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ABSTRACT 22 

Among various biological agents, bacteriocins are important candidates to control Listeria 23 

monocytogenes which is a foodborne pathogen. In this study, a novel bacteriocin, named agilicin C7, was 24 

isolated from Ligilactobacillus agilis C7 showing inhibitory activity against L. monocytogenes. Agilicin 25 

C7 biosynthesis gene was characterized by bioinformatics analyses and heterologously expressed in E. 26 

coli for further study. The anti-listeria activity of recombinant agilicin C7 (r-agilicin C7) was lost by 27 

proteases and α-amylase, suggesting that agilicin C7 is a glycoprotein. r-Agilicin C7 has wide pH and 28 

thermal stability and is also stable in various organic solvents. It destroyed L. monocytogenes by damaging 29 

the integrity of the cell envelope. These properties of r-agilicin C7 indicate that agilicin C7 is a novel 30 

amylase-sensitive anti-listerial Class IId bacteriocin. Physicochemical stability and inhibitory activity 31 

against L. monocytogenes of r-agilicin C7 suggest that it can be applied to control L. monocytogenes in 32 

the food industry, including dairy and meat products. 33 

Keywords: anti-listerial, bacteriocin, Ligilactobacillus agilis 34 

 35 

INTRODUCTION 36 

Listeria monocytogenes is a Gram-positive pathogenic bacterium found in humans and animals 37 

(McLauchlin et al., 2004; Yoon et al., 2022). It has a high infection ability owing to host-pathogen 38 

interactions (Tsai and Chen, 2020). In humans, it is mainly transmitted through food and can cause 39 

listeriosis, which is especially fatal to children, elderly people, and immune-deficient patients (Gandhi and 40 

Chikindas, 2007). Listeriosis is caused by consuming food contaminated with L. monocytogenes, such as 41 

non-pasteurized milk, cheese, undercooked meat, and smoked ducks (Aygun et al., 2006; Jang et al., 2021; 42 

Park et al., 2021). In particular, its ability to grow at low temperatures, even refrigerated temperatures, 43 

prevents its use in human foodstuffs (Possas et al., 2022). 44 

Many biological agents that prevent contamination by or inhibit the growth of L. monocytogenes have 45 

been studied, and bacteriocins are essential candidates for controlling L. monocytogenes (Perumal et al., 46 

2019). Bacteriocins are ribosomally synthesized proteinaceous substances produced by bacteria that are 47 

active against other bacteria (Cotter et al., 2005; Lee et al., 2021) and have been proposed as an alternative 48 

to antibiotics to inhibit the growth of pathogenic microorganisms (Cotter et al., 2013). Bacteriocins with 49 

antilisterial activity have been isolated from diverse lactic acid bacteria such as Enterococcus spp., 50 

Lactobacillus spp., Leuconostoc spp. and Weissella spp. (Dong et al., 2022; Ghalfi et al., 2006; Woo et al., 51 

2021; Todorov et al, 2010; Yang and Moon, 2021). Among them, nisin, an antibiotic bacteriocin produced 52 

by Lactococcus lactis, is the only bacteriocin used in the food industry in many countries to improve food 53 

safety and extend the shelf life of foods (Churklam et al., 2020; Kuijk et al., 2011). However, nisin-resistant 54 

https://pubmed.ncbi.nlm.nih.gov/?term=Possas+A&cauthor_id=35287808
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L. monocytogenes mutants have also been reported (Sabate and Audisio, 2013; Vadyvaloo et al., 2004), 55 

suggesting that new biological agents should be developed to overcome nisin resistance. 56 

Ligilactobacillus agilis is a motile lactic acid bacterium generally isolated from the gastrointestinal tract 57 

of mammals (Baele et al, 2001; Kajikawa et al., 2018). Several L. agilis have been shown to inhibit L. 58 

monocytogenes (Gudiña et al, 2015, Shi et al, 2021). However, more information must be given regarding 59 

the antilisterial substances from L. agilis. Here, we report the isolation of L. agilis C7, which inhibits L. 60 

monocytogenes that contaminates various foods including meat and dairy products, and characterize a novel 61 

bacteriocin from L. agilis C7, named agilicin C7, at the genetic and molecular levels by heterologous 62 

expression in E. coli. 63 

 64 

MATERIALS AND METHODS 65 

 66 

Isolation and identification of lactic acid bacteria with anti-listerial activity 67 

