutions. Replicate 3 BP1202 evolved for 1 week -> MSSM 1.3 Q 20 NH6 

BP1206 trpC+ amyE::(PdxR-PpdxS)lmo-lacZ aphA3 pBP781 -> SP1 

BP1207 trpC+ ∆pdxST::tet amyE::(PdxR-PpdxS)lmo-lacZ aphA3 pBP781 -> BP1100 

BP1208 trpC+ ∆pdxT::cat amyE::(PdxR-PpdxS)lmo.-lacZ aphA3 pBP781 -> BP1105 

BP1209 
trpC+ ΔpdxT::cat amyE::PnrgA-lacZ aphA3 glnAC79A,C1016A 

spec 

LFH [BR189 + BR189 gDNA BP1171, BR191 + BR192 
gDNA BP1171, spec-fwd(kan) +spec-rev(kan)] -> 
BP1106 

BP1210 trpC+ ΔpdxT::cat amyE::PnrgA-lacZ aphA3 glnAC180A spec 

LFH [BR189 + BR189 gDNA BP1173, BR191 + BR192 
gDNA BP1173, spec-fwd(kan) +spec-rev(kan)] -> 
BP1106 

BP1211 trpC+ ΔpdxT::cat amyE::PnrgA-lacZ aphA3 glnAC79A spec 

LFH [BR189 + BR189 gDNA BP1184, BR191 + BR192 
gDNA BP1184, spec-fwd(kan) +spec-rev(kan)] -> 
BP1106 

BP1212 trpC+ ΔpdxT::cat amyE::PnrgA-lacZ aphA3 tnrA280T spec 

LFH [AL22 + BR197 gDNA BP1172, BR198 + BR199 
gDNA BP1172, spec-fwd(kan) +spec-rev(kan)] -> 
BP1106 

BP1213 
trpC+ ∆pdxST::tet amyE::(PdxR-PpdxS)lmo-lacZ aphA3 
xkdE::(pdxS-ermC) pBP782 -> BP1207 

BP1214 
BP1191 cultivated for 1 week in MSSM 1.3 Q 20 NH4. 
Replikat 1   

BP1215 
BP1191 cultivated for 1 week in MSSM 1.3 Q 20 NH4. 
Replikat 2   

BP1216 
trpC+ xkde::(pdxR-PpdxS)Lmo-lacIEco phleo) 

LFH [BR256 + BR257, BR262 + BR263, gDNA L. 
monocytogenes, BR264 + BR265, pHT01, CZ126 + 
CZ127 pDG148, BR258 + BR259]-> SP1 

BP1217 trpC+ ∆pdxST::tet xkde::(pdxR-PpdxS)Lmo-lacIEco phleo) gDNA BP1216 -> BP1100 

BP1218 trpC+ ∆pdxT::cat xkde::(pdxR-PpdxS)Lmo-lacIEco phleo) gDNA BP1216 -> BP1105 

BP1219 trpC+ ∆pdxS::cat xkde::(pdxR-PpdxS)Lmo-lacIEco phleo) gDNA BP1216 -> BP1125 

BP1220 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 rpoE::aad9 

LFH [BR213 + BR214, BR215 + BR216, spec-fwd(kan) + 
spec-rev.(kan)] -> BP1106 

BP1221 trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 pgpH::tet PCR [JN188 + JN187, gDNA GP2033] -> BP1106 

BP1222 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 gdpP::aad9 

LFH [BR207 + BR208, BR209 + BR210, spec-fwd(kan) + 
JG67_o.T.(kan)] -> BP1106 

BP1223 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 pgpH::aad9 

LFH [JN185 + JN187, JN188 + JN186, spec-fwd(kan) + 
JG67_o.T.(kan)] -> BP1106 

BP1224 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 
xkdE::(PxylrpoE) ermC pBP793 -> BP1106 

BP1225 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 
xkdE::(PxylpgpH) ermC pBP794 -> BP1106 

BP1226 
trp+ ∆pdxT::cat amyE::PnrgA-lacZ aphA3 
xkdE:(PxylgdpP) ermC pBP795 -> BP1106 

BP1227 
trpC+ amyE::((Pgrac)Eco-lacZ aphA3) xkde::(pdxR-
PpdxS)Lmo-lacIEco phleo) pBP769 -> BP1216 

BP1228 
trpC+ ΔpdxST::tet amyE::((Pgrac)Eco-lacZ aphA3) 
xkde::(pdxR-PpdxS)Lmo-lacIEco phleo) pBP769 -> BP1217 

BP1229 
trpC+ ΔpdxT::cat amyE::((Pgrac)Eco-lacZ aphA3) 
xkde::(pdxR-PpdxS)Lmo-lacIEco phleo) pBP769 -> BP1218 

BP1230 
trp+ ytoQ-gfP ermC 

LFH [BR300 + BR301, BR302 + BR303, mls-fwd(kan) + 
mls-rev_o.T.(kan), BR306 + SW41] -> SP1 

BP1231 trp+ PahpA-lacZ kan pBP820 -> SP1 

BP1232 trp+ PahpA*-lacZ kan pBP821 -> SP1 
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BP1233 trp+ PykuT-lacZ kan pBP822 -> SP1 

BP1234 trp+ PykuT*-lacZ kan pBP823 -> SP1 

BP1235 trp+ pdxT::cat PahpA-lacZ kan pBP820 -> BP1105 

BP1236 trp+ pdxT::cat PahpA*-lacZ kan pBP821 -> BP1105 

BP1237 trp+ pdxT::cat PykuT-lacZ kan pBP822 -> BP1105 

BP1238 trp+ pdxT::cat PykuT*-lacZ kan pBP823 -> BP1105 

BP1239 trp+∆pdxS::cat amyE::(PdxR-PpdxS)lmo-lacZ aphA3 pBP781 -> BP1125 

BP1240 
trp+∆ytoP::phleo 

LFH [BR282 + BR283, BR284 + BR285, CZ126 + CZ127] 
->SP1 

BP1241 
trp+∆ytoQ::kan ∆ytoP::phleo 

LFH [BR282 + BR283, BR284 + BR285, CZ126 + CZ127] 
-> BP1101 

BP1242 trp+∆ytoQ::kan amyE::(PytoP-lacZ cat) pBP799 in BP1101 

BP1243 trp+ amyE::(PytoP-lacZ cat)  pBP799 in SP1 

BP1244 
trp+ ∆pdxST::tet amyE::(pdxJ-aad9) aprE::(pdxH) 
∆bshC::cat ∆ytoP::phleo  LFH in BP978 

BP1245 
trp+ ∆pdxST::tet amyE::(pdxJ-aad9) aprE::(pdxH) 
∆bshC::cat ∆ytoQ::aphA3 ∆ytoP::phleo LFH in BP1103 

BP1246 trp+ ∆pdxST::tet ∆bsh::cat ∆ytoQ::aphA3 gDNA BP1100 -> BP1104 

BP1250 trpC+ amyE::((Pgrac)Eco-lacZ aphA3)  pBP769 -> SP1 

BP1251 BP1207 Suppressor raised on C-Glc 4 mM PL #1(K1)   

BP1252 BP1207 Suppressor raised on C-Glc 4 mM PL #2(K7)   

BP1253 BP1207 Suppressor raised on C-Glc 4 mM PL #3(K10)   

BP1254 BP1207 Suppressor raised on C-Glc 4 mM PL #4(K11)   

BP1255 BP1207 Suppressor raised on C-Glc 4 mM PL #4(K17)   

BP1256 
trpC+ pbuX::cat 

LFH [BR309 + BR310, BR311 + BR312, cat-fwd(kan) + 
cat-rev(kan)] -> SP1 

BP1257 
trpC+ pucJK::cat 

LFH [BR315 + BR316, BR317 + BR318, cat-fwd(kan) + 
cat-rev_o.T.(kan)]-> SP1 

BP1258 
trpC+ pyrP::cat 

LFH [BR321 + BR322, BR323 + BR324, cat-fwd(kan) + 
cat-rev_o.T.(kan)] -> SP1 

BP1259 
trpC+ ywdJ:cat 

LFH [BR327 + BR377, BR 378 + BR330 cat-fwd(kan) + 
cat-rev_o.T.(kan)]-> SP1 

BP1260 
trpC+ yxlA:cat 

LFH [BR335 + BR336, BR337 + BR338, cat-fwd(kan) + 
cat-rev(kan)]-> SP1 

BP1261 
trpC+ pucI:cat 

LFH [BR340 + BR341, BR342 + BR343, cat-fwd(kan) + 
cat-rev_o.T.(kan)]-[> SP1 

BP1262 trpC+ yvcA-PmtlA-comKS-cat-hisI gDNA 2620 -> Sp1 

BP1263 
trpC+ ∆pdxST::tet amyE::(PdxR-PpdxS)lmo-lacZ aphA3 
yvcA-PmtlA-comKS-cat-hisI gDNA 2620 -> BP1207 

BP1264 yitU::kan   

BP1265 pdxT::tet   

BP1266 trpC+∆pdxST::tet pbuX::cat gDNA BP1256 -> BP1100 

BP1267 trpC+ ∆pdxST::tet pucJK::cat gDNA BP1257 -> BP1100 

BP1268 trpC+ ∆pdxST::tet pyrP::cat gDNA BP1258 -> BP1100 

BP1269 trpC+ ∆pdxST::tet ywdJ:cat gDNA BP1259 -> BP1100 

BP1270 trpC+ ∆pdxST::tet yxlA:cat gDNA BP1260 -> BP1100 

BP1271 trpC+ ∆pdxST::tet pucI:cat gDNA BP1261 -> BP1100 

BP1272 trpC+ cpgA::cat 
LFH [BR352 + BR353, BR354 + BR355, cat-fwd(kan) + 
cat-rev_o.T.(kan)] -> SP1 

BP1273 trpC+ serA::apha3 
LFH [AK235 + AK236, AK237 + AK238, kan-fwd + kan-
rev -> SP1 

BP1274 trpC+ serC::ermC 
LFH [BR358 + BR359, BR360 + BR361, mls-fwd(kan) + 
CZ86] -> SP1 

BP1275 trpC+ thrB::phleo 
LFH [BR364 + BR365, BR366 + BR367, CZ126 + CZ127] 
-> SP1 

BP1276 
trpC+ ∆pdxST:tet amyE::pdxJ aad9 aprE::pdxH ∆bshC( 
∆A464)P*ytoQ cpgA::cat 

LFH [BR352 + BR353, BR354 + BR355, cat-fwd(kan) + 
cat-rev_o.T.(kan)] ->BP1036 

BP1277 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC( 
∆A464)P*ytoQ serA::apha3 

LFH [AK235 + AK236, AK237 + AK238, kan-fwd + kan-
rev -> ->BP1036 

BP1278 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC( 
∆A464)P*ytoQ serC::ermC 

LFH [BR358 + BR359, BR360 + BR361, mls-fwd(kan) + 
CZ86] BP1036 
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BP1279 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC( 
∆A464)P*ytoQ ThrB::phleo 

LFH [BR364 + BR365, BR366 + BR367, CZ126 + CZ127] 
->BP1036 

BP1280 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH 
xkde::(pdxBEco phleo) 

LFH [BR256 + BR370, BR371 + BR372 gDNA W3110, 
CZ126 + CZ127, BR258 + BR259] -> BP965 

BP1281 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC 
xkde::(pdxBEco phleo) 

LFH [BR256 + BR370, BR371 + BR372 gDNA W3110, 
CZ126 + CZ127, BR258 + BR259 -> BP978 

BP1282 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH 
ganA::(pdxAEco kan) 

LFH [CZ228 + BR374, BR375 + BR376 gDNA W3110, 
kan-fwd + kan-rev, CZ230 + CZ231] -> BP965 

BP1283 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC 
ganA::(pdxAEco kan) 

LFH [CZ228 + BR374, BR375 + BR376 gDNA W3110, 
kan-fwd + kan-rev, CZ230 + CZ231] -> BP978 

BP1284 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH 
xkde::(pdxBEco phleo) ganA::(pdxAEco kan) 

BP1283 -> BP1281 

BP1285 
trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC 
xkde::(pdxBEco phleo) ganA::(pdxAEco kan) 

BR1282 -> BP1280 

1if not stated otherwise, gDNA of SP1 served as template for the PCR. Templates for the resistance genes can be seen in 

plasmid list below 

 

 

