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Abstract 15 

The bacteriocin nisin is one of the best studied antimicrobial peptides. It is widely used 16 

as a food preservative due to its antimicrobial activity against various Gram-positive 17 

bacteria including human pathogens such as Listeria monocytogenes and others. The 18 

receptor of nisin is the universal cell wall precursor lipid II, which is present in all 19 

bacteria. Thus, nisin has a broad spectrum of target organisms. Consequently, 20 

heterologous production of nisin with biotechnological relevant organisms including 21 

Corynebacterium glutamicum is difficult. Nevertheless, bacteria have evolved several 22 

mechanisms of resistance against nisin and other cationic antimicrobial peptides 23 

(CAMPs). Here, we transferred resistance mechanisms described in other organisms 24 

to C. glutamicum with the aim to improve nisin resistance. The presented approaches 25 

included: expression of (i) nisin immunity genes nisI and/or nisFEG or (ii) nisin ABC-26 

transporter genes of Staphylococcus aureus and its homologues of C. glutamicum, (iii) 27 

genes coding for enzymes for alanylation or lysinylation of the cell envelope to 28 

introduce positive charges, and/or (iv) deletion of genes for porins of the outer 29 

membrane. None of the attempts alone increased resistance of C. glutamicum more 30 

than two-fold. To increase resistance of C. glutamicum to levels that will allow 31 

heterologous production of active nisin at relevant titers, further studies are needed. 32 
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1 Introduction 38 

Bacteriocins are ribosomally synthesized peptides naturally produced by various 39 

bacteria with antimicrobial activity against a broad range of bacteria (Cotter et al., 2013; 40 

Meade et al., 2020). One of the best characterized bacteriocin is nisin produced by 41 

Lactococcus lactis species (Lubelski et al., 2008). It consists of 34 amino acids and 42 

belongs to the group of class Ia bacteriocins also termed lantibiotics based on their 43 

(methyl-)lanthionine rings, which are introduced during posttranslational modification 44 

(Arnison et al., 2013). Nisin shows high antimicrobial activity against several Gram-45 

positive bacteria including the human pathogens Staphylococcus aureus (Brumfitt et 46 

al., 2002; Jensen et al., 2020) and Listeria monocytogenes (Benkerroum and Sandine, 47 

1988; Harris et al., 1991). 48 

Nisin is synthesized as inactive pre-peptide (prenisin) in the cytoplasm, exported to the 49 

extracellular space and activated by the nisin protease NisP that cleaves off the leader 50 

peptide (Lubelski et al., 2008; Xu et al., 2014). Like other antimicrobial peptides, nisin 51 

has a positively charged N-terminus that facilitates interaction with the negatively 52 

charged envelope of target organisms. The specific receptor of nisin is the universal 53 

cell wall precursor molecule lipid II (Breukink et al., 1999; Brötz et al., 1998), which is 54 

located in the outer leaflet of the cell membrane. 55 

The antimicrobial activity of nisin is based on a dual mode of action. On the one hand, 56 

by binding to lipid II (Hsu et al., 2004), nisin prevents incorporation of this cell wall 57 

precursor into the nascent peptidoglycan chain and thus inhibits cell wall biosynthesis 58 

and growth (Kuipers et al., 2006). Additionally, nisin and lipid II are able to assemble 59 

to pore-forming complexes consisting of 8 molecules of nisin and 4 molecules lipid II 60 

(Hasper et al., 2004) that mediate killing of target bacteria (Breukink et al., 1999). 61 
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Nisin was approved by the FDA and received “generally regarded as safe” status 62 

(Delves-Broughton, 1996). Currently, nisin is produced with optimized LAB strains on 63 

complex milk- or whey-based substrates resulting in low product purity and/or 64 

elaborate and expensive downstream processing (de Arauz et al., 2009; Juturu and 65 

Wu, 2018; Li et al., 2002). 66 

Recombinant nisin production using biotechnological workhorse organisms on an 67 

industrial scale has not been demonstrated so far. A potential candidate for 68 

recombinant nisin production is Corynebacterium glutamicum. This organism is well 69 

established in biotechnological processes and was shown to be a suitable production 70 

host for a variety of different compounds including bulk chemicals, L-amino acids or 71 

therapeutic proteins such as single chain antibody fragments (Becker et al., 2018; Wolf 72 

et al., 2021; Yim et al., 2016, 2014). Recently, recombinant synthesis of the class IIa 73 

bacteriocin pediocin PA1 using C. glutamicum was successfully demonstrated 74 

(Goldbeck et al., 2021, submitted). However, while C. glutamicum is resistant to 75 

pediocin PA1, nisin targets the peptidoglycan precursor lipid II found in all bacteria. 76 

Consequently, nisin has a wide spectrum of target organisms including C. glutamicum 77 