Feces from healthy pigs were used to isolate lactic acid bacteria (LAB) with antilisterial activities. One 68 

gram of fecal sample was mixed with 30 ml of sterile phosphate buffer (pH 7.4) and diluted ten-fold. The 69 

dilutions were spread on the de Man, Rogosa, and Sharpe (MRS; BD, USA) agar plates containing 0.02% 70 

(w/v) sodium azide (Sigma, USA) and 0.02% (w/v) Bromocresol Purple (BCP; Sigma, USA). The plates 71 

were incubated at 37℃ overnight. Colonies were selected and streaked onto MRS agar. To screen for anti-72 

listerial LAB, the isolates were cultured in MRS broth at 37°C for 24 h, and the cell-free supernatant 73 

(CFS) was collected by centrifugation (8,000 × g, 10 min, 4°C). The CFS was adjusted to pH 7.0 and 74 

filtered using a 0.45 μm pore size syringe filter (Minisart®, Sartorius, Germany). The antilisterial activity 75 

of CFS was measured using an agar well diffusion assay, with L. monocytogenes ATCC 19114 as an 76 

indicator strain (Yoon et al, 2022). 77 

The 16S rRNA gene sequencing was used to identify the isolate with antilisterial activity. The 16S rRNA 78 

gene was amplified using a PCR Thermal Cycler (Dice® Gradient, TaKaRa, Japan) with primers 27F (5'-79 

AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-TACGTTACCTTGTTACGACTT-3'). The PCR 80 

condition was 35 cycles of denaturation at 95℃ for 30 sec, annealing at 55℃ for 30 sec, and extension at 81 

72℃ for 1 min. A homology search was performed using the National Center for Biotechnology 82 

Information BLAST(https://blast.ncbi.nlm.nih.gov/Blast.cgi). 83 

 84 

  85 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Kinetics of the anti-listerial substance production 86 

The kinetics of bacterial growth and production of antimicrobial substances by L. agilis C7 inhibiting 87 

growth of L. monocytogenes were investigated during batch fermentation. A culture of L. agilis C7 was 88 

inoculated at a 2% volume into 200 mL MRS broth and incubated at 37°C for 72 h. Samples were collected 89 

at designated times over a 72 h period. Cell growth was determined by measuring the optical density at 600 90 

nm using a spectrophotometer (Shimadzu, Japan). The production of anti-listerial substances was compared 91 

by measuring the size of the inhibition zone of the neutralized CFS against L. monocytogenes. 92 

 93 

Mining and characterization of the gene encoding anti-listerial bacteriocin 94 

Bioinformatic analyses of the L. agilis C7 genome, previously reported by Yoo et al. (2022), were 95 

conducted for mining for the bacteriocin gene, which is responsible for the anti-listerial activity, using 96 

BAGLE4(http://bagel4.molgenrug.nl/), BACTIBASE (https://bactibase.hammamilab.org),  97 

AntiSMASH(https://antismash.secondarymetabolites.org), and BLASTP (https://blast.ncbi.nlm.nih.gov). 98 

Signal P 5.0(https://services.healthtech.dtu.dk/service.php?SignalP-5.0) and MultAlin (http://multalin. 99 

toulouse=ra. fr/multalin/) were used to predict signal peptides and for multiple sequence alignment with 100 

other bacteriocins, respectively. 101 

 102 

Cloning of the bacteriocin candidate genes in E. coli 103 

Sequence analysis of the putative bacteriocin biosynthesis gene, agilicin C7, showed an Ala-Ser-Ala 104 

cleavage site at the N-terminus of the signal sequence (Biet et al, 1998; Worobo et al, 1995). Forward and 105 

reverse primers targeting the mature form of agilicin C7 were designed based on L. agilis C7 genome 106 

sequences (Fig. 2B). PCR amplification was performed using forward (5'-AAA GAATTC CATATG 107 