Other strains used for this study 

Name Genotype Reference 

B. subtilis   

168 trpC2 Laboratory collection 

SP1 trp+ Prototrophic derivative of strain 168 (Richts et al., 2020) 

BKE29850 trpC2 ytoQ::ermC (Koo et al., 2017) 

BP965 trp+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH (J. Rosenberg et al., 2018) 

BP977 trp+ ΔbshC::cat (Rosenberg PhD Thesis, 2019) 

BP978 trp+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC::cat (J. Rosenberg et al., 2018) 

BP1036 trpC+ ∆pdxST::tet amyE::pdxJ aad9 aprE::pdxH ∆bshC-A464 P*ytoQ  (J. Rosenberg et al., 2018) 

BV604 ΔpdxST::tet (Commichau et al., 2014) 

DK1042 Genetically competent derivative of strain NCIB3610 (Konkol et al., 2013) 

GP922 ΔymdB::cat (Diethmaier et al., 2011) 

GP1966 trpC2 ∆ynfC::(Palf4-gfp ermC) (Reuß et al., 2019) 

GP2542 trpC2 recA::aad9 (Reuß et al., 2019) 

GP2033 trpC2 ∆pgpH::tet (Gundlach, PhD thesis) 

GP2034 trpC2 ∆pgpH::ermC w/o terminator (Gundlach et al., 2015) 

GP3153 trpC2 ΔohrA::tet ΔohrB::aad9 (Blötz, PhD thesis) 

PG10 Genome reduced B. subtilis strain with about 36% genome reduction (Reuß et al., 2017) 

PG39 Genome reduced B. subtilis strain with about 40% genome reduction (Klewing PhD Thesis, 2019) 

E. coli   

DH5α recA1 endA1 gyrA96 thi hsdR17rK- mK+relA1 supE44 Φ80ΔlacZΔM15 
Δ(lacZYA-argF)U169 

Sambrook, Fritsch and 
Maniatis, (1989) 

XL1-Red F- endA1gyrA96(nalR) thi-1 relA1 lac glnV44hsdR17(rK
- mK

+) mutS mutT 
mutD5 Tn10 

Stratagene 

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac  

F ́ [proAB lacIqZ∆M15 Tn10(tetR amy cmR)] 

Stratagene 

 

BTH101 F-cya-99´araD139, galE15 galK16, rpsL1 (strR)hsdR2 mcrA1 mcrB1 EUROMEDEX 

BL21 (DE3) F–ompT gal dcm lon hsdSB(rB
- mB

-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 
nin5]) 

(Studier & Moffatt, 1986) 

BL21 
Rosetta 

F-ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE (CamR) NOVAGEN 

 

Oligonucleotides constructed in this study 

 

Name  e uence ( ’-> ’  Reference/ Purpose 

AK239 GGAGTCAGAAGTTGATGATTCTATTGCC Deletion of serA (laboratory collection) 
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AK235 CATGTTAAACGGCAGGATACCTGCG Deletion of serA (laboratory collection) 

AK236 
CCTATCACCTCAAATGGTTCGCTGGTCTGAGACCAAT
ACTCGAAACATCG 

Deletion of serA (laboratory collection) 

AK237 
CGAGCGCCTACGAGGAATTTGTATCGGTGTCTGTGAA
GCTCATTGATCTGCC 

Deletion of serA (laboratory collection) 

AK238 
GTGCCAGCTGCTCCAAATCCG 
 

Deletion of serA (laboratory collection) 

BR26 AAAGGATCCCAAAATGCGTAATTCCGATTCTGG 
Fwd primer for amplification of a 700 bp long left 
border to fadE for LFH PCR. Provides a BamHI 
restriction site for cloning into pGP1022 (pBP760) 

BR27 CGCAAGCTGACACGCG 
Rev primer for amplification of a 700 bp long left 
border of fadE for LFH PCR (pBP760) 

BR28 
TAGGCGTTACGCGTGTCAGCTTGCGTTAGCTTGAACT
GCTTTCTGTCTG 

Fwd primer for amplification of a 700 bp long right 
border of mrgA for LFH PCR, provides an overhang to 
the left border (pBP760) 

BR29 TTTGAATTCGGAAATCAGCGGCAAGAATGT 
Rev primer for amplification of a 700 bp long right 
border of mrgA for LFH PCR, provides an EcoRI 
restriction site for cloning into pGP1022  

BR30 GTTTTAACGGATTCAACACTGCC Fwd check primer for pBP760 

BR31 TTGAAGGCGCGAACAAGC Rev check primer for pBP760 

BR32 AAAGGATCCTCTGATTCCGCAACTGCCA 
Fwd Primer for amplification of a 700 bp long left 
border to yflD for LFH PCR. provides a BamHI 
restriction site for cloning into pGP1022 (pBP761) 

BR33 CCTTTATTTCTAGAAAGATACCTTGTTTTACAT 
Rev Prime for amplification of a 700 bp long left 
border to yflD for LFH PCR (pBP761) 

BR34 
CAAGGTATCTTTCTAGAAATAAAGG 
GGGACGGGGAGCCAGTG 

Fwd Primer for amplification of a 700 bp long right 
border to yfhE for LFH PCR. provides an overhang to 
the left flank. (pBP761) 

BR35 TTTCTCGAGGGCCAGCATCTGACAGGC 
Rev Primer for amplification of a 700 bp long right 
border to yfhE for LFH PCR. provides a XhoI 
restriction site for cloning into pGP1022 (pBP761) 

BR36 CGCTGGAATCGGCAAGC Fwd check primer for pBP761 deletion 

BR37 CGCGTTTTCTTTTATTACAATGAGGT Rev check primer for pBP761 deletion 

BR38 AAAGGATCCAATCCCCCCAGAAACCGC 
Fwd for amplification of a 700 bp long left border to 
ywnJ for LFH PCR. provides a BamHI restriction site 
for cloning into pGP1022 (pBP762) 

BR39 TTAGAAATTTTGATCGGTTGGTTTTTTCG 
Rev primer for amplification of a 700 bp long left 
border to ywnJ for LFH PCR (pBP762) 

BR40 
AAAACCAACCGATCAAAATTTCTAAGACATACTGATT
TTCAAGTAAGTTTATGCA 

Fwd primer for amplification of a 700 bp long right 
border to spoIID for LFH PCR. provides an overhang 
to the left flank. (pBP762) 

BR41 TTTCTCGAGCACCGGCACCATCAAAATTG 
Rev primer for amplification of a 700 bp long right 
border to spoIID for LFH PCR. provides a XhoI 
restriction site for cloning into pGP1022 (pBP762) 

BR42 ATTTGTCTATGAAATCAGCAATACGATCA Fwd check primer for pBP762 deletion 

BR43 CTCTAGCTGAAGGAACAACAACG Rev check primer for pBP762 deletion 

BR44 CATTTATTACTCCACAGTAACACTCTTCGC 
Rev primer for amplification of a 700 bp long left 
border to ycbL for LFH PCR (pBP763) 

BR45 
GAGTGTTACTGTGGAGTAATAAATGGAGAGCAGGGT
CTATCTTCTGGA 

Fwd primer for amplification of a 700 bp long right 
border to ycdG for LFH PCR. provides an overhang to 
the left flank. (pBP763) 

BR46 AAACTCGAGGCTTCACGATTTGAGCCGTAA 
Rev primer for amplification of a 700 bp long right 
border to ycdG for LFH PCR. provides an XhoI 
restriction site for cloning into pGP1022 (pBP763) 

BR47 GCTTTTTTTGCGGTTGTACGAT Rev check primer for pBP763 deletion 

BR48 AAAGGATCCAGTATTCTGCGTTCGACCTGG 
Fwd primer for amplification of a 700 bp long left 
border to sda for LFH PCR. provides a BamHI 
restriction site for cloning into pGP1022 (pBP764) 

BR49 CAATCGTTCTGTTATCCACACCAA 
Rev primer for amplification of a 700 bp long left 
border to sda for LFH PCR (pBP764) 
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BR50 
TTTGGTGTGGATAACAGAACGATTGTTATGAAATTTT
CACAATTTTCACGAGCA 

Fwd primer for amplification of a 700 bp long right 
border to pbpl for LFH PCR. provides an overhang to 
the left flank. (pBP764) 

BR51 TTTCTCGAGGCAGGAAGGGAATGTGCGA 
Rev primer for amplification of a 700 bp long right 
border to pbpl for LFH PCR. provides a XhoI 
restriction site for cloning into pGP1022 (pBP764) 

BR52 CCTGTTTTGTCCTCGGTTTGG Fwd check Primer for pBP764 deletion 

BR53 AACGCGATTTTGTAATACCATAGCA Rev check primer for pBP764 deletion 

BR54 AAAGGATCCCAAAAAACCCTTTCCCCATGAGAA 
Fwd primer for amplification of a 700 bp long left 
border to spoIIM for LFH PCR. provides a BamHI 
restriction site for cloning into pGP1022 (pBP765) 

BR55 TGCTGGTCATTCTGTTTTTAGCG 
Rev primer for amplification of a 700 bp long left 
border to spoIIM for LFH PCR (pBP765) 

BR56 
AGCGCTAAAAACAGAATGACCAGCATCAGCCTCGCG
GGAC 

Fwd primer for amplification of a 700 bp long right 
border to yqjT for LFH PCR. provides an overhang to 
the left flank. (pBP765) 

BR57 TTTCTCGAGGCTTCTGGGGAGCCGTTC 
Rev primer for amplification of a 700 bp long right 
border to yqjT for LFH PCR. provides a XhoI 
restriction site for cloning into pGP1022 (pBP765) 

BR58 ATCTTCCCATGTCCTAATCGATCC Fwd check primer for pBP765 deletion 

BR59 GGGGAAGCCACACAGCAT Rev check primer for pBP765 deletion 

BR60 AAAGGATCCCCATACAAACGCGATGGCTAAAG 
Fwd primer for amplification of a 700 bp long left 
border to slp for LFH PCR. provides a BamHI 
restriction site for cloning into pGP1022 (pBP766) 

BR61 TTATTTTACGATGTGAATCGGACTTCC 
Rev primer for amplification of a 700 bp long left 
border to slp for LFH PCR (pBP766) 

BR62 
AAGTCCGATTCACATCGTAAAATAATCGGGATCGGCA
TATTCGG 

Fwd primer for amplification of a 700 bp long right 
border to ylaM for LFH PCR. provides an overhang to 
the left flank. (pBP766) 

BR63 TTTCTCGAGAACATAACATCCTCTTCCCTGCTT 
Rev primer for amplification of a 700 bp long right 
border to ylaM for LFH PCR. provides a XhoI 
restriction site for cloning into pGP1022 (pBP766) 

BR64 CGTATGCTAACTTCGGTACTGAAC Fwd check primer for pBP766 deletion 

BR65 CGGGAGACAGCCGTAATCAT Rev check primer for pBP766 deletion 

BR66 AAAGGATCCCGAACCGTTTTCCGCTCTG 
Fwd primer for amplification of a 700 bp long left 
border to yqjF for LFH PCR. provides a BamHI 
restriction site for cloning into pGP1022 (pBP767) 

BR67 GCTTTTTTATTTCACCGACTCAGTAAGA 
Rev primer for amplification of a 700 bp long left 
border to yqjF for LFH PCR (pBP767) 

BR68 
TACTGAGTCGGTGAAATAAAAAAGCTTACCCAGTTGT
TTTGACTTGATCC 

Fwd primer for amplification of a 700 bp long right 
border to spo0A for LFH PCR. provides an overhang 
to the left flank. (pBP767) 

BR69 TTTCTCGAGGACAGCCACCTTCAAAGCTTG 
Rev primer for amplification of a 700 bp long right 
border to spo0A for LFH PCR. provides a XhoI 
restriction site for cloning into pGP1022 (pBP767) 

BR70 TCTTTTTGATCGTATTATGCTCGGG Fwd check primer for pBP767 deletion 

BR71 CGCGACTTAATGAAATCAAACAGC Rev check primer for pBP767 deletion 

BR72 AAAGGATCCATGGAGTTTATCGTCTATTTAGCAGGA 
Fwd primer for amplification of ytoQ. Provides a 
BamHI restriction site for cloning into pGP380 
(pBP770) / pGP382 (pBP771) 

BR73 
TTTAAGCTTTTATTCTGTTTCAAATAGATAGGAAAGG
GC 

Rev primer for amplification of ytoQ. Provides a 
HindIII restriction site for cloning into pGP380 
(pBP770) 

BR74 TTTAAGCTTTTCTGTTTCAAATAGATAGGAAAGGGC 

Rev primer for amplification of ytoQ. Provides a 
HindIII restriction site for cloning into pGP382 
(pBP771). PCR product without terminator for 
correct Strep-Tag fusion 

BR75 GGGCTCTTTCGCGTAATATACTGA Fwd check primer for pdxST deletion 

BR76 CACCAACCATCGGCTCTCTTAG Rev check primer for pdxST deletion 
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BR77 
TTTGTCGACATTAGGGGGACCAAGAAATGGCTCAAA
C 

Fwd primer for pdxS(T) amplification. Includes the 
native RBS and SalI restriction site for cloning into 
pGP382. 