(Goldbeck et al., 2021, submitted). Thus, production of active nisin using normal 78 

production strains of C. glutamicum will be difficult.  79 

In addition to the natural producers, which require efficient protection against the 80 

bactericidal activity of nisin, several other organisms have evolved mechanisms of 81 

resistance against nisin. This includes general mechanisms of resistance to cell 82 

envelope stress including cell wall thickening or cell envelope alterations like 83 

incorporation of positively charged substituents to alter the overall negative charge of 84 

the surface (Draper et al., 2015). A well characterized example is D-alanylation of 85 

teichoic acids catalyzed by the dlt operon (Neuhaus and Baddiley, 2003) that was 86 
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discovered in different Firmicutes and demonstrated to confer resistance against a 87 

broad range of CAMPs (Abi Khattar et al., 2009; Kovács et al., 2006; McBride and 88 

Sonenshein, 2011a; Peschel et al., 1999). Another modification altering surface charge 89 

is lysinylation of the membrane phospholipid phophatidylglycerol (PG) by e.g. the multi-90 

resistance-factor F (MprF) found in different Firmicutes like S. aureus (Ernst and 91 

Peschel, 2011) or L. monocytogenes (Thedieck et al., 2006). Loss of MprF function 92 

increases sensitivity of S. aureus against various AMPs (Ernst et al., 2009; Nishi et al., 93 

2004). A similar effect is described for the bifunctional lysine-tRNA 94 

ligase/phosphatidylglycerol lysyltransferase (LysX) of Mycobacterium tuberculosis that 95 

contributes to an increased resistance against CAMPs (Maloney et al., 2009).  96 

More specific resistance mechanisms are often based on ABC-transporter systems 97 

and their regulatory two or multiple-component systems (Draper et al., 2015). In 98 

general, ABC-transporters involved in CAMP resistance can be grouped in two classes 99 

(Clemens et al., 2018). One group is the bacitracin efflux ABC-transporter (BceAB-100 

type), first characterized in B. subtilis (Ohki et al., 2003). Further prominent members 101 

are the VraDE transporter from S. aureus (Hiron et al., 2011) or NsrFP of S. agalactiae 102 

(Reiners et al., 2017). Both were shown to confer resistance to nisin, bacitracin or other 103 

CAMPs (Arii et al., 2019; Hiron et al., 2011; Zaschke-Kriesche et al., 2020). The other 104 

group consists of cationic peptide resistance ABC-transporters (CrpABC-type) 105 

including the well characterized nisin immunity system NisFEG from L. lactis (Alkhatib 106 

et al., 2014) or CprABC of Clostridioides difficile strains (McBride and Sonenshein, 107 

2011b). These transporters are mostly found in natural AMP producers, are highly 108 

specific, and confer immunity against their own product. Moreover, CrpABC-type 109 

transporters work cooperatively with additional immunity systems. For example, 110 
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NisFEG of L. lactis nisin producers acts together with the lipoprotein NisI to achieve 111 

full immunity against nisin (Stein et al., 2003). 112 

In the present study, we tried to increase resistance of C. glutamicum to nisin by 113 

introducing genes for several of the described resistance or immunity mechanisms or 114 

deletion of porins in the mycolic acid. The aim was to render this biotechnological 115 

platform organism resistant to a degree that would allow recombinant production of 116 

active nisin.   117 
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2 Materials and Methods 118 

2.1 Bacterial strains and growth conditions 119 

All strains and plasmids used in this study are listed in Supplementary Table S1. 120 

C. glutamicum and E. coli were cultivated in 2xTY complex medium and incubated with 121 

agitation at 30 °C and 37 °C, respectively. B. subtilis and S. aureus were cultivated on 122 

solid Brain Heart Infusion (BHI) medium containing agar (15 g/l). L. lactis subsp. lactis 123 

B1629 was cultivated on solid GM17 medium. For induction of gene expression, 124 

isopropyl-β-D-thiogalactoside (IPTG) and/or anhydrotetracycline (aTc) was used in the 125 

indicated concentrations. For selection, kanamycin (25 µg/ml) was used if appropriate. 126 

   127 

2.2 Cloning procedures 128 

For molecular cloning procedures standard reagents were used according to the 129 

manufacturer´s instructions. PCR reactions were performed in a C100 thermocycler 130 

(Bio-Rad Laboratories, Munich, Germany), nucleotides were purchased from Bio-131 

Budget (Krefeld, Germany). Genes for nisin immunity proteins nisF nis E nisG and nisI 132 

were amplified using genomic DNA of the natural nisin producer strain L. lactis subsp. 133 

lactis B1629. In addition, a nisI gene with codon-usage optimized for expression in 134 

C. glutamicum (nisICO) was obtained as a synthesized DNA fragment from a 135 

commercial service provider (Eurofins genomics; Ebersberg, Germany). The ABC-136 

transporter genes vraD and vraE were amplified from S. aureus MRSA ATCC 43300. 137 

Genes cg2812-11, cg3322-20 and cg1103 were amplified from C. glutamicum CR099. 138 

All primers and the codon-optimized gene sequence of nisICO are listed in 139 

Supplementary Table S2. All genes were amplified using primers containing 140 

ribosomal binding sites for C. glutamicum and overlapping regions for fusion in the 141 

correct order into the indicated expression vectors by Gibson assembly (Gibson et al., 142 
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