AACTCGGGTTACTGTAAACC-3') and reverse (5'-AAA GTCGAC CCCCCTATAACCAGGTTG-3') 108 

primers, and the PCR products were purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-109 

Nagel, Germany). After the purified PCR products and pET21b vector were digested with NdeI and SalI 110 

for 1 h at 37℃, ligation was carried out using T4 Ligase overnight at 16℃. The pET-21b expression vector 111 

containing the agilicin C7 gene, named pET-21b-agiC7, was transformed into E. coli BL21(DE3) (Hwang 112 

et al, 2018). Then, recombinant transformants were selected on the Luria-Bertani (LB, BD, USA) agar 113 

containing ampicillin (100 μg/mL). 114 

 115 

http://bagel4.molgenrug.nl/
https://blast.ncbi.nlm.nih.gov/
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
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Heterologous expression and purification of recombinant agilicin C7 in E. coli  116 

Overnight culture of E. coli BL21 (DE3) harboring the plasmid pET-21b-agiC7 inoculated 1% (v/v) to LB 117 

broth containing ampicillin (100 μg/ml) and then was grown at 37℃. After inducing protein overexpression 118 

by adding 1 mM isopropyl ß-D-1-thiogalactopyranoside (IPTG; Sigma-Aldrich, USA), the cells were 119 

recovered by centrifugation at 10,000 × g for 10 min. The cells were then resuspended in TN buffer (20 120 

mM Tris-Cl, 100 mM NaCl, pH 8.0) and disrupted using a sonicator (VCX750; Sonics, USA). The insoluble 121 

cytoplasmic fraction and cell debris were collected by centrifugation (13,000 × g, 10 min, 4°C) because 122 

recombinant agilicin C7 (r-agilicin C7) was expressed as an inclusion body (data not shown), and the 123 

resulting pellet was dissolved in TN buffer containing 8 M urea. The His-tagged r-agilicin C7 was purified 124 

using nickel-nitroloacetic acid (Ni-NTA) affinity chromatography and analyzed by Tricine SDS-PAGE and 125 

zymogram. 126 

 127 

Effect of enzymes, temperature, pH, and solvents on anti-listerial activity 128 

The purified r-agilicin C7 was incubated for 2 h at 37℃ after adding proteinase-K, α-amylase, α-129 

chymotrypsin, pepsin, and lipase at a 5 mg/mL concentration, respectively (Yang et al, 2021). All the 130 

enzymes were purchased from Sigma-Aldrich (USA). After boiling for 5 min at 80℃ to inactivate enzymes, 131 

the anti-listerial activity of the samples was evaluated by the agar well diffusion method (Yoon et al, 2022).  132 

To examine the stability of the anti-listerial activity of r-agilicin C7 over a wide range of pH, the pH of r-133 

agilicin C7-containing solutions was adjusted to pH 1.0 to 10.0 using sterile 1 N NaOH or 1 N HCl. After 134 

incubation at 37°C for 2 h, the samples were readjusted to pH 8.0 and tested using the agar well diffusion 135 

method (Hwang et al, 2018).  136 

The effect of temperature on anti-listerial activity was tested by incubating at 4, 25, 37, 50, 60, 80, 100, 137 

and 121℃ for 15 min. The treated samples were then cooled to room temperature, and their anti-listerial 138 

activity was evaluated using the agar well diffusion method (Hwang et al, 2018).  139 

The effect of organic solvents on the anti-listerial activity of r-agilicin C7 was evaluated by adding 10% 140 

(final concentration, v/v) of acetone, acetonitrile, methanol, ethanol, chloroform, and isopropanol, 141 

respectively. After incubating at 37℃ for 2 h, the anti-listerial activity of the samples was evaluated by the 142 

agar well diffusion method (Hwang et al, 2018).  143 

 144 

  145 
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Antimicrobial spectrum of r-agilicin C7 146 