BR78 AAACTGCAGTACAAGTGCCTTTTGCTTATATTCCTC 
Rev primer for pdx(S)T amplification (w/o 
terminator). Includes a restriction site for PstI 

BR79 
TTTGGATCCCTTGTCAAGTGAAGGCGCGCTATGCTAC
AATACAGCTTGGTTTAAAGGAGGAAACAATCATGGCT
CAAACAGGTACTGAACG 

Fwd primer for pdxS(T) amplification. Incudes 
constitutive Palf4 promoter + gapA SD. Contains a 
restriction site for cloning (Pac7) 

BR80 
AAAGGATCCATGATTGTTTCCTCCTTTATTTTTCGAAC
TGCGGGTGGCTCCATACAAGTGCCTTTTGCTTATATTC
CTC 

Rev primer for pdx(S)T amplification with Strep-Tag, 
stop, SD and start codon for lacZ expression to find 
positive clones. Contains BamHI restriction site for 
PAC7 

BR81 
CCTATCACCTCAAATGGTTCGCTGTTACCAGCCGCGTT
CTTGC 

Rev primer for amplification of a 1000 bp up 
fragment (pdxT) for LFH PCR (with BR77). Has an 
kan-flag  

BR82 
CCGAGCGCCTACGAGGAATTTGTATCGAACAGTTGAA
AGCTGTGGAAACT 

Fwd primer for amplification of a 1000 bp down 
fragment (pdxT) for LFH PCR. Has an kan-flag 

BR83 ATTTAGGAAGCTGCCCCGTT 
Rev primer for amplification of a 1000 bp down 
fragment (pdxT) for LFH PCR. (with BR82) 

BR84 CCTGCTGTAATAATGGGTAGAAGGT 

Fwd check primer for pAC7 utilization where 
Promoter + goi are fused to a Strep tag by fwd and 
Rev primer and an additional RBS is added after 
STOP to amplify lacZ. Primer binds ~80 bp before the 
MCS. 

BR85 GGGGGATGTGCTGCAAGG 

Rev check primer for pAC7 utilization where 
promoter + goi are fused to a Strep Tag by fwd and 
rev primers and an additional RBS is added after 
STOP to amplify lacZ. Primer binds ~80 bp after start 
of lacZ gene. 

BR86 TTTGGATCCATGGCTCAAACAGGTACTGAACG 
Fwd primer for pdxS(T) amplification. Includes 
BamHI restriction site for cloning 

BR87 
AAAGAGCTCTTATACAAGTGCCTTTTGCTTATATTCCT
C 

Rev primer for pdx(S)T amplification. Includes SacI 
restriction site for cloning 

BR88 AAAGAGCTCATGGCTCAAACAGGTACTGAACG 
Fwd primer for pdxS(T) amplification. Includes SacI 
restriction site for cloning into pGP574 

BR89 TTTGGATCCTACAAGTGCCTTTTGCTTATATTCCTC 
Rev primer for pdx(S)T amplification. Includes BamHI 
restriction site for cloning into pGP574 

BR90 TTTCCCGGGCATACCAATTCAATTTCGAGTGGGTC 
Fwd primer for amplification of mhqN UTR for 
cloning into pAC7. Harbors a XmaI restriction site for 
cloning into pAC7 

BR91 AAAGGATCCCCCATTACGCTACACTCCCTTTTATCTC 
Rev Primer for amplification of mhqN UTR+ATG for 
cloning into pAC7. Has a BamHI restriction site with 
"CC"-Spacer to keep the frame. 

BR92 AAAGGATCCATGAAACGAGATAAGGTGCAGAC 
Fwd primer for amplification of aroE in B. subtilis for 
cloning into pGP3273. Harbors a BamHI restriction 
site 

BR93 
TTTGAATTCTCAGGATTTTTTCGAAAGCTTATTTAAAT
G 

Rev primer for amplification of aroE in B. subtilis for 
cloning into pGP3273. Harbors a EcoRI restriction 
site 

BR94 GCGGTAGCGGCATTAAAATTAGG 
Fwd primer for amplification of a 1000bp upstream 
region of aroE for LFH PCR (kan-cassette) 

BR95 
CCTATCACCTCAAATGGTTCGCTGTTTTTCCACCTCAA
TCAGCATAAAAAG 

Rev primer for amplification of a 1000bp upstream 
region of aroE for LFH PCR. Has an overhang to the 
kan resistance cassette. 

BR96 
CCGAGCGCCTACGAGGAATTTGTATCGAGTTTTACTT
CAGGATTTTTTATGCAGATC 

Fwd primer for amplification of a 1000bp 
downstream region of aroE for LFH PCR (kan-
cassette). Has an overhang to the kan resistance 
cassette. 

BR97 TTTCACAAGCCCCGCCTG 
Rev primer for amplification of a 1000bp 
downstream region of aroE for LFH PCR. 
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BR98 AAACCCGGGAAAGACCTTTCCTGCCATTAAGATC 
Fwd primer for amplification of mhqN UTR for 
cloning into pAC7. Harbors a XmaI restriction site for 
cloning into pAC7. (Longer Fragment than BR90) 

BR99 AAAGGATCCATTACGCTACACTCCCTTTTATCTC 
Rev primer for amplification of mhqN UTR+ATG 
(from restriction site) for cloning into pAC7. Has a 
BamHI restriction site 

BR100 
AAAGGATCCCCCATCTCATTGAGATCTTCTTTTGTGAT
TG 

Rev primer for amplification of mhqN UTR+100bp 
from gene for cloning into pAC7. Has a BamHI 
restriction site 

BR101 AAACTGCAGTTACCAGCCGCGTTCTTGC 
Rev primer for cloning of pdxS into pBQ200. Harbors 
a PstI restriction site 

BR102 GCGTGCGCTAAGAGAAGAAG 
Fwd primer for amplification of Promoter region of 
PdxST. Can be used together with BP120 amplify 
promoter region of pdxS to check for mutations 

BR103 AACAAAGATCTTCACGGGCATC 
Fwd primer for amplification of 1000 bp upstream of 
pdxS for LFH PCR. 

BR104 
CCTATCACCTCAAATGGTTCGCTGTTCTTGGTCCCCCT
AATCAAGG 

Rev primer for amplification of 1000 bp upstream of 
pdxS for LFH PCR. Harbors a kan-flag. 

BR105 
CCGAGCGCCTACGAGGAATTTGTATCGAACATAGGA
GCGCTGCTGA 

Fwd primer for amplification of 1000 bp downstream 
of pdxS for LFH PCR. Has a kan flag for the resistance 
cassette 

BR106 CGCCTTTGTGTACAAGCTTTGC 
Rev primer for amplification of 1000 bp downstream 
of pdxS for LFH PCR. 

BR107 AGAAATCGTTGCCGGTTCTGA Fwd check primer for LFH knockout of pdxS 

BR108 GCAACCTGCTGAGAAACTTCATTT Rev check primer for LFH knockout of pdxS 

BR109 GTAAGCGTAAGTCAGTAGTGTACATT Fwd primer for check of aroA gene deletion 

BR110 ACATTGCCCTCACATCATGTAGG Rev primer for check of aroA gene deletion 

BR111 GTAGCCGACAGAAGCATTTGAAC Fwd primer for check of aroB gene deletion 

BR112 TTTCTGCCAGCATTGAACGTTC Rev primer for check of aroB gene deletion 

BR113 TCATGATGCTTTCCTTTGACAGAC 
Fwd primer for check of aroC gene deletion with 
AK238 

BR114 CGCAATTCTGAAGCACGCTG Fwd primer for check of aroD gene deletion 

BR115 GGTCGCCCATACGTTTACGA Rev primer for check of aroD gene deletion 

BR116 AAACCCGGGCCGCATGACGTACAGATTACAAAAG 
Fwd primer for amplification of pdxST Promoter 
region for LFH PCR. Harbors a XmaI restriction site 
for cloning in pAC7 

BR117 
CACGTTCAGTACCTGTTTGAGCCATTCGTACGACCTCC
GTATTTCATTT 

Rev primer for amplification of pdxST promoter 
region. Has an overhang to pdxS for LFH. 

BR118 ATGGCTCAAACAGGTACTGAACG Fwd primer for amplification of pdxS 

BR119 
AAAGGATCCATTTGTTAGTATCCTCCTTTACCAGCCGC
GTTCTTGC 

Rev primer for pdxS amplification with SD and start 
codon for lacZ expression to find positive clones. 
Contains BamHI restriction site for pAC7 

BR120 GCCAGACACGTGACAGCTAG 
Rev primer for amplification of pdxST promoter 
region. Has an overhang to pdxS for LFH. 

BR121 GGACAGTGGAAGCTGAGCTTG 
Fwd primer for amplification of 1000 bp upstream 
fragment in serS for LFH PCR) 

BR122 
CCGAGCGCCTACGAGGAATTTGTATCGTTACGGTTTC
ATTACTTCTCTATTCCC 

Rev primer for amplification of a 1000 bp upstream 
fragment of serS. Harbors an overhang to the ermC 
gfp construct for LFH PCR 

BR123 
AGCATAGCGCGCCTTCACTTGACAAATTATGGAAAGG
CGTGCCTGA 

Fwd primer for amplification of a 1000 bp 
downstream fragment of serS for LFH PCR with gfp 
cassette. Harbors an overhang to gfp cassette 

BR124 GGAGCTTATCGTATGAAGGAACATCA 
Rev primer for amplification of a 1000 bp 
downstream fragment of serS for LFH PCR. 

BR125 
AAAGGATCCTTTAAAGGAGGAAACAATCATGGCTCA
AACAGGTACTGAACG 

Forward primer for amplification of pdxS and cloning 
into pBQ200. Harbors a BamHI restriction site and 
SD sequence. 

BR126 
AAAGTCGACTCAGGATTTTTTCGAAAGCTTATTTAAAT
G 

Reverse primer for amplification of aroE from 
BP1122 to check influence of base exchange. Has a 
SalI restriction site for cloning into pBQ200 
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BR127 GCAAAGAACTTCGCGACGA 
Fwd primer for amplification of 1000 bp upstream 
region for deletion of aroA. 

BR128 
ACCTATCACCTCAAATGGTTCGCTGTTTTTTCATCCTTT
CCCTGCACATTC 

Rev primer for amplification of 1000 bp upstream 
region for deletion of aroA. Has a kan-flag for LFH 
PCR 

BR129 
GCGCCTACGAGGAATTTGTATCGATTTGAACAATCCA
AAAGGCCGC 

Fwd primer for amplification of 1000 bp downstream 
fragment of aroA. Has a kan-flag for LFH PCR. 

BR130 AGTCCGGAATCATATGTGTAATCCC 
Rev primer for amplification of 1000 bp downstream 
fragment of aroA. 

BR131 GGAATAATGATGAGCAAAGATGGAATTAA Fwd check primer for aroA deletion 

BR132 GCCCTGATCCTGAGCGG Rev check primer for aroA deletion 

BR133 TATGAGCGGGGTGCGC 
Fwd primer for amplification of 1000 bp upstream 
region for deletion of aroB. 

BR134 
ACCTATCACCTCAAATGGTTCGCTGTAAAATTCCCTCG
ACAGTTTTCTCATATT 

Rev primer for amplification of 1000 bp upstream 
region for deletion of aroB. Has a kan-flag for LFH 
PCR 

BR135 
TTTTACTGGATGAATTGTTTTAGTAATGGCGATTGGA
GGAGACATC 

Fwdp for amplification of 1000 bp downstream 
fragment of aroB. Has a kan-flag for LFH PCR and the 
RBS of aroH. Deletion cassette may not have 
terminator! 

