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A B S T R A C T   

Bacteriocins are antimicrobial peptides produced by bacteria to inhibit competitors in their natural environ-
ments. Some of these peptides have emerged as commercial food preservatives and, due to the rapid increase in 
antibiotic resistant bacteria, are also discussed as interesting alternatives to antibiotics for therapeutic purposes. 
Currently, commercial bacteriocins are produced exclusively with natural producer organisms on complex 
substrates and are sold as semi-purified preparations or crude fermentates. To allow clinical application, efficacy 
of production and purity of the product need to be improved. This can be achieved by shifting production to 
recombinant microorganisms. 

Here, we identify Corynebacterium glutamicum as a suitable production host for the bacteriocin pediocin PA-1. 
C. glutamicum CR099 shows resistance to high concentrations of pediocin PA-1 and the bacteriocin was not 
inactivated when spiked into growing cultures of this bacterium. Recombinant C. glutamicum expressing a syn-
thetic pedACDCgl operon releases a compound that has potent antimicrobial activity against Listeria monocytogenes 
and Listeria innocua and matches size and mass:charge ratio of commercial pediocin PA-1. Fermentations in shake 
flasks and bioreactors suggest that low levels of dissolved oxygen are favorable for production of pediocin. Under 
these conditions, however, reduced activity of the TCA cycle resulted in decreased availability of the important 
pediocin precursor L-asparagine suggesting options for further improvement. Overall, we demonstrate that 
C. glutamicum is a suitable host for recombinant production of bacteriocins of the pediocin family.   

1. Introduction 

Bacteriocins are small, ribosomally synthesized antimicrobial pep-
tides (AMPs) naturally produced by a wide range of bacteria that are 
able to suppress growth and/or directly kill target organisms in a spe-
cific manner (Chikindas et al., 2018; Cotter et al., 2013). Their biological 
role is to provide a competitive advantage for the producing organisms 
in an ecological niche (Chikindas et al., 2018). Due to their activity 
against pathogens and food-spoiling organisms, bacteriocins are used as 

preservatives in food and beverages and in animal and pet feed (Chi-
kindas et al., 2018; Mills et al., 2011; Silva et al., 2018). 

The widespread over- and misuse of antibiotics in livestock farming 
contributes massively to spread of antimicrobial resistances of a wide 
range of infectious agents, which is recognized as one of the most urgent 
public health threats (World Health Organization, 2017). In recent 
years, a number of novel bacteriocins have been identified in bacteria 
from various sources (Angelopoulou et al., 2020; Azevedo et al., 2015; 
Egan et al., 2018; Walsh et al., 2015). Some of them have shown 
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promising activity against clinically relevant pathogens. For example, 
enterocin K1 is active against different strains of Enterococcus faecium 
including multidrug resistant clinical isolates (Ovchinnikov et al., 
2017). Similarly, garvicins Q and KS display activity against 
Gram-positive pathogens of the genera Staphylococcus, Bacillus, Listeria, 
and Enterococcus (Ovchinnikov et al., 2016; Tosukhowong et al., 2012; 
Tymoszewska et al., 2017). Recently, garvicin KS has been developed 
into a formulation for topical application that was successfully used to 
treat skin infections with methicillin-resistant S. aureus (Ovchinnikov 
et al., 2020). Thus, replacement of antibiotics with naturally occurring 
bacteriocins may contribute to solve problems with antimicrobial 
resistant infections. 

A considerable number of bacteriocins belongs to the pediocin family 
of class IIa bacteriocins. Pediocins are produced by lactic acid bacteria 
(LAB) of the species Pediococcus sp. and Lactobacillus sp. and the genes 
involved in production and immunity in the natural producers have 
been identified (Ennahar et al., 1996; Marugg et al., 1992; Motlagh 
et al., 1994; Venema et al., 1995). Class IIa bacteriocins kill target 
bacteria by formation of pores in the cytoplasmic membrane (Chikindas 
et al., 1993; Ríos Colombo et al., 2018). The receptors that facilitate 
binding of these peptides to their targets are sugar transporters of the 
mannose phosphotransferase system (PTSMan) family (Diep et al., 2007; 
Kjos et al, 2009, 2010; Tymoszewska et al, 2017, 2018). 

The major bottlenecks that hamper new bacteriocins from entering 
the market and prevent their application in clinical settings are easy and 
cost-effective production and purification at industrially relevant titers 
(Abbasiliasi et al., 2017; Johnson et al., 2017; Mesa-Pereira et al., 2018). 
The media currently used for industrial scale production of bacteriocins 
using natural producer strains are complex and often supplemented with 
milk or whey (Abbasiliasi et al., 2017; de Arauz et al., 2009), which 
requires expensive downstream processing and/or results in low product 
purity. Another barrier for AMP production is the high energy demand 
for product formation in combination with the low energy yield of the 
fermentative metabolism of LAB (Kördikanlıoğlu et al., 2015). These 
drawbacks may be overcome by transferring production to industrial 
platform organisms. 

An interesting candidate for biotechnological production of bacte-
riocins is C. glutamicum, one of the most extensively used platform or-
ganisms for biotechnological production of more than 70 compounds 
including high value active ingredients and therapeutic proteins (Becker 
et al., 2018; Eggeling and Bott, 2015; Wolf et al., 2021; Yim et al, 2014, 
2016). This platform organism bears the advantage that well-defined, 
low-cost, minimal media as well as appropriate industry-scale produc-
tion processes are available. Products obtained with C. glutamicum have 
GRAS (generally regarded as safe) status and a long tradition in industry 
with well-established, large-scale cultivation processes. C. glutamicum 
has no significant extracellular proteolytic activity avoiding degradation 
of secreted protein or peptide products (Becker and Wittmann, 2017; Lee 
and Kim, 2018). Moreover, the organism has been engineered for effi-
cient growth and production on different renewable feedstocks and in-
dustrial waste streams including raw starches, pentoses from 
hemicellulosic wastes, mannitol from seaweed hydrolysates and amino 
sugars derived from chitin (Hoffmann et al., 2021; Matano et al., 2014; 
Meiswinkel et al., 2013; Seibold et al., 2006). 

In the present study, we establish C. glutamicum as a suitable host for 
recombinant production of pediocin PA-1, an industrially relevant 
bacteriocin. 