The antimicrobial activity of r-agilicin C7 against indicator strains, including Gram-negative and Gram-147 

positive bacteria, and 2 fungi (Table 1), was examined. After overlaying the soft agar (0.75% agar) 148 

containing indicator strains on agar media, the wells were punched into the agar plates using a sterile glass 149 

cylinder (Hwang et al, 2018). The wells were filled with 200l of r-agilicin C7 solution and incubated at 150 

the optimal growth temperature. The antimicrobial activity was measured based on a clear zone around the 151 

wells. 152 

 153 

Tricine SDS-PAGE and zymogram 154 

Tricine SDS-PAGE was performed to confirm the molecular weight of the r-agilicin C7, as described by 155 

Hwang et al. (KFSAR, 2018), using 4% acrylamide stacking gel, 10% acrylamide spacer gel, and 16.5% 156 

acrylamide separation gel. The samples were mixed with Tricine sample buffer (Bio-Rad, USA). 157 

Electrophoresis was performed in an electrophoresis chamber (PowerPac 300; Bio-Rad) at 30 V for 9 h. 158 

After running, one gel was stained with staining buffer (10% acetic acid, 0.025% Coomassie Brilliant Blue 159 

G-250 (Bio-Rad, USA), 45% methanol, and 45% distilled water) for 1 h and then destained with destaining 160 

buffer (10% acetic acid, 45% methanol, and 45% distilled water) for 12 h. The other gel was fixed with r-161 

agilicin protein in a destaining buffer overnight and then washed in distilled water for 3 h. The washed gels 162 

were placed in the square dishes and overlaid with 0.75% (w/v) soft agar inoculated with L. monocytogenens 163 

ATCC 19114 (approximately 105 CFU/mL). The plate was incubated for 6 h at 37°C, and the gel was 164 

examined for the inhibition zone. 165 

 166 

Field Emission-Scanning Electron Microscopy 167 

Field emission scanning electron microscopy (FE-SEM) was used to observe morphological changes in L. 168 

monocytogenes ACTC 19114 treated with various concentrations of r-agilicin C7 in BHI broth. An 169 

overnight culture of L. monocytogenes ACTC 19114 (approx. 104 CFU/mL) was inoculated into BHI broth 170 

containing r-agilicin C7 (0, 160 AU/mL, 320 AU/mL, respectively) and incubated for 2 h at 37℃. The 171 

treated cells were collected by centrifugation at 6,000 × g for 10 min, and the pellets were washed twice 172 

with 1 mM PBS buffer (pH 7.0). The cells were treated with 0.1 M sodium cacodylate buffer containing 4% 173 

glutaraldehyde (EMS, Hatfield, PA, USA) and washed with 0.05 M sodium cacodylate three times for 10 174 

min. Post-fixation was carried out with 1% osmium tetroxide (EMS, Hatfield, PA, USA) and then washed 175 

with 0.05 M sodium cacodylate, as mentioned above. The fixed cells were resuspended in ethanol (50, 75, 176 
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90, 95, and 100% for 20 min each) and treated with 100% isoamyl acetate (Tokyo Chemical Industry, Tokyo, 177 

Japan) to dehydrate. The morphology of L. monocytogenes ATCC 19114 cells treated with r-agilicin C7 178 

was observed using a SIGMA 500 FE-SEM (Carl Zeiss, Oberkochen, Germany). 179 

 180 

RESULTS 181 

 182 

Isolation of a bacterial strain with anti-listerial activity 183 

Bacterial strains with a yellow halo on the BCP-MRS medium were isolated from pig fecal samples. 184 

Their cell-free supernatants were screened for antimicrobial activity against L. monocytogenes ATCC 185 

19114 using an agar well diffusion assay. The isolate with the strongest inhibitory activity was selected 186 

for further experiments. 16S rRNA gene sequencing showed a close phylogenetic similarity to L. agilis 187 