BR136 ACCCGACAGCTCCGCC 
Rev primer for amplification of 1000 bp downstream 
fragment of aroB. 

BR137 CGGGCTTTACATAACGGAGGAA Fwd check primer for aroB deletion 

BR138 TCTTTGGTATGCGAAGGAACAGA Rev check primer for aroB deletion 

BR139 GCACAGCCTCAACAAAAAGAAGC 
Fwd primer for amplification of 1000 bp upstream 
region for deletion of aroC. 

BR140 
CCTATCACCTCAAATGGTTCGCTGCGTCTCAAATCCTT
TCAATCTTTACCT 

Rev primer for amplification of 1000 bp upstream 
region for deletion of aroC. Has a kan-flag for LFH 
PCR 

BR141 
GAGCGCCTACGAGGAATTTGTATCGGGGGATAGAAC
AATAAAAAAACTCAAGCT 

Fwd primer for amplification of 1000 bp downstream 
fragment of aroC. Has a kan-flag for LFH PCR. 

BR142 GCTTGAAAGTGCGGATATCATTACC 
Rev primer for amplification of 1000 bp downstream 
fragment of aroC. 

BR143 GCGTAAAAATAAGCCCGCTGT Fwd check primer for aroC deletion 

BR144 CGAATCGGAAGTGAAATTGCA Rev check primer for aroC deletion 

BR145 TCAGACTGAAAAACTATAATGAAATACAAGATG 
Fwd primer for amplification of 1000 bp upstream 
region for deletion of aroD. 

BR146 
ACCTATCACCTCAAATGGTTCGCTGACACCTCTCCCCT
TTTCTTAAATTAATG 

Rev primer for amplification of 1000 bp upstream 
region for deletion of aroD. Has a kan-flag for LFH 
PCR 

BR147 
TTTTACTGGATGAATTGTTTTAGTATATTGTAATAGGA
AAATTAGGAGGAACAGAAT 

Fwd primer for amplification of 1000 bp downstream 
fragment of aroD. Has a kan-flag for LFH PCR and 
RBS of yqel. Deletion cassette may not have 
terminator! 

BR148 ACGCTCCGCAAGTTCGATC 
Rev primer for amplification of 1000 bp downstream 
fragment of aroC. 

BR149 GGAGTTACGATCCAAACCGAGG Fwd check primer for aroD deletion 

BR150 CGCAGGCATTTTTTCACGC Rev check primer for aroD deletion 

BR151 ACCCGATCGCGCGTTATC Primer for pgpH sequencing 

BR152 TTCACGCTCAGCGGCA Primer for pgpH sequencing 

BR153 TCAGACCGATGATCAATACAGATGAA Primer for pgpH sequencing 

BR154 TCATCTGTATTGATCATCGGTCTGAT Primer for pgpH sequencing 

BR155 TGTTTCACCAGCCTGTCAATCA Fwd check primer for yfhK mutation 

BR156 GGCCATCTTCCCGTCCTG Rev check primer for yfhK mutation 

BR157 GGGAAACATGAATGAAGCTGCAG Fwd check primer for yhfW mutation 

BR158 CAATGCCTGCTTCCTATGTATGAA Rev check primer for yhfW mutation 

BR159 GCTCCGGGTGAAATCTGTTTCA Fwd primer for yrrS check 

BR160 GGATACACCGGGAGATAAGG Rev primer for yrrS check 

BR161 CCGTCAGCACGCTTTGAAG Fwd check primer for yfhJK mutation 

BR162 GGCTCAGTCCGGACATTCAG Rev check primer for yfhJK mutation 
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BR163 AAAGAATTCCACGCAAATCTATGAAGGCACTC 
Fwd primer for amplification of rpoE promoter area. 
For cloning into pAC7 and LacZ measurements. Has a 
EcoRi restriction site 

BR164 TTTGGATCCCCTTCCTGTGAATATTGTTTGATACCCAA 
Rev primer for amplification of rpoE promoter area. 
For cloning into pAC7 and LacZ measurements. Has a 
BamHi restriction site and 2 bp Spacer (CC) 

BR165 GCAGAAATGCAAAAAGGCG Fwd Primer for pdxS probe. 

BR166 
CTAATACGACTCACTATAGGGAGATCCTCACTCATCG
CAACTA 

Rev primer for pdxS probe. Has T7 Binding Site 

BR167 
AAAGAATTCGGAAGAAAGAGTTATTGTGATGAGTTA
TATTTT 

Fwd primer for amplification of pdxR (Incl 
terminator) + promoter pdxS from Listeria 
monocytogenes. Adds an EcoRI restriction site. For 
cloning into pAC7 

BR168 
TTTGGATCCCCCTCCATATTAATAACCTCCATCAAAGT
TA 

Rev primer for amplification of pdxR + Promoter 
pdxS from Listeria monocytogenes. Adds an BamHI 
restriction site. For cloning into pAC7 

BR169 TTTCACGTCTCAATTGAAAGAGCTCTGATGGATGT 
Fwd primer for amplification of pdxS with its native 
promoter. Adds a BmgBI restriction site for cloning 
into pGP886 

BR170 TTTGTCGACTTACCAGCCGCGTTCTTGC 
Revp for amplification ofp. Adds a SalI restriction Site 
for cloning 

BR171 AAAAGGCCTTCAATTGAAAGAGCTCTGATGGATGT 
Fwd primer for amplification of pdxS with its native 
promoter. Adds a StuI restriction site for cloning into 
pGP888 

BR172 AAAGAATTCTCAATTGAAAGAGCTCTGATGGATGT 
Fwd primer for amplification of the pdxS promoter. 
Adds an EcoRI restriction site for cloning into pAC5 / 
pAC7 

BR173 TTTGGATCCAGCCATTTCTTGGTCCCCCTA 
Rev primer for amplification of the pdxS promoter. 
Adds a BamHI restriction site for cloning into pAC5/ 
pAC7 

BR174 
AAAGGGCCCCTCCATATTAATAACCTCCATCAAAGTT
A 

Fwd primer for amplification of Listeria 
monocytogenes pdxR with its native promoter. Adds 
an ApaI restricton site for cloning. 

BR175 AAAAGGCCTCTCCATATTAATAACCTCCATCAAAGTTA 
Fwd primer for amplification of Listeria 
monocytogenes pdxR with its native promoter. Adds 
a StuI restriction site for cloning. 

BR176 
TTTGTCGACGGAAGAAAGAGTTATTGTGATGAGTTAT
ATTTT 

Rev primer for amplification of Listeria 
monocytogenes pdxR. Adds a SalI Restriction site for 
cloning. 

BR177 
TTTCCGGTCTCATGGTATGGCTCAAACAGGTACTGAA
CG 

Fwd primer for amplification of pdxS. Adds a BsaI 
restriction site with spacer for cloning into 
pETSUMOadapt. 

BR178 TTTCTCGAGTTACCAGCCGCGTTCTTGC 
Rev primer for amplification of pdxS. Adds a XhoI 
Restriction site with spacer for cloning into 
pETSUMOadapt. 

BR179 
TTTCCGGTCTCATGGTATGTTAACAATAGGTGTACTA
GGACTTCA 

Fwd primer for amplification of pdxT. Adds a BsaI 
restriction site with spacer for cloning into 
pETSUMOadapt. 

BR180 
AAACTCGAGTTATACAAGTGCCTTTTGCTTATATTCCT
C 

Rev primer for amplification of pdxT. Adds an XhoI 
restriction site with spacer for cloning into 
pETSUMOadapt. 

BR181 CCATTTTCAGAACTGGGTGCG Rev sequencing primer for pdxR plasmids 

BR182 GCCAGCTTCGTCCTCCTG Fwd sequencing primer for pdxR plasmids 

BR183 GCAGAGAAGTATCAAGCAAATGAAG Fwd sequencing primer for pBP786 

BR184 CCGGTGCATTCTGTCCTAAGG Fwd sequencing primer for pBP787 

BR185 
AAACCGGTCTCATGGTATGGTATGCCAGCATAATGAT
GAG 

Fwd primer for amplification of ylaM. Has a BsaI 
restriction Site 

BR186 TTTCTCGAGTTAAAAAATACTCAGCCTGTACATCTCAG 
Rev primer for amplification of ylaM. Has an XhoI 
restriction Site. 

BR187 GCCAAACACGCCGATGAAAA 
Fwd primer for amplification of recA::spc LFH 
product 
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BR188 GGCTGACGTTTGATTCCCTGA Rev primer for amplification of recA::spc LFH Product 

BR189 GGAGCAAGCATCGAATTATCAGC 
Fwd primer for upstream fragment (glnA mutation 
insertion) 

BR190 
TCCTATCACCTCAAATGGTTCGCTGTTAATACTGAGAC
ATATACTGTTCGCGT 

Rev primer for upstream fragment (glnA mutation 
insertion). Has a kan flank 

BR191 
CCGAGCGCCTACGAGGAATTTGTATCGTATCTCAATC
CCTTGGCACTAAAAGT 

Fwd primer for downstream fragment (glnA 
mutation insertion). Has a kan flank 

BR192 CGTGCCTCTATGGAAATGGTCA 
Rev primer for upstream fragment (glnA mutation 
insertion) 

BR193 TGCCAGGCTATTCAATTTGCATC 
Fwd check primer for glnA mutation insertion (Left 
flank) 

BR194 GGAATCTGTATATAATCTTCATCGCTTG 
Rev check primer for glnA mutation insertion (Right 
Flank) 

BR195 CCGCCTTTGTCGTTTAGTTCAAG Rev check primer for glna mutation insertion 

BR196 CAGTCCGCTCTTGTGATGACA Fwd check primer for glna mutation insertion 

BR197 
CCTATCACCTCAAATGGTTCGCTGTTAACGGTTTTTGT
ACCGAAAGTGAG 

Rev primer for upstream fragment (tnrA mutation 
insertion) used with AL22. Has a kan flank 

BR198 
CCGAGCGCCTACGAGGAATTTGTATCGATAATAAAAG
TCCGGCTCGCAGT 

Fwd primer for down fragment (tnrA mutation 
insertion). Has a kan flank 

BR199 CCCGCGTCATATCAGCAGAT 
Rev primer for down fragment (tnrA mutation 
insertion). 

BR200 TTCAGTCCCTTACTATACGTATTCGC Fwd check primer for tnrA LFH 

BR201 GGATCCCTCAGCATTACACGG Rev check primer for tnrA LFH 

BR202 
AAAGGATCCATTGGGTATCAAACAATATTCACAGGAA
G 

Fwd primer for amplification of rpoE. Has a XbaI 
restriction site for cloning and adds an additional 
base to keep the frame in pGP888 

BR203 
TTTGAATTCCTATTTAATTTCCTCTTCTTCATCATCATA
GTCT 

Rev primer for amplification of rpoE. Has a BamHI 
restriction Site for cloning. 

BR204 TTTTCTAGAAGTGTTGAAAAAGAAGGCTAAGACCAAA 

Fwd primer for amplification of pgpH. Has a XbaI 
restriction site for cloning and adds an additional 
base to keep the frame in pGP888. Can be used 
together with JN209 

BR205 TTTTCTAGAAATGCCAAGCTTTTATGAAAAACCG 
Fwd primer for amplification of gdpP. Has a XbaI 
restriction site for cloning and adds an additional 
base to keep the frame in pGP888. 

BR206 TTTGGATCCTCATCTCTGTACGCCTCCCTC 
Rev primer for amplification of gdpP. Has a BamHI 
restriction Site for cloning. 

BR207 GCACTGCCGCTGCCA Fwd primer for amplification of up fragment of gdpP. 

BR208 
CCTATCACCTCAAATGGTTCGCTGTTCTATCACTCCCC
ACCATGTG 

Rev primer for amplification of up fragment of gdpP. 
Has a kan-flank 

BR209 
CCGAGCGCCTACGAGGAATTTGTATCGGGAGGCGTA
CAGAGATGAAGG 

Fwd primer for amplification of down fragment of 
gdpP. Has a kan-flank 

BR210 GGCTCCTGTCCTATCTGAGAAAAC 
Rev primer for amplification of down fragment of 
gdpP. 