2. Materials and methods 

2.1. Strains and growth conditions 

C. glutamicum strains were generally grown in 2xTY medium with 2% 
glucose (Glc) at 30 ◦C with aeration in either glass tubes, baffled or non- 
baffled Erlenmeyer flasks as indicated in individual experiments. Listeria 
spp. strains were grown in BHI medium at 37 ◦C with aeration overnight 

(o/N; i.e. approx. 16 h). P. acidilactici 347 was cultivated o/N statically 
in MRS medium (Gibco) at 30 ◦C. Where indicated, media were sup-
plemented with IPTG (0.2 mM) and/or antibiotics as appropriate 
(kanamycin: 50 μg mL− 1; chloramphenicol: 30 μg mL− 1 for E. coli and 
Listeria spp. or 12.5 μg mL− 1 for C. glutamicum). All bacterial strains and 
plasmids used in the current study are listed in Supplementary Table S1. 

2.2. Molecular biology procedures 

Cloning procedures were conducted using standard reagents ac-
cording to the manufacturer’s recommendation. Sequences of primers 
and codon-optimized genes pedACg, pedCCg, pedDCg used in this study are 
listed in Supplementary Table S2 and were obtained from a commercial 
service provider (Eurofins Genomics). 

The genes for pediocin PA-1 biosynthesis were amplified via PCR 
using Q5 high fidelity polymerase (New England Biolabs) and primers 
creating overlapping sequences and restriction sites. Gibson assembly 
(Gibson et al., 2009) was used to fuse all fragments into pEKEx2, which 
was linearized by restriction endonucleases SacI and SalI, resulting in 
pEKEx2-pedACDCg and pEKEx2-pedCDACg. The plasmid pEKEx2-pe-
dAACDCg was generated by adding an additional copy of pedACg via 
Gibson assembly into NheI-linearized pEKEx2-pedACDCg. Further con-
structs were obtained by restriction of pEKEx2-pedACDCg and re-ligation 
using T4 DNA ligase and blunting enzyme (both Thermo Scientific). For 
pEKEx2-pedACg, KpnI and NheI were used to remove pedCCg and pedDCg 

from pEKEx2-pedACDCg. For pEKEx2-pedACCg, NcoI and KpnI were used, 
removing pedDCg. For pEKEx2-pedADCg, NheI and NcoI were used, 
removing pedCCg. For pEKEx2-pedCDCg, SalI and NheI were used, 
removing pedACg. All plasmids were introduced into competent E. coli 
DH5α and analyzed via sequencing prior to further use. For construction 
of pXMJ19-pedACDCg, the empty vector pXMJ19 was linearized with 
SacI and SalI and subsequently ligated with pedACDCg obtained by re-
striction of pEKEx2-pedACDCg with the same enzymes. Transformation 
of Listeria sp. strains with plasmids pNZ44 and pIMK2 was performed 
according to a previously published protocol (Monk et al., 2008). 

2.3. Determination of bacteriocin activity 

Bacteriocin activity was determined using a standard microtiter plate 
assay (Holo et al., 1991) with slight modifications. The indicator strains 
L. monocytogenes EGDe:pIMK2, L. monocytogenes EGDe/pNZ44 and 
L. innocua LMG2785:pIMK2 were grown o/N at 37 ◦C in BHI and diluted 
1:25 in fresh BHI prior to the assay. Two-fold dilution series of samples 
(100 μl) were mixed with the indicator strain (100 μl) in sterile 96-well 
plates. This corresponds to a starting optical density at 600 nm (OD600) 
of 0.05 ± 0.01. The plates were incubated at 37 ◦C for 5–6 h and growth 
was monitored by measuring OD600 in an Infinite M200 plate reader 
(Tecan). Bacteriocin activity in supernatants and different fractions of 
the purification process was determined in a semi-quantitative manner 
as described previously (Holo et al., 1991) and calculated as bacteriocin 
units per ml (BU mL− 1). According to this method, BUs are defined as the 
reciprocal of the highest dilution showing at least 50% inhibition of the 
indicator strain. 

Resistance of C. glutamicum CR0999 to pediocin, nisin and bacitracin 
was determined using a similar assay. Bacteria of an o/N culture in 2xTY 
were diluted 1:25 in fresh medium and 100 μl of this suspension were 
mixed with 100 μl of samples of 2-fold serial dilutions of AMP standard 
solutions in microtiter plates. This corresponds to a starting OD600 of 0.1 
± 0.01 and the indicated AMP concentrations. OD600 was again 
measured after incubation at 30 ◦C with shaking for 6 h. 

2.4. Purification and identification of pediocin 

Purification of pediocin PA-1 was carried out as described previously 
(Ovchinnikov et al., 2016). For cation exchange (CIEX) chromatog-
raphy, culture supernatants from 1 L cultivations were precipitated with 
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ammonium sulfate (50% saturation at 4 ◦C) and the precipitate was 
collected via centrifugation (45 min, 10000 g, 4 ◦C). After resuspension 
of the precipitate in HPLC grade H2O (1/10 of the initial volume), the pH 
was adjusted to 3.9 with 2 M HCl. Another centrifugation step (20 min, 
10000 g, 4 ◦C) was carried out to remove insoluble precipitate. The 
resulting supernatant was then applied to a HiPrep SP FF 16/10 column 
(GE Healthcare Life Sciences) equilibrated with 20 mM sodium phos-
phate buffer at pH 3.9. Wash out of unbound sample was carried out 
with 5 column volumes of 20 mM sodium phosphate buffer at pH 6.9. 
The bacteriocin was eluted in a single step using 5 column volumes of 20 
mM sodium phosphate buffer at pH 6.9 with 2 M NaCl. The eluate was 
fractionated to 5 mL aliquots and fractions containing bacteriocin ac-
tivity were stored at − 20 ◦C. For size exclusion (SIEX) analysis, active 
fractions were applied to a Superdex peptide 10/300 GL SIEX column 
(GE Healthcare Life Sciences) with an isocratic elution at a flow rate of 
0.5 mL min− 1 (50 mM Tris-HCl pH 7.5, 200 mM NaCl, and 5% (w/v) 
glycerol). 

For identification, the eluate from CIEX chromatography was applied 
to a Resource reverse-phase chromatography (RPC) column (1 ml) (GE 
Healthcare Biosciences) connected to an ÅKTA purifier system (Amer-
sham Pharmacia Biotech). A linear gradient of 2-propanol (Merck) with 
0.1% (vol/vol) trifluoroacetic acid (buffer B) at a flow rate of 1.0 mL 
min− 1 was used for elution. Pediocin was eluted with 35% of buffer B. 
RPC fractions with antimicrobial activity were further analyzed by mass 
spectroscopy (MS). For MS analysis, the molecular mass of the purified 
bacteriocin was determined by an Ultraflex MALDI-TOF/TOF (Bruker 
Daltonics, Bremen, Germany) instrument operated in reflection mode 
with delayed extraction. Positively charged ions with a mass:charge 
ratio (m/z) between 700 and 6000 were analyzed using an acceleration 
voltage of 25 kV. The sample spectra were calibrated externally with a 
calibration standard covering the m/z range from 700 to 3100 (Bruker 
Daltonics, Bremen, Germany). 