BR211 CAGGATGATACGAGGTGACTAAGTG Fwd check primer for gdpP LFH 

BR212 TGGTCAGCAACGCCGC Rev check primer for gdpP LFH 

BR213 GTTTATCACAAACGGCGGCG Fwd primer for amplification of up fragment of rpoE 

BR214 
CCTATCACCTCAAATGGTTCGCTGGGTCGGACACTCC
CTTTCTATTAC 

Rev primer for amplification of up fragment of rpoE. 
Has a kan-flank 

BR215 
CCGAGCGCCTACGAGGAATTTGTATCGTATCAGATTT
CATCTTCAAAACGATCTTGAC 

Fwd primer for amplification of down fragment of 
rpoE. Has a kan-flank 

BR216 CCAAGCTGCGCAATTCTTTTAC 
Rev primer for amplification of down fragment of 
rpoE. 

BR217 ACACAGCTGGCTCTCGGA Fwd check primer for rpoE LFH 

BR218 GGTTGTCCGCATCTTCACATTC Rev check primer for rpoE LFH 

BR219 CGGTTCTTGACCAGGACGTAA Fwd check primer for presence of mhq 

BR220 TTCCAATCGTAATCATCATGACAACC Rev check primer for presence mhqN 

BR221 
CCGAGCGCCTACGAGGAATTTGTATCGGGAACCTTTG
CCGAACTGTT 

Rev primer for recA up fragment. Has a kan flank 
(with BR187) 

BR222 
CCTATCACCTCAAATGGTTCGCTGAGCAAGCTGAAGA
GACACAAGA 

Fwd primer for downstream fragment of recA. Has a 
kan flank (with BR188) 
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BR223 TTTGGCGGCTGATGGAGAG Fwd check primer for recA LFH 

BR224 CCTGCATGCGTCATTCCCG Rev check primer for recA LFH 

BR225 TGTTTTGACAATGCGCAGTATCG Fwd check primer pdxS promoter 

BR226 CCCGTCAACTTCGTTCAGCT Rev check primer pdxS promoter 

BR227 ATGCTGAAATCATGGTTGAAAAAGAAGA 
Fwd primer for upstream fragment for ybxA-ybaF 
deletion LFH 

BR228 
CCTATCACCTCAAATGGTTCGCTGGGAAAACCGGCCT
CCTCTC 

Rev primer for upstream fragment for ybxA-ybaF 
deletion LFH. Has a kan-flag 

BR229 
CCGAGCGCCTACGAGGAATTTGTATCGGCTTAATTGT
ATTAGCTGCTTTGTTATTTTT 

Fwd primer for downstream fragment for ybxA-ybaF 
deletion LFH. Has a kan-flag 

BR230 GGTTTAGTTGTCATAGTAAACGTTCCATA 
Rev primer for downstream fragment for ybxA-ybaF 
deletion LFH 

BR231 TGGACTGATGGAAGCACTGG Fwd check primer for ybxA-ybaF deletion. 

BR232 TAAGTTCCGGGGCTTATCGTG Rev check primer for ybxA-ybaF deletion. 

BR233 AAATCTAGAGATGGCAGACACATTAGAGCGT 
Fwd primer for acpA amplification. Has a XbaI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR234 AAAGGTACCCCTTGCTGGTTTTGTATGTAGTTCACAG 
Rev primer for acpA amplification. Has a KpnI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR235 AAATCTAGAGATGGCAGAACGTATGGTAGGTAAA 
Fwd primer for aphA amplification. Has a XbaI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR236 AAAGGTACCCCAAGTGTTTTTTGGCCTGGTTTCC 
Rev primer for acpA amplification. Has a KpnI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR237 AAATCTAGAGATGGCTCAAACAGGTACTGAACG 
Fwd primer for pdxS amplification. Has a XbaI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR238 AAAGGTACCCCCCAGCCGCGTTCTTGC 
Rev primer for pdxS amplification. Has a KpnI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR239 
AAATCTAGAGATGTTAACAATAGGTGTACTAGGACTT
CA 

Fwd primer for pdxT amplification. Has a XbaI 
restriction site and a spacer to keep the frame in 
BACTH plasmids 

BR240 AAAGGTACCCCTACAAGTGCCTTTTGCTTATATTCCTC 
Rev primer for pdxT amplification. Has a KpnI 
restriction site and a spacer to keep the frame in 
BACTCH plasmids 

BR241 AAAGAATTCGTTGAGCTCCTTTTCTAATTGATTGCT 
Fwd primer for amplification of aphA promoter. Has 
a EcoRI restriction site for cloning into pAC7 

BR242 AAAGGATCCCCATGTATCCCTCCAATTTATTGTTTGGC 
Rev primer for amplification of aphA Promoter. Has a 
BamHi restriction site for cloning into pAC7 

BR243 AAAGAATTCATGTATCCCTCCAATTTATTGTTTGGC 
Fwd primer for amplification of ykuT Promoter. Has 
a EcoRI restriction Site for cloning into pAC7 

BR244 AAAGGATCCCCGTTGAGCTCCTTTTCTAATTGATTGCT 
Rev primer for amplification of ykuT Promoter. Has a 
BamHI restriction Site for cloning into pAC7 

BR245 AGAAAGCAGTCGAAGAAGATCTTGAT 
Fwd primer for amplification of upstream fragment 
for resistance change of BP1125 (rpoE) 

BR246 
CCGAGCGCCTACGAGGAATTTGTATCGGAGGGTTGC
CAGATTTAAAGGATC 

Rev primer for amplification of upstream fragment 
for resistance change of pGP886 integration. Has a 
kan-flank 

BR247 
CCTATCACCTCAAATGGTTCGCTGCCGGGGTCAGGCT
GACA 

Fwd primer for amplification of downstream 
fragment for resistance change of pGP886 
integration. Has a kan-flank 

BR248 GCATTTGCTTGAATACACTAAAGAACC 
Rev primer for amplification of downstream 
fragment for resistance change of pGP886 
integration 

BR249 CTTCGCAGCTGGTATCCTTATGA 
Fwd check primer for BP1125 resistance change 
(rpoE) 

BR250 CTGCTCCGGCTTTTCCTCC 
Rev check primer for resistance change of pGP886 
integration. 
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BR251 GGAAGCCGCAATTATATCAGTGG 
Fwd primer for amplification of upstream fragment 
for resistance change of BP1126 (pgpH) 

BR252 GCTTGTCGATATTGCTGAGCA 
Fwd check primer for BP1126 resistance change 
(pgpH) 

BR253 TGCTATCGATGAGTGAGGTTGAG 
Fwd primer for amplification of upstream fragment 
for resistance change BP1127(pgpH) 

BR254 TGATTCCTATATTAAACGGGCGAAG 
Fwd check primer for BP1127 resistance change 
(gdpP) 

BR255 - - 

BR256 GAAACGGTTTGTGCTGGATGAC 
Fwd primer for LFH upstream fragment (integration 
into xkdE) 

BR257 GATTTATGACCTCCTCCTTTCTCGG 
Rev primer for LFH upstream fragment v(integration 
into xkdE) 

BR258 
CGAGCGCCTACGAGGAATTTGTATCGAGGGAGGTGA
ATCAAGCAGG 

Fwd primer for LFH downstream fragment 
(integration into xkdE) has a kan flag 

BR259 GTATTGCCGCCCGTATCGT 
Rev primer for LFH downstream fragment 
(integration into xkdE) 

BR260 TCGCCATCCTGAGCTAAAGC Fwd check primer for xkdE LFH 

BR261 CAATTGATTTCCTCCTCCTTGACTG Rev check primer for xkdE LFH 

BR262 
CCGAGAAAGGAGGAGGTCATAAATCGGAAGAAAGA
GTTATTGTGATGAGTTATATTTT 

Fwd primer for amplification of pdxR (Incl 
terminator) + promoter pdxS from Listeria 
monocytogenes. Has an overlapping sequence to 
xkdE for LFH PCR 

BR263 ATTAATAACCTCCATCAAAGTTAATTGAAATTACC 
Rev primer for amplification of pdxR (Incl terminator) 
+ promoter pdxS from Listeria monocytogenes. 

BR264 
ATTAACTTTGATGGAGGTTATTAATATGAAACCAGTA
ACGTTATACGATGTC 

Fwd primer for amplification of lacI from pHT01. Has 
an overhang to pdxR-PpdxS construct 

BR265 
CCTATCACCTCAAATGGTTCGCTGTCACTGCCCGCTTT
CCAG 

Rev primer for amplification of lacI from pHT01. Has 
a kan-flag 

BR266 CACGATTGACCCGCATACG Fwd check primer for Screening-System Fragment #1 

BR267 AAGAAGGAAGCGAGACGTGTAG Rev check primer for Screening-System Fragment #1 

BR268 CCAACTGTCTTTCTGGAGGCA Fwd check primer for Screening-System Fragment #2 

BR269 CCGCCATCGCCGCTT Rev check primer for Screening-System Fragment #2 

BR270 GAAAAACCACCCTGGCGC Fwd check primer for Screening-System Fragment #3 

BR271 AAAGAATTCAGCTAACGGAAAAGGGAGCG 
Fwd primer for amplification of IPTG inducible Pgrac 
Promoter from pTH01. Has an EcoRI restriction site 

BR272 
AAAGGATCCCCCATATTTATTTCCTCCTTTAATTGGGA
ATTGTTATCC 

Rev primer for amplification of IPTG inducible Pgrac 
promoter from pTH01. Has an BamHI restriction site. 
Adds the start codon + spacer to the construct  

BR273 
AAAGAATTCCTTGTCAAGTGAAGGCGCGCTATGCTAC
AATACAGCTTGGTTTAAAGGAGGAAACAATCATGGCT
CAAACAGGTACTGAACG 

Fwd primer for amplification of pdxS. Adds an EcoRI 
restriction dite and the Palf4 promoter. 

BR274 AAAGAATTCCAACATAGTACATAGCGAATCTTCCC 
Fwd primer for amplification of Pxyl from pGP888 
Adds an EcoRI restriction dite 

BR275 GATTGTTTCCTCCTTTCAGATGCAT Rev primer for amplification of Pxyl from pGP888 

BR276 
ATGCATCTGAAAGGAGGAAACAATCATGGCTCAAAC
AGGTACTGAACG 

Fwd primer for amplification of pdxS. Adds an 
overhang to Pxyl. 

BR277 
AAACTGCAGAAAGGAGGAAACAATCATGGCTGAATT
ACTGTTAGGCGT 

Fwd primer pdxJ amplification from E. coli. Adds SD + 
spacer and a restriction site PstI 

BR278 TTTAAGCTTTTAGCCACGCGCTTCCAG 
Rev primer for pdxJ amplification from E. coli. Has a 
HindIII restriction site 

BR279 CACGTTGTGATAGGTCAGACTGTGTCCG 5'phosphorylated CCR primer for pdxJ amplification 

BR280 AAAGAATTCCAAAATAAAGCACCTCCTGGTTGAT 
Fwd primer for amplification of ytoP promoter. Adds 
a EcoRI restriction site 

BR281 
TTTGGATCCCCATTCATGTTTTCCCCTCATTTCTATGTA
G 

Rev primer for amplification of ytoP promoter. Adds 
a BamHI restriction site and a framekeeper 

BR282 CCTGGTCTCGGTCTTGGAAC 
Fwd LFH primer for amplification of upstream 
fragment for ytoP deletion 

BR283 
CCTATCACCTCAAATGGTTCGCTGGTTTTCCCCTCATT
TCTATGTAGTCC 

Rev LFH primer for amplification of upstream 
fragment for ytoP deletion. Adds a kan overhang 
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BR284 
CCGAGCGCCTACGAGGAATTTGTATCGGGTTTCATAA
AAGCTTGTTGAACGAG 

Fwd LFH primer for amplification of downstream 
fragment for ytoP deletion. Adds a kan overhang 

BR285 AGACCAATCATCCTTTACCGCTT 
Rev LFH Primer for amplification of downstream 
fragment for ytoP deletion 

BR286 CGGAGGATTTAATCGAATGGACAGA Fwd check primer for ytoP knockout 

BR287 CGTAGTAGTAGGTGAATTCAGGGAAA Rev check primer for ytoP knockout 

BR288 
AAAGGATCCAAAGGAGGAAACAATCATGAATCAAGA
AACGAAAGCGCT 

Fwd primer for amplification of ytoP. Adds SD 
+Spacer and BamHI Restriction Site 

BR289 TTTCTGCAGCCTACATATTTTCTTTAATCGCATCCACT 
Rev primer for amplification of ytoP. Adds PstI 
testriction Site 

BR290 GCTTGAACGAATCGGGAAGAC 
Fwd primer for amplification of bshC::cat knockout 
gragment 

BR291 CAGAATGAGCTGTCCTTTATAATCGG 
Rev primer for amplification of bshC::cat knockout 
fragment 

BR292 AGTCTGAAGGAATCCGGCTTTATAA Fwd check primer fo bshC knockout 

BR293 AATCAAATAAAATGCCGTCTACTTCTGT Rev check primer for bshC knockout 

BR294 TTTTCTGTGAAATTGCGTTTTGGG Fwd check primer for MiniBacillus check PCR 

BR295 GTTATCAAAAGCAAGTTCAATGATAGCC Rev check primer for MiniBacillus check PCR 

BR296 CCATCGAAGCTTGAGGTCCG 
Alternative rev check primer for MiniBacillus check 
PCR 

BR297 
AAAGGATCCCCTTCCATTTTTGTTGCCTCCTTTAATTG
GGAATTGTTATCCGCTCACAATTCCAGTGTGTAACCA
CACAGTATATACTATCC 

Rev primer for amplification of PcspC. Adds Lac 
operator, SD and start codon. Adds BamHI 
restriction site 

BR298 
AAAGGATCCCCTTCCATTTTTGTTTCCTCCTCAATTAA
GGAATTGTGAGCGGATAACAATTCCGGTGAACGAGT
CCTAGGTATTTGAT 

Rev primer for amplification of PDeg36 from 
pBQ200. Adds Lac Operator, SD and start codon 
Adds BamHI restriction site 

BR299 GTAAAACGACGGCCAGTGAATT 
Fwd primer for amplification of PDeg36. PCR Product 
contains EcoRI Site. 

BR300 AGTTCAGGCAGGAAAGGCTC 
Fwd primer for 800 bp ytoQ amplification for gfp 
fusion 

BR301 
CAGTGAAAAGTTCTTCTCCTTTACTCATTTCTGTTTCAA
ATAGATAGGAAAGGGC 

Rev primer for ytoQ amplification. STOP codon 
skipped. Has an overhang to gfp  

BR302 
CCGAGCGCCTACGAGGAATTTGTATCGGAAAAAAGC
TTGTCGATCCGGG 

Fwd primer for 800 bp ytoQ downstream 
amplification for gfp fusion. Has a kan overhang to 
ermC cassette (w/o terminator) 

BR303 TGAAATTCAAACAGATAACGGGCC Rev primer for 800 bp ytoQ downstream fragment 

BR304 GCTTGGGATTCCGTAAATTTCCC Fwd check primer ytoQ gfp fusion 

BR305 GCCGGGCACATGGACGA Rev check primer ytoQ gfp fusion 

BR306 ATGAGTAAAGGAGAAGAACTTTTCACTG Amplification of gfP ermC cassette. 

BR307 CGGGACATTTCGAAACAGCAG Fwd bioW promoter check primer 

BR308 TCCGCCGGATATATGCTTTCC Rev bioW promoter check primer 

BR309 GTTCGGGAATTTTTATTTTCAGCCTATG 
Fwd primer for amplification of pbuX upstream 
fragment for LFH. Has a kan_flag 

BR310 
CCTATCACCTCAAATGGTTCGCTGTCATGAATGAACCT
CCTGTACGAAG 

Rev primer for amplification of pbuX upstream 
fragment for LFH. Has a kan_flag 

BR311 
CCGAGCGCCTACGAGGAATTTGTATCGGCAGTCTAAC
TCCGCCGC 

Fwd primer for amplification of pbuX downstream 
fragment for LFH. Has a kan_flag 

BR312 TCGGTAAAGTCCCAGCCCA 
Rev primer for amplification of pbuX downstream 
fragment for LFH. Has a kan_flag 

BR313 AATCTCTATCTGTTATAATCAAAAGCCTGG Fwd check primer for pubX deletion 

BR314 GCCAAAAAAACACTGATATCATGGAAT Rev check primer for pubX deletion 

BR315 GGCAAACTCGATCGCAATGAC 
Rev primer for amplification of pucJK upstream 
fragment for LFH. Has a kan_flag 

BR316 
CCTATCACCTCAAATGGTTCGCTGTATAGTCCCTCCCT
GTATGTGAACT 

Fwd primer for amplification of pucJK upstream 
fragment for LFH. Has a kan_flag 

BR317 
CCGAGCGCCTACGAGGAATTTGTATCGAGGAAGATG
CCAATGTTCACAATG 

Rev primer for amplification of pucJK downstream 
fragment for LFH. Has a kan_flag 

BR318 ATAGTGTAGGAACCCCTCGGT 
Fwd primer for amplification of pucJK downstream 
Fragment for LFH. Has a kan_flag 

BR319 GGCCCGCAATGAGTTTTTCAA Rev primer for pucJK deletion 

BR320 AGGCGGCTTGTGCTGAG Fwd check Primer for pucJK deletion 
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BR321 AGGCGCGCACCTTGTC 
Rev primer for amplification of pyrP upstream 
fragment for LFH. 

BR322 
CCTATCACCTCAAATGGTTCGCTGGATGATTTCCCCCT
GATTGTTGAC 

FwdPrimer for amplification of pyrP upstream 
fragment for LFH. Has a kan_flag 

BR323 
CCGAGCGCCTACGAGGAATTTGTATCGAACCTTTTAA
TGAAAGTCCAGAGAGG 

Rev primer for amplification of pyrP Downstream 
fragment for LFH. Has a kan_flag 

BR324 GCGGACTGATGTCGTTCATTTT 
Fwd primer for amplification of pyrP Downstream 
fragment for LFH. 

BR325 GAAAAAACGGTTGACAGAGGGTTT Rev check primer for pyrP deletion 

BR326 CCTCTGTTTACCGGAGCAGG Fwd check primer for pyrP deletion 

BR327 CAGGGATGATGATGCTTTTGGAG 
Fwd primer for amplification of ywdJ upstream 
fragment for LFH. 

BR328 
CCGAGCGCCTACGAGGAATTTGTATCGGTAAGCTCAA
CCTCTCTCTTTAAAAATCA 

Rev primer for amplification of ywdJ upstream 
fragment for LFH. Has a kan_flag 

BR329 
CCTATCACCTCAAATGGTTCGCTGATTTTGGTGCAGG
TGCGATAAG 

Fwd primer for amplification of ywdJ downstream 
fragment for LFH. Has a kan_flag 

BR330 GGGCGGCGGTTTTCAAATT 
Rev primer for amplification of ywdJ downstream 
fragment for LFH. 

BR331 CGACCGTGTTCCCCGC Fwd check primer for ywdJ deletion 

BR332 CACAAATGCAGACAATGGGGATG Rev check primer for ywdJ deletion 

BR333 GGTATAGAGGGATTGGCTGTTTGA 
Rev primer for amplification of a yxlA upstream 
fragment 

BR334 
CCGAGCGCCTACGAGGAATTTGTATCGTGCATCGTCC
TCCATATTGGATG 

Fwd primer for amplification of a yxlA uPstream 
fragment. Has a kan flag. 

BR335 GGGCCACGCTTCCTGAAA 
Fwd primer for amplification of a yxlA downstream 
fragment. 

BR336 
CCTATCACCTCAAATGGTTCGCTGAGACAGCTTTTTTA
TCATTCAAATCGTTTC 

Rev primer for amplification of yxlA downstream 
Fragment. Has a kan Flag 

BR337 CAACCATCAGCGCGCAG Rev check primer for yxlA deletion 

BR338 CCCTAAAAGGCTGTCTTTTTTGTTTG Fwd check primer for yxlA deletion 

BR339 AAGGATTTCATCGCGATGCATG Fwd seq Primer for pdxT knockout 

BR340 CGCGAGCTGAAAACGGATAAG 
Fwd primer for amplification of pucI upstream 
fragment for LFH. 

BR341 
CCTATCACCTCAAATGGTTCGCTGGCCGGCTCCCCTTT
CC 

Rev primer for amplification of pucI upstream 
Fragment for LFH. 

BR342 
CCGAGCGCCTACGAGGAATTTGTATCGCCGCCAGGCT
GAATAAGATCTA 

Fwd primer for amplification of pucI Downstream 
Fragment for LFH. 

BR343 TGCGGACCACATTGCCTG 
Rev primer for amplification of pucI Downstream 
Fragment for LFH. 

BR344 GGGGGAATCATTTTCCTTCTATCCT Fwd check primer pucI deletion 

BR345 GCAGGATTGCCGTAAGTCGA Rev check primer pucI deletion 

BR346 GCGCCGTGCCAAAATAAAAG 
Fwd primer for amplification of yitU upstream 
fragment for LFH. 

BR347 
ACCTATCACCTCAAATGGTTCGCTGGAAAAGCTCCTTT
AACCTTAGATTTTGC 

Rev Primer for amplification of yitU upstream 
fragment for LFH. 

BR348 
CCGAGCGCCTACGAGGAATTTGTATCGAGAAGGTCC
GTATTAATTTTTCCCACT 

Fwd Primer for amplification of yitU downstream 
fragment for LFH. 

BR349 TTGACGCAATTCAGGAGCCT 
Rev Primer for amplification of yitU downstream 
frragment for LFH. 

BR350 GGTCAGCGTTTTCATCTCCGA Fwd check primer yitU deletion 

BR351 CTGCTTGTGATGCTCCTCCC Rev check primer yitU deletion 

BR352 GGCGCCACGGTCACC Fwd primer for cpgA LFH upstream fragment 

BR353 
CCTATCACCTCAAATGGTTCGCTGGTTATTCATCTTTC
GGATACTCAATGGTT 

Rev primer for cpgA LFH upstream fragment. Has a 
kan flag 

BR354 
CCGAGCGCCTACGAGGAATTTGTATCGATGATAAAG
GTTGCACCATCTATTCTTTC 

Fwd primer for cpgA LFH downstream fragment has 
a kan Flag. 

BR355 AGAGCTTAGGCTATTGTATGCCC Rev primer for cpgA LFH downstream fragment 

BR356 CAGGGCTCTTGGAAAAAGAAGG Fwd check primer for cpgA LFH 

BR357 CCGATCCAAAGCGTGTGTTC Rev primer for cpgA LFH 

BR358 CTTCATATAAGCTCTTCCTCTGCATTC Fwd primer for serC LFH upstream fragment 



 

__________ 

- 170 - 

BR359 
CCTATCACCTCAAATGGTTCGCTGGATCTCTCCCTGTT
TTCCACGT 

Rev primer for serC LFH upstream fragment. Has a 
kan flag 

BR360 
CCGAGCGCCTACGAGGAATTTGTATCGAAAGTCTGGC
TATGCAAACCGT 

Fwd primer for serC LFH downstream fragment. Has 
a kan Flag. 

BR361 AAACATGCTGACATGCTGCG Rev primer for serC LFH downstream fragment 

BR362 GTCAAATGAGGTGTTTATCGCAGG Fwd check primer for serC LFH 

BR363 AGCCAGGCTGCTTCTTATCC Rev check primer for serC LFH 

BR364 TCGCTCAAGCTGTCATGTACG Fwd primer for thrB LFH upstream fragment 

BR365 
CCTATCACCTCAAATGGTTCGCTGTCATACACGGGCC
GCTC 

Rev primer for thrB LFH upstream fragment. Has a 
kan flag 

BR366 
CCGAGCGCCTACGAGGAATTTGTATCGATCATGCCAA
GCGTTCCTCAG 

Fwd primer for thrB LFH downstream fragment. Has 
a kan Flag. 

BR367 GCCATTTGCCGTCAGGAGA Rev primer for thrB LFH downstream fragment 

BR368 GTGCGCGTCAACAGGTAAC Fwd check primer for thrB LFH 

BR369 AATGAGCCGCGATGAGGTG Rev check primer for thrB LFH 

BR370 
AGCATAGCGCGCCTTCACTTGACAAGATTTATGACCT
CCTCCTTTCTCGG 

Rev primer for amplification of xkdE upstream 
fragment for LFH. Has an overhang to Palf4 
promoter 

BR371 

TTGTCAAGTGAAGGCGCGCTATGCTATAATACAGCTT
GGAAATGGATCTCTGGATCCTCTAGAAGGAGGAAAC
AATCATGAAAATCCTTGTTGATGAAAATATGCCTTAT
G 

Fwd primer for amplification of E. coli pdxB. Adds 
Palf promoter + SD + ATG. 