In some cases, CIEX fractions were analyzed by MS directly without 
RPC. In these cases, the samples were desalted using a C18 ZipTip® 
(ZTC18S, Millipore, Billerica, MA) before being applied to Ultraflex 
MALDI-TOF/TOF. 

2.5. SDS-PAGE and silver staining 

SDS-PAGE was performed using Tris-Tricine 10–20% gels (Thermo 
Scientific) according to the manufacturer’s protocol. Bacteriocin sam-
ples were mixed with the provided sample buffer and heated to 80 ◦C for 
2 min before they were applied to the gels. After electrophoresis, gels 
were fixed by incubation for 1 h in 50% (v/v) methanol, 12% (v/v) 
glacial acetic acid and 0.0185% (v/v) formaldehyde. Fixed gels were 
washed twice for 10 min in 50% (v/v) ethanol, rinsed with 0.02% (w/v) 
Na2S2O3 x 5 H2O solution for 1 min and again washed three times in 
deionized H2O (dH2O) for 30 s. After incubation for 25 min in 0.2% (w/ 
v) AgNO3 solution with 0.028% (v/v) formaldehyde, the gels were 
washed twice in dH2O and then incubated in developing solution con-
taining 6% (w/v) Na2CO3, 0.0004% (w/v) Na2S2O3 x 5 H2O and 0.028% 
(v/v) formaldehyde until clear bands were visible in the gel. The reac-
tion was stopped with dH2O and 15 min incubation with 50 mM EDTA 
solution. 

2.6. Extracellular amino acid quantification 

Amino acid concentrations in culture supernatant were analyzed by 
HPLC (Agilent 1200 series, Agilent Technologies, Waldbronn, Germany) 
after pre-column derivatization (Krömer et al., 2005), using separation 
on a reversed phase column (Gemini 5 μm C18 110 Å, 150 × 4.6 mm, 
Phenomenex, Aschaffenburg, Germany) and a gradient of eluent A (20 
mM NaH2PO4 x H2O, 0.5 g L− 1 sodium azide, pH 7.8) and B (45% 
acetonitrile, 45% methanol, 10% dH2O) at a flow rate of 1 ml min− 1 and 
40 ◦C and the following profile: 0–44.5 min: 100% eluent A, 44.5–45 
min: 100-55% eluent A, 45–47 min: 55-39% eluent A, 47–48 min: 

39-18% eluent A, 48–48.5 min: 18-0% eluent A, 48.5–50.5 min: 0% 
eluent A, 50.5–51 min: 0–100% eluent A, 51.0–53 min: 100% eluent A. 
The amino acids were quantified using fluorescence detection (excita-
tion/emission at 206/305 nm for L-proline and 340/450 nm for other 
amino acids) and α-aminobutyrate as internal standard. 

2.7. Intracellular amino acid quantification 

Sampling for intracellular amino acids was performed via fast 
filtration and subsequent extraction in boiling water as previously 
validated and applied for such analysis in C. glutamicum (Bolten et al., 
2007; Kind et al., 2011; Wittmann et al., 2004). Briefly, cells were 
collected by fast filtration, including a washing step with 2.5% NaCl 
solution (Wittmann et al., 2002). Afterwards, free intracellular amino 
acids were extracted from the cells by incubation in boiling water (15 
min, 100 ◦C) and quantified as described above. 

2.8. Metabolic activity profiling using 13C tracer experiments 

The relative fractions of proteinogenic amino acids, taken up by 
C. glutamicum from the complex medium ingredients (tryptone, yeast 
extract) or synthetized de novo from Glc, respectively, were estimated by 
a13C tracer study with subsequent gas chromatography-mass spec-
trometry (GC/MS) analysis (Schwechheimer et al., 2018). In short, cells 
were grown in 2xTY medium with 2% [13C6] Glc (99% enrichment, 
Omicron Biochemicals, South Bend, IN, USA). Cells, sampled during the 
cultivation, were analyzed for the 13C labelling pattern of amino acids 
from hydrolysed cell protein using GC/MS (GC 7890A, 5975C quadru-
pole detector, Agilent, Darmstadt, Germany) as described recently 
(Hoffmann et al., 2018). The measured labelling patterns were corrected 
for the non-labelled inoculum and for natural isotopes (Yang et al., 
2009) and then used to derive the summed fractional labelling for each 
amino acid (Schwechheimer et al., 2018). The latter value directly re-
flected the relative amount that was synthetized de novo from Glc and 
the remaining fraction could be attributed to uptake form the medium, 
respectively. 

2.9. Cultivation in bioreactors 

Fed-batch cultivation was performed with C. glutamicum CR099/ 
pEKEx-pedACDCg in a Labfors 5 (Infors AG, Switzerland) stirred tank 
bioreactor with an initial working volume of 1.6 L. Precultures were 
grown o/N in 2xTY medium supplemented with 50 μg mL− 1 kanamycin 
at 30 ◦C with aeration in non-baffled Erlenmeyer flasks at 130 rpm. The 
preculture was harvested by centrifugation (10 min, 3240 g, room 
temperature), to inoculate the main batch culture to an initial OD600 of 
1. For bioreactor fermentations, a complex medium based on 2xTY and 
CGXII medium (Keilhauer et al., 1993) with 2% Glc was used. This 
bioreactor medium contained tryptone (16 g L− 1) and yeast extract (10 
g L− 1) as in normal 2xTY, the salts and vitamins of CGXII except urea and 
MOPS, and 50 μg mL− 1 kanamycin. The composition was formulated to 
mimic nutritional conditions of the shake flask experiments as close as 
possible while at the same time preventing limitations in trace elements 
etc. at high cell densities. Additionally, MOPS was omitted from the 
medium as the bioreactor was equipped with a pH control. Reactor 
temperature was set at 30 ◦C and pH was controlled at 7 by addition of 6 
M ammonium hydroxide and 1 M phosphoric acid. Dissolved oxygen 
was controlled by a cascaded adaption of stirrer speed (400–1200 rpm) 
and aeration rate (0.3–2 L min− 1 compressed air). During the uninduced 
growth phase dissolved oxygen was kept above 20%. At an OD600 of 40, 
production was induced with IPTG (0.2 mM) and the dissolved oxygen 
level was reduced to 5%. During the production phase 1 L feed solution 
was supplied at a linear feed rate of 50 mL h− 1. The feed solution con-
tained 152 g L− 1 Glc, 122 g L− 1 tryptone, 76 g L− 1 yeast extract and 50 
μg m L− 1 kanamycin. The substrate ratios correspond to the medium 
used for small scale production (2xTY + 2% Glc; Section 2.1). Biomass 
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dry cell weight was determined gravimetrically by centrifuging 1.8 mL 
culture broth (10 min, 11,880 g, 4 ◦C), washing the pellet with phos-
phate buffered saline and drying the washed pellet at 105 ◦C for 72 h. 
Culture supernatants were analyzed for bacteriocin activity (Section 
2.3), L-glutamate, Glc, acetate and lactate concentrations (Cedex Bio HT 
analyzer, Roche Diagnostics GmbH, Germany). 