BR372 
CCTATCACCTCAAATGGTTCGCTGTTAACGTGCCGGAT
GATGAACG 

Rev primer for amplification of E. coli pdxB. Has a 
kan-overhang 

BR373 AGCACACAAACGAATGCGG Seq primer of pdxB LFH 

BR374 
AGCATAGCGCGCCTTCACTTGACAACCGCTCGGCGTT
GCTA 

Rev primer for ganA upstream fragment for LFH. Has 
an overhang to Palf4 promoter 

BR375 
TTGTCAAGTGAAGGCGCGCTATGCTATAATACAGCTT
GGAAATGGATCTCTGGATCCTCTAGAAGGAGGAAAC
AATCATGGTTAAAACCCAACGTGTTGTG 

Fwd primer for amplification of E.coli pdxA. Adds 
Palf4 promoter. 

BR376 
CCTATCACCTCAAATGGTTCGCTGTCATTGGGTGTTAA
CAATCATTTTGATG 

Rev primer for amplification of pdxA. Has a kan 
overhang 

BR377 
CCTATCACCTCAAATGGTTCGCTGGTAAGCTCAACCTC
TCTCTTTAAAAATCA 

Rev primer for amplification of ywdJ upstream 
fragment for LFH. Has a kan_flag 

BR378 
CCGAGCGCCTACGAGGAATTTGTATCGATTTTGGTGC
AGGTGCGATAAG 

Fwd primer for amplification of ywdJ downstream 
fragment for LFH. Has a kan_flag 

CD03 AAAGGATCCTGATAGAACAAGGTGTAAACATGGC 
Amplification/ sequencing of glnA (laboratory 
collection) 

CD04 AAAGAATTCTTCTTTTACTAATTTTTCGATATC 
Amplification/ sequencing of glnA (laboratory 
collection) 

CZ126 
CAGCGAACCATTTGAGGTGATAGGGAACGATGACCT
CTAATAATTG  

Amplification of phleomycin resistance cassette 
(laboratory collection) 

CZ68 
CGATACAAATTCCTCGTAGGCGCTCGGTTACTTATTAA
ATAATTTATAGCTATTG  

Amplification of erythromcycin resistance cassette 
without terminator (laboratory collection) 

CZ228 
GAGGAAATACCGCTTTAACGCTC 
 

LFH in ganA (laboratory collection) 

CZ229 
GCTTCTCCAAGCTGCTTAAATCCCGTATCGTTCTGCTA
ATAAGC  
 

LFH in ganA (laboratory collection) 

CZ230 
CCGAGCGCCTACGAGGAATTTGTATCGCTCTCCAGTT
TTTCCGGTTCG  
 

LFH in ganA (laboratory collection) 

CZ231 
CTTCCAGCCGTTTCAGGATTG 
 

LFH in ganA (laboratory collection) 

CZ127 
CGATACAAATTCCTCGTAGGCGCTCGGGTAGTATTTT
TTGAGAAGATCAC 
 

Amplification of phleomycin resistance cassette 
(laboratory collection) 

CZ128 
CCAAAGTGAAACCTAGTTTATC  
 

Check primer for phleomycin resistance cassette 
(laboratory collection) 

CZ129 
CGAGACTTTGCAGTAATTGATC 
 

Check primer for phleomycin resistance cassette 
(laboratory collection) 
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JN185 CCTATCACCTCAAATGGTTCGCTGGAGCTGCTTTTGG
TCTTAGCC 
 

Deletion of pgpH (laboratory collection) 

JN186 CCGAGCGCCTACGAGGAATTTGTATCGGAATTTTCCA
CTCCCGGATTGAATATC 
 

Deletion of pgpH (laboratory collection) 

JN187 CCAAGATTCTTTTTTGAAATTGATGGAGAA 
 

Deletion of pgpH (laboratory collection) 

JN188 GTTCATGTGTACATTCCTCTCTTACCTATAA 
 

Deletion of pgpH (laboratory collection) 

JG67 GATGCATGCACATGAAATTGGTGAGCAG  
 

Amplification of spc resistance casstette without 
terminator (laboratory collection) 

ML84 CTAATGGGTGCTTTAGTTGAAGA Cat_cassette_check_Rev (laboratory collection) 

ML85 CTCTATTCAGGAATTGTCAGATAG Cat_cassette_check_Fwd (laboratory collection) 

ML103 CTCTTGCCAGTCACGTTAC ermC_cassette_check_Rev (laboratory collection) 

ML104 TCTTGGAGAGAATATTGAATGGAC ermC_cassette_check_Rev (laboratory collection) 

ML107 GCTTCATAGAGTAATTCTGTAAAGG Kan_cassette check primer (laboratory collection) 

ML108 GACATCTAATCTTTTCTGAAGTACATCC Kan_cassette check primer (laboratory collection) 

mls-
fwd(kan) 

CAGCGAACCATTTGAGGTGATAGGGATCCTTTAACTC

TGGCAACCCTC 

Amplification of erythromycin resistance cassette 
(laboratory collection) 

mls-
Rev(kan) 

CGATACAAATTCCTCGTAGGCGCTCGGGCCGACTGCG

CAAAAGACATAATCG 

Amplification of erythromycin resistance cassette 
(laboratory collection) 

spec-Fwd CAGCGAACCATTTGAGGTGATAGGGACTGGCTCGCT

AATAACGTAACGTGACTGGCAAGAG 

aad9_cassette_Fwd (laboratory collection) 

spec-rev CGATACAAATTCCTCGTAGGCGCTCGGCGTAGCGAG

GGCAAGGGTTTATTGTTTTCTAAAATCTG 

aad9_cassette_rev (laboratory collection) 

SW41 TTGTCAAGTGAAGGCGCGCTAT  Construction of BP1182 (laboratory collection) 

cat-fwd CAGCGAACCATTTGAGGTGATAGGCGGCAATAGTTA

CCCTTATTATCAAG 

Amplification of cat cassette (laboratory collection) 

cat-rev CGATACAAATTCCTCGTAGGCGCTCGGCCAGCGTGGA

CCGGCGAGGCTAGTTACCC 

Amplification of cat cassette (laboratory collection) 

cat-
rev_o.T. 

CGATACAAATTCCTCGTAGGCGCTCGGTTATAAAAGC

CAGTCATTAGGCCTATC 

Amplification of cat cassette (laboratory collection) 

Kan-
check-rev 

CTGCCTCCTCATCCTCTTCATCC check primer deletion (laboratory collection) 

Kan-Fwd CAGCGAACCATTTGAGGTGATAGG Amplification of the kan-resistance cassette 
(laboratory collection) 

Kan-rev CGATACAAATTCCTCGTAGGCGCTCGG Amplification of the kan-resistance cassette 
(laboratory collection) 

Kan-rev 
o.T. 

TTACTAAAACAATTCATCCAGTAAAATAT Amplification of the kan-resistance cassette without 
terminator (laboratory collection) 

ML108 GACATCTAATCTTTTCTGAAGTACATCC check primer deletion by gene replacement with a 
kan-cassette (laboratory collection) 

Spec-
fwd(kan) 

 Amplification of the spc-resistance cassette 
(laboratory collection) 

Spec-
rev(kan) 

 Amplification of the spc-resistance cassette 
(laboratory collection) 

Spec-
rev(o.T.) 

 Amplification of the spc-resistance cassette without 
terminator (laboratory collection) 
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T7-prom CACGGGAGAACAGGGCTTAAA check primer for plasmids containing a T7 promoter 
(laboratory collection) 

T7-term GCTAGTTATTGCTCAGCGG check primer for plasmids containing a T7 terminator 
(laboratory collection) 

 

Plasmids constructed in this work 

Name Vector / restriction nucleases Insert: Primer, template 

pBP760 pAC7 / BamHI + EcoRI PmhqN*: BR90 + BR91, gDNA BP1108 

pBP761 pAC7 / BamHI + EcoRI PmhqN: BR90 + BR91, gDNA 168 

pBP762 pGP1022 / XhoI + BamHI LFH BR38 - BR42, gDNA PG39 

pBP763 pGP3273 / BamHI + EcoRI aroE: BR92 + BR93, gDNA 168  

pBP764 pBQ200 / BamHI + SalI PCR iGEM2018_27 + BR126, extracted plasmid from BP1123  

pBP765 pBQ200 / BamHI + SalI PCR iGEM2018_27 + BR126, gDNA 168  

pBP766 pETSUMOadapt / XhoI + BsaI pdxS: BR177 + BR178, gDNA 168 

pBP767 pETSUMOadapt / XhoI + BsaI pdxT: BR179 & BR180, gDNA 168 

pBP768 pETSUMOadapt / XhoI + BsaI ylaM: BR185 + BR186, gDNA 168 

pBP769 pAC7 / BamHI + EcoRI Pgrac: BR271 + BR272, pTH01 

pBP770 pGP380 / BamHI + HindIII ytoQ: BR72 + BR73, gDNA SP1  

pBP771 pGP382 / BamHI + HindIII ytoQ: BR72 - BR74, gDNA SP1  

pBP772 pGP382 / SalI + PstI pdxST: BR77 + BR78, gDNA SP1  

pBP773 pAC7 / XmaI + BamHI pdxST: BR79 + BR80, gDNA SP1  

pBP774 pGP574 /BamHI + SacI pdxST: BR86 + BR87, gDNA SP1  

pBP775 pBQ200 / BamHI + PstI pdxS: BR125 + BR101, gDNA SP1 

pBP777 pAC7 / EcoRI + BamHI PrpoE: BR163 + BR164, gDNA SP1 

pBP778 pAC7 / EcoRI + BamHI PrpoE*: BR163 + BR164, gDNA BP1172 

pBP779 pGP382 / BamHI + HindIII ytoQ: JR266 + BR74, gDNA SP1 

pBP780 pAC5 / EcoRI + BamHI pdxR-PpdxS: BR167 + BR168, gDNA Listeria monocytogenes 

pBP781 pAC7 / EcoRI + BamHI pdxR-PpdxS: BR167 + BR168, gDNA Listeria monocytogenes 

pBP782 pGP886 / BmgBI (AjiI) + SalI pdxS: BR169 + BR170, gDNA SP1 

pBP783 pGP888 / StuI (Eco1471) + SalI pdxS: BR169 + BR171, gDNA SP1 

pBP784 pAC5 / EcoRI + BamHI PpdxS: BR172 + BR173, gDNA SP1 

pBP785 pAC7/ EcoRI + BamHI PpdxS: BR172 + BR173, gDNA SP1 

pBP786 pGP886 / ApaI + SalI pdxR: BR174 + BR176, gDNA Listeria monocytogenes 

pBP787 pGP888 / StuI (Eco1471) + SalI pdxR: BR175 + BR176, gDNA Listeria monocytogenes 

pBP788 pBQ200 / EcoRI + PstI Palf4-pdxS: BR273 + BR101, gDNA SP1 

pBP789 pBQ200 / EcoRI + PstI PpdxS-pdxS: BR172 + BR101, gDNA SP1 

pBP790 pGP888 /XbaI + BamHI  rpoE: BR201 + BR202, gDNA SP1 

pBP791 pGP888 /XbaI + BamHI  pgpH: BR203 + JN209, gDNA SP1 

pBP792 pGP888 /XbaI + BamHI  gdpP: BR204 + BR205, gDNA SP1 

pBP793 pGP886 / XbaI + BamHI rpoE: BR201 + BR202, gDNA SP1 

pBP794 pGP886 / XbaI + BamHI pgpH: BR203 + JN209, gDNA SP1 

pBP795 pGP886 / XbaI + BamHI gdpP: BR204 + BR205, gDNA SP1 

pBP797 pBQ200 / PstI + HindIII pdxJ*: CCR BR277/BR278/BR279, gDNA W3110 

pBP798 pBQ200 / PstI + HindIII pdxJ: BR277/BR278, gDNA W3110 

pBP799 pAC5 / EcoRI + BamHI ytoP: BR280/BR281, gDNA SP1 

pBP800 p25-N / KpnI + XbaI acpA: BR233 + BR234, gDNA SP1 

pBP801 pKT25 / KpnI + XbaI acpA: BR233 + BR234, gDNA SP1 

pBP802 pUT18 / KpnI + XbaI acpA: BR233 + BR234, gDNA SP1 

pBP803 pUT18C / KpnI + XbaI acpA: BR233 + BR234, gDNA SP1 

pBP804 p25-N / KpnI + XbaI aphA: BR235 + BR236, gDNA SP1 

pBP805 pKT25 / KpnI + XbaI aphA: BR235 + BR236, gDNA SP1 

pBP806 pUT18 / KpnI + XbaI aphA: BR235 + BR236, gDNA SP1 

pBP807 pUT18C / KpnI + XbaI aphA: BR235 + BR236, gDNA SP1 

pBP808 p25-N / KpnI + XbaI pdxS: BR237 + BR238, gDNA SP1 

pBP809 pKT25 / KpnI + XbaI pdxS: BR237 + BR238, gDNA SP1 

pBP810 pUT18 / KpnI + XbaI pdxS: BR237 + BR238, gDNA SP1 

pBP811 pUT18C / KpnI + XbaI pdxS: BR237 + BR238, gDNA SP1 

pBP812 p25-N / KpnI + XbaI pdxT: BR239 + BR240, gDNA SP1 

pBP813 pKT25 / KpnI + XbaI pdxT: BR239 + BR240, gDNA SP1 
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pBP814 pUT18 / KpnI + XbaI pdxT: BR239 + BR240, gDNA SP1 

pBP815 pUT18C / KpnI + XbaI pdxT: BR239 + BR240, gDNA SP1 

pBP816 p25-N / KpnI + XbaI pdxST: BR237 + BR240, gDNA SP1 

pBP817 pKT25 / KpnI + XbaI pdxST: BR237 + BR240, gDNA SP1 

pBP818 pUT18 / KpnI + XbaI pdxST: BR237 + BR240, gDNA SP1 

pBP819 pUT18C / KpnI + XbaI pdxST: BR237 + BR240, gDNA SP1 

pBP820 pAC7 / EcoRI + BamHI PahpA: BR241 + BR242, gDNA SP1 

pBP821 pAC7 / EcoRI + BamHI PahpA: BR241 + BR242, gDNA BP1174 

pBP822 pAC7 / EcoRI + BamHI PykuT: BR243 + BR244, gDNA SP1 

pBP823 pAC7 / EcoRI + BamHI PykuT: BR243 + BR244, gDNA BP1174 

pBP824 pBQ200 / EcoRI + PstI ytoP: BR288 + BR289, gDNA SP1 

pBP825 pAC7 / EcoRI + BamHI PDeqQ* + lacOperator + SD + Start-Codon: BR298 + BR299, pBQ200 

pBP826 pAC5 / EcoRI + BamHI PDeqQ* + lacOperator + SD + Start: BR298 + BR299, pBQ200 

   

 

Other plasmids used in this work 

Name Description Reference/ Construction 

p25N MCS-T25. Two-hybrid plasmid (Karimova et al., 1998) 

pAC7 Plasmid for translational promoter lacZ fusions (Weinrauch et al., 1991) 

pBP639 Overexpression of YtoQ in B. subtilis (J. Rosenberg et al., 2018) 

pBP640 Expression of N-terminally Strep-tagged YtoQ in E. coli (J. Rosenberg, 2017) 

pBP641 Expression of C-terminally Strep-tagged YtoQ in E. coli (J. Rosenberg, 2017) 

pBQ200 Constitutive overexpression of proteins in B. subtilis (Martin-Verstraete et al., 
1994) 

pDG148 Template for phleomycine resistance gene (Guérout-Fleury et al., 1995) 

pDP646 Template for erythromycin resistance gene (Guérout-Fleury et al., 1995) 

pDG780 Template for kanamycin resistance gene (Guérout-Fleury et al., 1995) 

pDG1513 Template for tetracycline resistance gene (Guérout-Fleury et al., 1995) 

pDG1726 Template for spectinomycin resistance gene (Guérout-Fleury et al., 1995) 

pGEM-cat Template for chloramphenicol resistance gene (Guérout-Fleury et al., 1995) 

pGP172 Overexpression in E. coli BL21 (DE3) with N-terminal Strep-tag (Merzbacher et al., 2004) 

pBP168 Translational PnrgAB-lacZ fusion (Detsch & Stülke, 2003) 

pGP380 Constitutive overexpression of N-terminally Strep-tagged proteins 
in B. subtilis 

(Herzberg et al., 2007) 

pGP382 Constitutive overexpression of C-terminally Strep-tagged proteins in 
B. subtilis 

(Herzberg et al., 2007) 

pETSUMOadapt Inducible overexpression of N-terminally His-tagged proteins in B. 
subtilis with cleavable SUMO-tag 

(Mossessova & Lima, 2000) 

pKT25 T25-MCS Two-hybrid plasmid (Karimova et al., 1998) 

pUT18 MCS-T18 Two-hybrid plasmid (Karimova et al., 1998) 

pUT18C T18-MCS Two-hybrid plasmid (Karimova et al., 1998) 

   

 

Softwares and web pages 

Program/ web page Provider Application 
Basic Local Alignment Search Tool NCBI Gene and protein comparison 

between different organisms 
Gen5TMData analysis software BioTek® Analysis of plate reader Data and 

management of the plate reader 
Geneious Prime 2021.03.1 Biomatters In silico DNA data management 
ImageLabTM Software BioRad Imaging of blot pictures 
Mendeley Desktop PDFTronTM Systems Inc. Citation manager 
Microbes online  www.microbesonline.org 
Microsoft Office Microsoft Inc. Writing, Presentation 
Rare tRNA calculator Bioline Evaluation of efficiency for 

recombinant Protein expression 
in E. coli 
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SubtiWiki  (Zhu & Stülke, 2018) Bacillus subtilis Database: 
http://subtiwiki.uni-
goettingen.de/v4/ 

Pymol Version 2.0 Schrödinger, 
LLC. 

The PyMOL Molecular Graphics 
System, 

Vitamin B6 Database Universita di Parma http://bioinformatics.unipr.it/cgi-
bin/bioinformatics/B6db/bib.pl 

  



Appendix 

__________ 

- 175 - 

 Supporting material 
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Suppl. Figure 1 Stress test plates.  
Bacteria were streaked out on LB agar plates supplemented with PL and respective antibiotics and incubated over night at 
37°C. Cell material was taken from the plates and resuspended in 1 ml sterile saline solution, washed two times by 
centrifugation at 10,000 × g and subsequent resuspension in saline solution. The OD600 was set to 1 and 100 µl of the cell 
suspension was plated on LB-PL agar plates. A filter paper was placed in the middle of the plate and 10 µl of the following 
stressors were added: A: Cumene hydroperoxide (0.5 M), B: Fosfomycin: 5 µg/µl, C: H2O2 (0.8 M), D: Paraquat (0.5 M), E: 
tert-Butyl hydroperoxide (0.5 M).  
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Suppl. Figure 2 Competence test of different heterologous pathway mutants 
Bacterial strains were inoculated from LB culture to MNGE+CAA minimal medium and incubated at 37°C until OD600 was 
1. The cells were diluted with fresh MNGE medium an incubated for 1 h. The cells were centrifuged at 10,000 × g and the 
supernatant was used to set the OD600 to 1. 1 µg of pBQ200 plasmid DNA was used to transform the competent cells. 4/5 
of the cells were applied to the LB-PL plates and images were taken one day after incubation at 37°C. 
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Suppl. Figure 3 Pulldown with Strep-YtoQ 
YtoQ-STREP (pBP642), expressed by Rosetta 
(DE3) was coupled to a Strep-Tactin matrix. The 
matrix was washed with 15 ml buffer and bound 
proteins were either directly eluted or crude 
extract of B. subtilis WT SP1 was added 
beforehand. Elution fractions were analyzed by 
SDS –PAGE and silver staining. M: protein size 
marker, W: fraction after washing step, Ex: 
elution fraction 1 - x of bound STREP-YtoQ, 
E+SP1: elution fraction of bound STREP-YtoQ 
saturated with B. subtilis crude extract, SP1: 
crude extract of SP1 added to the Strep-Tactin 
matrix. 

 

 

Gen Function Possible effect on B6/NH4 metabolism 

rrnO-16S Translation - 

rrnO-23S Translation - 

yaaC Unknown - 

guaB biosynthesis of GMP - 

dacA carboxypeptidase Peptide degradation could lead to increased NH4 levels 

pdxS pyridoxal-5-phosphate biosynthesis Increased synthesis of PLP 

cat Chloramphenicol resistance  - 

serS translation - 

dck purine salvage and interconversion - 

dgk purine salvage and interconversion - 

yaaH survival of ethanol stress, protection of 
the spore 

- 

yaaI survival of ethanol stress - 

yaaJ tRNA modification - 

scr presecretory protein translocation causes RNA-driven elongation arrest 

dnaX part of the clamp-loader complex and 
the replisome 

- 

yaak Unknown (similar to DNA-binding 
protein) 

Possible regulatory protein 

recR required for the formation of RecA DNA 
repair centers 

- 

yaaL unknown - 

bofA control of Sigma-K activation - 

rrnA-16S translation - 

rrnA-23S translation - 

 

  

    

    

    

    

    

    
     
     
     
 Da

Suppl. Table 1: Genes included in the amplified region 
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∆pdxT + pBQ200 (empty plasmid) ∆pdxT + pBP775 (pdxS)

ΔpdxT ΔpgpH + pBQ200 (empty plasmid) ΔpdxT ΔpgpH + pBP775 (pdxS)
ΔpdxT ΔgdpP + pBQ200 (empty plasmid) ΔpdxT ΔgdpP + pBP775 (pdxS)

ΔpdxT ΔrpoE + pBQ200 (empty plasmid) ΔpdxT ΔrpoE + pBP775 (pdxS)
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B

 

Suppl. Figure 4 Effect of pgpH and rpoE deletion on  ro t  o  a ΔpdxT mutant.  
Precultures of the strains were cultivated in MSSM medium supplemented with PL and 30 mM ammonium until the OD600 
was 0.5 – 0.8. The cells were washed in saline solution and 100 µl MSSM medium containing different concentrations of 
ammonium were inoculated and monitored in the platereader. A: Ammonium dependent growth of BP1106 (ΔpdxT) 
BP1220 (ΔpdxT ΔrpoE), BP1221 (ΔpdxT ΔgdpP) and BP1223 (ΔpdxT ΔpgpH) in presence or absence of overexpression of 
pdxS. Strains were transformed with the pdxS overexpression plasmid pBP775 or the empty plasmid pBQ200. B: 
Ammonium dependent growth of BP1106 (ΔpdxT), BP1224 (ΔpdxT Pxyl-rpoE), BP1225 (ΔpdxT Pxyl-pgpH) and BP1226 (ΔpdxT 
Pxyl-gdpP) in presence of absence of the inducer xylose. 
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Suppl. Figure 5 A system to 
monitor the amplification of the 
pdxS locus.  
A: Integration of the ermC-gfp 
construct downstream of the 
pdxST and pdxS genes in the 
genomes of the strains BP1130 
(∆serS::(Palf4-gfp ermC)) and 
BP1182 (∆pdxT PnrgAB-lacZ 
∆serS::(Palf4-gfp ermC)), 
respectively. B: Visualization of 
the amplification of the genomic 
region in the strain BP1182 
containing the pdxS gene using a 
stereo fluorescence microscope 
Lumar.V12 (see Experimental 
procedures). The bacteria were 
propagated on MSSM plates and 
incubated for 2 days at 37°C. The 
strains SP1 and BP1130 served as 
controls. White arrows indicate 
suppressor mutants. Exposure 
time, 5 s (GFP); 1 s bright field. C: 
The fluorescence signals of two 
suppressors of the strain BP1182 
(designated as BP1191 and 
BP1192) were compared with 
that of their derivatives that 
were passaged 20 times under 
selective growth conditions 
(MSSM 20 mM NH4 medium 
without PL supplementation). 
The bacteria were propagated 
on MSSM plates and incubated 
for 2 days at 37°C. Exposure 
time, 5 s (GFP); 1 s bright field; 
magnification, 12x. 
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Suppl. Figure 6 β-Galactosidase assays to monitor the activities of the wild type PrpoE 
and the mutated P*rpoE promoters in the strains BP1145 and BP1146, respectively.  
Strains MSSM minimal medium (30mM NH4) and the cells were harvested at an OD600 
between 0.5 and 0.8. -Galactosidase activities are given as units per mg of protein. 
Bars indicate mean values. 
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