3. Results 

3.1. C. glutamicum is a suitable host for recombinant production of 
pediocin PA-1 

Pediocin PA-1 is a bacteriocin with potent antimicrobial activity 
against a range of Gram-positive microorganisms including important 
human pathogens such as Listeria monocytogenes (Ríos Colombo et al., 
2018). As a first step towards recombinant production of pediocin PA-1, 
we established a growth-dependent assay using L. monocytogenes EGDe: 
pIMK2 or L. innocua LMG2785:pIMK2 as indicator strains, and 
commercially available, purified pediocin (Supplementary Fig. S3A). 
Using serial, 2-fold dilutions of a pediocin standard, 39 ng mL− 1 of 
pediocin was determined as the minimal concentration required to 
completely inhibit growth of the indicator strains under the conditions 
of the assay. This concentration was used in further experiments as a 
calibrator to estimate product concentrations in supernatants of pro-
ducer strains. 

To validate the assay, anti-microbial activity in supernatants of 
P. acidilactici 347, a natural producer of pediocin, was determined 

following growth in MRS medium to early stationary growth phase 
(Supplementary Fig. S3B). Complete inhibition of the indicator strain 
was achieved with a 1:128 dilution. Thus, supernatants of P. acidilactici 
347 contained at least 5 μg mL− 1 of active pediocin, based on the esti-
mation with the pediocin standard (Supplementary Fig. S3A). According 
to the method to determine bacteriocin activity described in the 
methods section, this corresponded to 10,240 BU mL− 1. Additional 
control experiments using a spot-on-lawn assay and L. monocytogenes 
EGDe or its isogenic mutant EGY2 (carrying a 84 bp deletion in the mptD 
gene encoding the IID subunit of the PTSMan) showed that the antimi-
crobial activity in supernatants of P. acidilactici 347 is dependent on a 
functional PTSMan (Supplementary Fig. S3C). This confirms that ped-
iocin PA-1 is the only compound produced by P. acidilactici 347 with 
antimicrobial activity against L. monocytogenes. 

The receptors for bacteriocins of the pediocin family on target or-
ganisms are the IIC and IID subunits of the PTSMan family (Kjos et al., 
2009; Tymoszewska et al, 2017, 2018). In silico analysis of the genome of 
C. glutamicum CR099 and other strains of the species indicated that 
C. glutamicum does not encode a PTSMan suggesting resistance against 
pediocin. To corroborate this assumption, we determined the resistance 
of C. glutamicum CR099 against different AMPs using an endpoint 
measurement of growth in 96-well microtiter plates (Fig. 1A). 

Complete inhibition of growth was observed with bacitracin and 
nisin at concentrations of 390–781 ng mL− 1. By contrast, C. glutamicum 
CR099 was able to grow in the presence of at least 12.5 μg mL− 1 ped-
iocin PA-1. Further experiments conducted in larger volumes under 
standard conditions of cultivation in baffled Erlenmeyer flask confirmed 

Fig. 1. (A) Growth (OD600) of C. glutamicum CR099 in 96-well microtiter plates in the presence of pediocin (black bars), nisin (grey bars), or bacitracin (white bars) at 
the indicated concentrations. Values are mean ± standard deviation of n = 4–7 independent experiments. (B) Growth of C. glutamicum CR099 in standard batch 
culture in 2xTY medium with 2% Glc in the presence (+PA-1) or absence (- PA-1) of 2.0 μg mL− 1 pediocin. Values are mean ± standard deviation of n = 4 inde-
pendent experiments. Growth rates were calculated during exponential growth phase. (C) Growth inhibition of L. monocytogenes EGDe:pIMK2 by supernatants of 
C. glutamicum CR099 in 2xTY medium with 2% Glc plus 2 μg mL− 1 pure pediocin (+CR099). Supernatants were collected during the experiment shown in (B) at the 
indicated time-points. As a control, pediocin was incubated under the same conditions in sterile medium (- CR099). Values are OD600 of the indicator strain 
L. monocytogenes EGDe at the indicated dilutions of the samples and are mean ± standard deviation of n = 3 independent experiments. In all graphs, the red and green 
lines indicate OD600 of the positive (i.e. complete inhibition of growth) or negative (i.e. in the absence of an AMP) control, respectively. The broken red lines 
represent growth inhibition of 50%, i.e. the threshold to calculate bacteriocin units. 
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that 2 μg mL− 1 of pediocin did not affect final optical density and growth 
rate (Fig. 1B). This indicates that production of pediocin by 
C. glutamicum CR099 at significant titers may be possible without 
adverse effects on growth. 

Additionally, activity of pediocin was determined in the culture su-
pernatant at different timepoints during the cultivation (Fig. 1C). 
Calculation of bacteriocin units (Supplementary Table S4) revealed that, 
after an initial reduction from 2560 to 1280 BU mL− 1, activity remained 
stable for several hours in growing C. glutamicum CR099 cultures. After 
24 h, activities dropped to 160 BU mL− 1 in the presence of C. glutamicum 
CR099 and the same reduction was observed in control incubation in 
2xTY without bacteria. In summary, C. glutamicum CR099 was able to 
grow in the presence of high concentrations of pediocin PA-1 and 
apparently did not degrade the bacteriocin in significant amounts during 
active growth. Thus C. glutamicum was considered a suitable host for 
recombinant pediocin PA-1 production. 

3.2. Establishment of pediocin production in C. glutamicum CR099 

To establish pediocin production in C. glutamicum CR099, the 
sequence of the biosynthetic operon of P. acidilactici PAC1.0 was 
retrieved from the NCBI GenBank database (accession no.: M83924.1; 
Fig. 2A). The operon comprises four genes located on a plasmid 
(pSRQ11): the structural gene pedA for the prepeptide of the bacteriocin, 
pedB for an immunity protein, and pedC and pedD encoding proteins 
required for processing, cleavage and export of the mature bacteriocin 
(Marugg et al., 1992). 

In P. acidilactici PAC1.0, all genes are transcribed from a single 
promoter upstream of pedA (Venema et al., 1995). The immunity protein 
confers resistance by a mechanism that depends on the PTSMan receptor 
(Diep et al., 2007), which is absent in C. glutamicum CR099. Thus, pedB 
was considered dispensable. A synthetic pedACDCgl operon for recom-
binant production of pediocin PA-1 was designed based on the protein 
sequences available on UniProt database (accession no.: P29430, 
P37249, and P36497). Gene sequences were codon-optimized for 
C. glutamicum, each equipped with a ribosome binding site, obtained as 
synthesized gene fragments, and cloned under the IPTG-inducible Ptac 
promoter into pEKEx2 by Gibson Assembly yielding pEKEx2-pedACDCg 

(Fig. 2B). This construct was successfully introduced into C. glutamicum 

CR099. 
Supernatants of cultures of C. glutamicum CR099/pEKEx-pedACDCg 

grown to early stationary growth phase in 2xTY medium with 2% Glc 
and 0.2 mM IPTG in glass tubes contained up to 10,240 BU mL− 1 of 
antimicrobial activity against L. monocytogenes. This corresponds to a 
concentration of approx. 5 μg mL− 1 of pure pediocin (Fig. 2C), i.e. levels 
comparable to those of the natural producer P. acidilactici 347 (Sup-
plementary Fig. S3B). By contrast, supernatants of the empty vector 
control strain C. glutamicum CR099/pEKEx-ped0 did not inhibit growth 
of L. monocytogenes EGDe:pIMK2 at all. Almost identical results were 
obtained with a second strain which contained the same operon and 
promoter in the pXMJ19 backbone (Supplementary Fig. S5). 

To identify the compound responsible for inhibition of growth of the 
sensor strain, experiments in larger culture volumes were conducted. 
Surprisingly, only low activities were obtained when C. glutamicum 
CR099/pEKEx-pedACDCg was grown in baffled Erlenmeyer flasks for 
efficient oxygenation of the medium with a maximum of 640 BU mL− 1 

after 10 h of cultivation (Fig. 3, Supplementary Table S6). 
However, growth inhibitory activity of C. glutamicum CR099/pEKEx- 

pedACDCg supernatants was dramatically increased when cultivated 
under the same conditions in non-baffled Erlenmeyer flasks. Under these 
conditions, a maximum of 5120 BU mL− 1 (equivalent to approx. 2.5 μg 
mL− 1 of pure pediocin) were observed at the end of the cultivation 
(Fig. 3B and Supplementary Table S6). 

3.3. Identification of pediocin in supernatants of recombinant C. 
glutamicum 

For identification of pediocin, proteins in the supernatant of 
C. glutamicum CR099/pEKEx-pedACDCg grown o/N in non-baffled 
Erlenmeyer flasks in 2xTY medium with 2% Glc and 0.2 mM IPTG 
were precipitated with 50% ammonium sulfate and then separated via 
CIEX chromatography. Similar to supernatants of P. acidilactici 347, a 
single peak was observed at 280 nm at the onset of elution (Supple-
mentary Fig. S7). Peak fractions F8–F10 were collected and further 
analyzed. All peak fractions strongly inhibited growth of 
L. monocytogenes EGDe:pIMK2 with a maximum of 204,800 BU mL− 1, 
which is equivalent to at least 25 μg mL− 1 active pediocin (Fig. 4A and 
Supplementary Table S8). In all fractions, activity was completely 

Fig. 2. (A) Genetic organization of the operon of P. acidilactici PAC1.0 for biosynthesis of pediocin PA-1. (B) Plasmid map of pEKEx2-pedACDCg introduced into 
C. glutamicum CR099. (C) Growth inhibition of L. monocytogenes EGDe:pIMK2 by supernatants of recombinant C. glutamicum strains. C. glutamicum CR099/pEKEx2- 
pedACDCg (pedACDCg) or the empty vector control strain C. glutamicum CR099/pEKEx2 (ped0) were grown in 5 ml 2xTY medium in glass tubes and 2 h after 
inoculation Glc (2% w/v) and IPTG (0.2 mM) were added to induce production of pediocin. Activity was measured in 2-fold serial dilutions of supernatants harvested 
after o/N growth, i.e. early stationary growth phase, using L. monocytogenes EGDe:pIMK2 as indicator. Values are OD600 of the indicator strain and are mean ±
standard deviation of n = 9 independent experiments. Hatched bars indicate growth of the indicator strain without addition of diluted supernatant or pediocin, i.e. 
maximum growth. The red and green lines indicate OD600 of the positive (i.e. complete inhibition of growth) or negative (i.e. in the absence of an AMP), respectively. 
The broken red line represents growth inhibition of 50%, i.e. the threshold to calculate bacteriocin units. 
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abolished by proteinase K treatment indicating that the active com-
pound was a proteinaceous substance. 

Additionally, SDS-PAGE revealed a single protein band in CIEX peak 

fractions of both P. acidilactici 347 and C. glutamicum CR099/pEKEx2- 
pedACDCg at around 5 kDa, which corresponds to the size of pediocin PA- 
1 (Fig. 4B). SIEX analysis of CIEX preparations from P. acidilactici 347 

Fig. 3. (A) Growth of C. glutamicum CR099/pEKEx-ped0 (ped0) and C. glutamicum CR099/pEKEx-pedACDCg (pedACDCg) in 2xTY medium in baffled (+) and non- 
baffled (− ) Erlenmeyer flasks. 2h after inoculation Glc (2% w/v) and IPTG (0.2 mM) were added to induce production of pediocin. (B) Growth inhibition of 
L. innocua LMG2785:pIMK2 by different dilutions of supernatants of C. glutamicum CR099/pEKEx-pedACDCg collected at the indicated timepoints during the growth 
experiment shown in (A). All values are mean ± standard deviation of n = 3 independent experiments. The red and green lines indicate OD600 of the positive (i.e. 
complete inhibition of growth) or negative (i.e. in the absence of an AMP), respectively. The broken red line represents growth inhibition of 50%, i.e. the threshold to 
calculate bacteriocin units. 

Fig. 4. (A) Growth inhibitory activity in different dilutions of fractions F8-10 of CIEX chromatography of precipitated supernatant of C. glutamicum CR099/pEKEx- 
pedACDCg grow in 2xTY medium with 2% Glc in non-baffled Erlenmeyer flasks o/N. Samples were analyzed untreated or following incubation with proteinase K 
(+protK). All values are mean ± standard deviation of n = 3 independent experiments. The red and green lines indicate OD600 at baseline (i.e. complete inhibition of 
growth) or in the absence of AMPs, respectively. The broken red line represents growth inhibition of 50%, i.e. the threshold to calculate bacteriocin units. (B) SDS- 
PAGE of CIEX peak fractions F9 (IEX F9) of supernatants of C. glutamicum CR099/pEKEx-pedACDCg (CR099 pedACDCg) or P. acidilactici 347 (P. aci). Pure pediocin (PA- 
1) was analyzed on the same gel as control (M: molecular weight marker). (C) SIEX chromatography of pooled CIEX fractions F8–F10 from supernatants of 
P. acidilactici 347 (P. aci, middle panel) or C. glutamicum CR099/pEKEx-pedACDCg (CR099 pedACDCg; lower panel) or pure pediocin (PA-1) as a control. The red box 
indicates a signal in all samples with a size corresponding to pure pediocin. (D) Mass spectrometry of active fractions after RPC of pediocin PA-1 (upper panel) and 
pooled active CIEX fractions from supernatants C. glutamicum CR099/pEKEx-pedACDCg (lower panel) before applying to RPC. The red and black boxes highlight peaks 
observed in both samples with almost identical mass/charge ratio (m/z) that match the calculated m/z of pediocin PA-1. 

O. Goldbeck et al.                                                                                                                                                                                                                               



Metabolic Engineering 68 (2021) 34–45

40

and C. glutamicum CR099/pEKEx2-pedACDCg supernatants revealed a 
single peak at an elution volume of 18.3 mL, which is identical to the 
elution volume of pure, commercially available pediocin (Fig. 4C). 

Interestingly, both SDS-PAGE and SIEX chromatography suggested 
that the preparations of C. glutamicum CR099/pEKEx2-pedACDCg con-
tained pediocin as main product in high purity as indicated by a single 
band or peak. By contrast, samples prepared from P. acidilactici 347 
supernatants contained several other peaks or signals indicative of 
further proteins/peptides possibly secreted by P. acidilactici 347 or 
present in MRS medium used for cultivation. To further confirm identity 
of the active compound, CIEX peak fractions were further analyzed by 
reverse phase chromatography coupled to mass spectrometry (Fig. 4D). 
This identified a peptide in the supernatants of C. glutamicum CR099/ 
pEKEx2-pedACDCg with a m/z of 4624.7, which is almost identical to 
that of commercial pediocin PA-1 (m/z = 4624.8) and the theoretical m/ 
z of pediocin PA-1 (m/z = 4624.3 (Johnsen et al., 2000);). 

3.4. Gene complement and order for efficient production of pediocin by C. 
glutamicum 

To assess the minimal operon for pediocin production by 
C. glutamicum further synthetic constructs with ped genes in different 
combinations (Supplementary Fig. S9) were cloned into pEKEx2 and 
corresponding plasmids were introduced into C. glutamicum CR099. 

Measurement of activity in supernatants of strains with different 
combinations of the ped genes (pedACg, pedACCg, pedADCg, pedCDCg, 
pedACDCg) using L. monocytogenes EGDe as sensor strain revealed that 
strains that lack any of the three genes did not contain pediocin activity 
in their supernatants (Fig. 5A, Supplementary Table S10). 

Similarly, altering the gene order by moving pedACg to the end of the 
operon (pedCDACg) or adding an additional copy of pedACg (pedAACDCg) 
resulted in reduced activity in the supernatants of the respective strains 
(Fig. 5B, Supplementary Table S10). 

3.5. Metabolic physiology of C. glutamicum during pediocin production 

Next, the production process was studied in more detail to inspect 
the impact of plasmid-based pediocin production and the imposed 
growth conditions, i. e. complex 2xTY medium with 2% Glc under ox-
ygen limitation, on the physiology of C. glutamicum CR099/pXMJ19- 
pedACDCg. First, extracellular amino acids were quantified at different 
time points of the pediocin production process. All 20 proteinogenic 
amino acids were detected in the medium and revealed a complex 
profile (Fig. 6A). TCA cycle derived amino acids, including L-glutamate, 
L-aspartate, L-asparagine, L-threonine, L-methionine, and L-arginine 
decreased over time, partly to complete depletion. Others, such as 
glycine, L-alanine and L-valine accumulated, whereas L-lysine, L-proline, 
and L-isoleucine remained rather unaffected. 

Free amino acids present in the cytoplasm of pediocin-producing 
C. glutamicum CR099/pXMJ19-pedACDCg and non-producing 
C. glutamicum CRO099/pXMJ19, strongly differed in concentration 
and changed over time (Fig. 6B, Supplementary Fig. S12). The concen-
tration of the most abundant amino acid L-glutamate was almost 
hundred-fold higher than that of low-level compounds such as L-aspar-
tate, L-isoleucine, and L-phenylalanine. Interestingly, the level of intra-
cellular L-asparagine, one of the most abundant building blocks of 
pediocin, dramatically decreased towards the end of the process, when 
pediocin production had stopped. This was an unexpected limitation 
considering the rich medium used. Subsequent 13C tracer studies using 
[13C6]-Glc and naturally labelled 2xTY as substrate revealed that most 
amino acids were efficiently taken up from the medium, as indicated by 
their low 13C enrichment in cellular protein (Fig. 6C). However, TCA- 
cycle derived L-asparagine, L-aspartate, L-glutamine, L-glutamate, and 
glycolytic amino acids (L-alanine, glycine, L-serine) revealed substantial 
13C enrichment and were thus largely synthetized de novo from Glc. This 
biosynthetic mode was rather constant throughout the cultivation 

(Supplementary Fig. S13). The strain C. glutamicum CR099/pXMJ19 
(carrying the empty plasmid) revealed similar levels of extra- and 
intracellular amino acids as the producer (Supplementary Figs. S11 and 
S12). This suggests that strain physiology and partial amino acid 
depletion was mainly influenced by the imposed growth conditions but 
not by plasmid burden. A notable exception to this was a five-fold lower 
level of the pediocin precursor L-asparagine in the producer at later 
stages of the process. 

3.6. Production of pediocin in bioreactors 

To demonstrate feasibility of recombinant pediocin production on a 
larger scale, further experiments were performed with C. glutamicum 
CR099/pEKEx-pedACDCg in bioreactors under fed-batch conditions 
(Fig. 7). Media composition and culture conditions (see section 2.9) 
were similar to those of the shake flask experiments. During the growth 
phase (0–7.5 h, i.e. in the absence of the inducer IPTG) provided nu-
trients were consumed and biomass increased with a growth rate of 
about 0.5 h− 1 (Fig. 7A), which is in good correspondence with the results 
of shake flask experiments (Figs. 1 and 3). When initial Glc approached 

Fig. 5. Growth inhibition of L. monocytogenes EGDe by different dilutions of 
supernatants of C. glutamicum CR099 strains harboring pEKEx2-derived con-
structs with ped genes in different combinations (A) or in different order and 
copy number (B). Bacteria were grown in 5 mL 2xTY medium in glass tubes and 
2h after inoculation Glc (2% w/v) and IPTG (0.2 mM) were added. All values 
are mean OD600 ± standard deviation of n = 3 independent experiments. The 
red and green lines indicate the OD600 at baseline (i.e. complete inhibition of 
growth) or in the absence of AMPs, respectively. The broken red lines represent 
growth inhibition of 50%, i.e. the threshold to calculate bacteriocin units. 

O. Goldbeck et al.                                                                                                                                                                                                                               



Metabolic Engineering 68 (2021) 34–45

41

Fig. 6. Metabolic physiology of pediocin producing C. glutamicum CR099/pXMJ19-pedACDCg cultivated in 2xTY medium with 2% Glc. (A) Extracellular concen-
trations (in μM) of proteinogenic amino acids. For comparison, the corresponding data for the empty vector control strain CR099/pXMJ19 are shown in Supple-
mentary Figure S11 (B) Intracellular concentrations of amino acids that serve as pediocin building blocks. Values represent absolute levels of the major pediocin 
precursors in μmol gcell dry weight

− 1 at different time points of the production process and are mean ± standard deviation of n = 3 independent experiments. The pool 
sizes of intracellular amino acids are visualized by circle areas corresponding to concentration, and the relative requirement of each amino acid for pediocin synthesis 
is indicated by color. Values are mean of n = 3 independent experiments. Corresponding data for the empty vector control strain CR099/pXMJ19 are shown in 
Supplementary Figure S12 (C) Metabolic activity profiling regarding the supply of amino acids for cell protein. The data display the relative 13C enrichment in the 
amino acids from a13C tracer study with 2xTY and 2% [13C6] glucose at the end of the growth phase after 15 h. The 13C enrichment reflects the relative contribution 
of de novo synthesis from 99% 13C enriched glucose and uptake from non-13C enriched complex 2xTY ingredients, respectively, to formation of an amino acid. Due to 
decomposition processes during hydrolysis of cellular protein prior to 13C labelling analysis, data for L-cysteine and L-tryptophan are not provided, while L-aspar-
agine/L-aspartate and L-glutamine/L-glutamate are shown as lumped pool (Wittmann et al., 2007). Values are mean ± standard deviation of n = 3 independent 
experiments. Corresponding 13C enrichment data for all sampled time points (6 h, 11 h, 15 h, 25 h) are shown in Supplementary Fig. S13. 
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depletion after 7.5 h, constant feed addition was started (50 mL h− 1 and 
1 L of feed) and production was induced with 0.2 mM IPTG. During the 
induction phase dissolved oxygen was reduced to 5% to prevent 
exhaustive oxidation of pediocin as indicated by baffled shake flask 
experiments (Fig. 3). Dissolved oxygen was tightly controlled by a split 
range control including stirrer speed and subsequent aeration rate 
adaption (Fig. 7B). During induction, fed glucose and L-glutamate were 
fully consumed and biomass was formed with a decreased growth rate 
(0.1 h− 1 in average) before growth ceased at a biomass concentration of 
46 g L− 1 and after complete depletion of nutrients (Fig. 7A). 

No significant amounts of byproducts such as lactate or acetate were 
detected (data not shown). Measurements of pediocin activity indicate 
active pediocin already 2.5 h after induction reaching high levels of 
20,480 BU mL− 1 between t = 18.5 h and 33.5 h of the experiment 
(Supplementary Fig. S14 and Table S15). This activity corresponds to 
approx. 10 μg mL− 1 of pure pediocin. A slight decrease in activity 
(10,240 BU mL− 1) was observed at the end of the experiment (t = 43.5 
h). Specific activity reached a maximum of 224.4 BU mL− 1 OD− 1 at t =
18.5 h, i.e. 11 h after induction. This is in good agreement with the 
specific activities observed at the end (t = 24 h) of the experiments in 
non-baffled Erlenmeyer flasks (200.9 BU mL− 1 OD− 1) and indicates a 
successful transfer of pediocin production to bioreactor conditions. 

4. Discussion 

Bacteriocins are an attractive, clean-label approach for preservation 
of food, beverages and animal feed (Chikindas et al., 2018; Mills et al., 
2011; Silva et al., 2018). Moreover, they are increasingly considered for 
clinical applications (Kranjec et al., 2020; Ovchinnikov et al., 2020). 
Besides regulatory aspects, one of the main obstacles for market entry 
and clinical applications of novel bacteriocins are issues with econom-
ically viable production and purification to pharmaceutical-grade 
products. One possibility to overcome these obstacles is the transfer of 
bacteriocin production to industrial workhorse organisms. 

Here, we implemented heterologous production of a commercially 
relevant bacteriocin into the biotechnological workhorse organism 
C. glutamicum. We demonstrated that C. glutamicum CR099 was able to 
grow in the presence of at least 12.5 μg mL− 1 of pediocin (Fig. 1), i.e. 
levels of resistance comparable to a L. monocytogenes mutant lacking a 
PTSMan (Ramnath et al., 2000). In line, the genome of C. glutamicum 
CR099 does not harbor genes for a PTSMan. When spiked into growing 
cultures of C. glutamicum CR099 or sterile media, a considerable loss in 
activity was observed (Fig. 1C). As C. glutamicum does not show signif-
icant extracellular protease activity (Becker and Wittmann, 2017; Lee 
and Kim, 2018) this may be due to oxidative inactivation of pediocin as 
reported previously (Bédard et al., 2018; Johnsen et al., 2000). Addi-
tionally, adsorption to the glass surface of flasks via the hydrophobic 
C-terminus (Fimland et al., 1996) or electrostatic interactions of the 
cationic peptide with the negatively charged surface of bacteria may 
play a role. 

To achieve recombinant production of pediocin, we designed a 
synthetic pedACDCg operon for pediocin biosynthesis with gene se-
quences optimized for codon usage of C. glutamicum. Supernatants of 
C. glutamicum CR099/pEKEx-pedACDCg contained a compound with 
antimicrobial activity against Listeria sp., which was identified as indeed 
pediocin (Fig. 4). To provide a more robust quantification of pediocin in 
the bioactivity assay, we established a calibration using a standard so-
lution of a commercial pediocin preparation (Supplementary Fig. S3). 
Interestingly, pediocin purified from C. glutamicum supernatants con-
tained considerably lower amounts of impurities than similar prepara-
tions of P. acidilactici supernatants. As C. glutamicum is already used for 
production of amino acids infusion solutions for human use (Bückle--
Vallant et al., 2014; Krause et al., 2010), this suggests that pediocin (and 
possibly other bacteriocins) may be produced by C. glutamicum in suf-
ficient purity for clinical applications. 

In line with the proposed mechanisms of resistance mediated by 
PedB (Diep et al., 2007) and the lack of a PTSMan gene in the genome of 
C. glutamicum, pedB was not required for production of pediocin (Figs. 2 
and 5). The pedCCg and pedDCg genes were both required for production 
of detectable levels of pediocin by C. glutamicum strains (Fig. 5). By 
contrast, pedC was not required for production and release of pediocin 
by E. coli (Mesa-Pereira et al., 2017). PedC was recently shown to be 
involved in correct formation of disulfide bonds in pediocin (Oppegård 
et al., 2015) and pediocin analogues with incorrect disulfide bonds show 
reduced activity (Bédard et al., 2018). A possible explanation for the 
activity observed by Mesa-Pereira and colleagues could thus be spon-
taneous formation of different conformational variants of pediocin 
including the active form in the absence of PedC. Of note, a scrambled 
version of the operon (pedCDACg) and a construct with a second copy of 
pedACg (pedAACDCg) showed reduced activity compared to pedACDCg. 
This indicates that the stoichiometry of the structural peptide and 
biosynthesis proteins may be important for maximum production and 
points towards a bottleneck in the export apparatus rather than in 
expression of the peptide itself. However, this needs further investiga-
tion e.g. by transcriptional analysis and analysis of intracellular accu-
mulation of the pediocin prepeptide. 

Maximum levels of active pediocin achieved in lab-scale fermenta-
tions with C. glutamicum CR099/pEKEx2-pedACDCg and CR099/pXMJ- 
pedACDCg were at least 5 μg mL− 1 according to the established 

Fig. 7. (A) Substrate, biomass and pediocin activity and (B) critical process 
parameters during fermentation of C. glutamicum CR099/pEKEx-pedACDCg 

grown in a bioreactor in bioreactor medium containing 2% Glc, 16 g L− 1 

tryptone and 10 g L− 1 yeast extract under controlled fed-batch conditions. (A): 
offline measurements of biomass (DCW), biomass-specific bacteriocin activity 
(activity; BU mL− 1 OD− 1), glucose (Glc [g L− 1]) and L-glutamate (Glu [g L− 1]). 
(B): online measurements of dissolved oxygen (DO2 [%]), agitation (rpm) and 
aeration (L h− 1). The timepoint of induction (t = 7.5 h) is indicated by the 
vertical broken black line. 
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calibration and are thus comparable to or higher than levels obtained 
with the natural producer P. acidilactici 347 reported here (Supple-
mentary Fig. S3) or previously (Horn et al., 1999). Notably, lower titers 
were observed in baffled shake flasks again suggesting that excessive 
aeration of the culture broth may lead to oxidative inactivation of the 
product (Fig. 3). In further experiments in controlled bioreactors in 
larger volumes (Fig. 7), titers could be improved to at least 20,480 BU 
mL− 1 or 10 μg mL− 1 of active pediocin. Conditions in controlled bio-
reactors were set to match those in non-baffled shake flasks, i.e. low 
levels of dissolved oxygen (5%) during the production phase. The in-
crease in absolute activity compared to experiments in non-baffled 
shake flask may be explained by higher biomass in the bioreactor 
compared to experiments in non-baffled shake-flasks. Specific activities 
were comparable in non-baffled shake flasks and the bioreactor (200.9 
vs. 224.4 BU mL− 1 OD− 1) indicating successful upscaling from shake 
flask to lab-scale bioreactor conditions. As C. glutamicum can be culti-
vated at extremely high cell densities even under low oxygen conditions 
(Becker et al, 2011, 2013; Okino et al., 2005), this suggests that pediocin 
titers may be further increased simply by increasing biomass e.g. by 
providing additional substrate. Tuning of oxygen availability during 
growth and production phase provides opportunities for further im-
provements of the production process. 

Limited availability of precursors is a potential bottleneck for prod-
uct formation (Korneli et al., 2012; Kuhl et al., 2020). The producer 
strain revealed complex dynamics of extracellular and intracellular 
amino acids over time. Regarding extracellular amino acids, we 
observed with strong consumption of different TCA cycle-derived amino 
acids, obviously to fuel this cyclic pathway (Fig. 6A and B). In addition, 
glycolytic breakdown of Glc played an important role to replenish TCA 
cycle-related amino acids (Fig. 6C). Altogether, these reactions obvi-
ously compensated for the reduced TCA cycle operation and the reduced 
ATP formation under the imposed oxygen limiting conditions (Becker 
and Wittmann, 2017; Michel et al., 2015; Wittmann et al., 2007). 

Overall, control strain and producer showed similar profiles of extra- 
and intracellular amino acids indicating that the environmental condi-
tions had a generally higher impact than plasmid burden and product 
synthesis. However, one pronounced difference was observed between 
the two strains: the intracellular level of L-asparagine dramatically 
decreased in the medium and inside producing cells (Fig. 6A and B) and 
was more than five-fold lower in the producer than in the control strain 
after 24 h (Supplementary Fig. S12). As L-asparagine is one of the major 
building blocks of pediocin, this reduction is likely caused by the extra 
demand for pediocin synthesis. Thus, low availability of this amino acid 
towards the end of the process might be a bottleneck for product for-
mation. This limitation was rather surprising considering the high levels 
of tryptone and yeast extract contained in the medium. In this regard, 
oxygen limitation and product formation unfavorably coincided in 
causing this limitation. The underling metabolic details deserve more 
attention in the future towards improved production. At present, we 
know only little about bacteriocin production and oxygen-limited 
growth of C. glutamicum. 

In conclusion, we established recombinant production of pediocin 
using C. glutamicum at titers above 10 μg mL− 1. Moreover, we provide 
clues towards optimization of fermentation process to increase yield. 
The developed approach may be adopted for production of other class 
IIa bacteriocins targeting the PTSMan and, upon integration of appro-
priate resistance mechanisms, may also be extended to other bacteriocin 
families. This adds another commercially interesting group of com-
pounds that can be produced using C. glutamicum. 
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