LGM7-7 (99.93%), then it was identified as an L. agilis species and designated L. agilis C7. The genome 188 

sequence of the L. agilis C7 strain was deposited in the GenBank database under accession no. 189 

JAMGEC000000000 (Yoo et al., 2022). 190 

The kinetics of anti-listerial substance production in L. agilis C7 indicated that it was associated with cell 191 

growth, as shown in Fig. 1. The anti-listerial substance was detected in the logarithmic growth phase, and 192 

its activity was stably maintained during the stationary growth phase. 193 

 194 

Mining and characterization of the gene encoding anti-listerial bacteriocin 195 

To unravel the genetic traits relevant to the anti-listerial activity of the C7 strain, bioinformatic analyses 196 

of the C7 genome were performed, which revealed a complete operon highly homologous to an operon 197 

for garvicin Q biosynthesis. It was selected for further investigation because Garvicin Q family class II 198 

bacteriocins inhibit L. monocytogenes (Tosukhowong et al., 2012). Fig. 2A shows the organization of the 199 

C7 gene cluster, which is highly homologous to the Garvicin Q bacteriocin. It consists of four genes 200 

encoding, ABP transporter permease, histidine kinase, bacteriocin (named “agilicin C7”), and bacteriocin 201 

immunity protein. The nucleotide and deduced amino acid sequences of agilicin C7 are shown in Fig. 2B. 202 

Amino acid sequence analysis of agilicin C7 revealed an Ala-Ser-Ala cleavage site at the N-terminus of 203 

its signal sequence, which is also found in several class IId bacteriocins (Worobo et al, 1995). The Ala-204 

Ser-Ala site at the N-terminus of divergicin A serves as a signal peptide for the cell's general export system, 205 

such as the E. coli sec pathway (Biet et al, 1998). 206 

The putative amino acid sequence of agilicin C7 showed high homology with those of Class IId 207 

bacteriocins (Fig. 2C). It shared homology with bovicin 255 (69%) from Streptococcus bovis and garvicin 208 

https://www.ncbi.nlm.nih.gov/nuccore/JAMGEC000000000
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Q (52%) from Lactococcus garviae. Agilicin C7 has the N-terminal NGY and central YxVTK motifs, a 209 

typical feature of Class IId bacteriocins. 210 

 211 

Heterologous expression of agilicin C7 in E. coli 212 

We attempted to express agilicin C7 in E. coli for characterization heterologously. Because sequence 213 

analysis of agilicin C7 showed an Ala-Ser-Ala cleavage site at the N-terminus of the signal sequence 214 

(Worobo et al, 1995; Biet et al, 1998), mature sequences of the agilicin C7 gene without signal 215 

sequences were amplified from the genomic DNA of L. agilis C7 using PCR. The PCR product of agilicin 216 

C7 was inserted into the NdeI-SalI site of the pET-21b expression vector, and the resulting plasmid was 217 

introduced into E. coli BL21 (DE3) as an expression host by electroporation. Recombinant agilicin C7 218 

was expressed as an inclusion body under IPTG induction and purified using a His-tag purification column 219 

(data not shown). Figure 3A shows that r-agilicin C7 exhibits anti-listerial activity. In addition, tricine-220 

SDS-PAGE and zymography (Figure 3B) showed that approximately 10 kDa of r-agilicin C7 was 221 

expressed, confirming its inhibitory activity against L. monocytogenes. 222 

 223 

Antimicrobial activity spectrum 224 

Since r-agilicin C7 inhibited the growth of L. monocytogenes, it was tested whether it showed 225 

antimicrobial activity against other bacteria and fungi. As shown in Table 1, r-agilicin C7 inhibited the 226 

growth of other listerial species, including L. grayi, L. innocua, L. welshimeri, and Enterococcus spp. 227 

However, it did not show antimicrobial activity against the other gram-positive and gram-negative bacteria 228 

tested or fungi. 229 

 230 

Effect of enzymes, temperature, pH, and solvents on anti-listerial activity 231 

The stability of the r-agilicin C7 against enzymes, heat, pH, and organic solvents was also tested. As 232 

shown in Table 2, the anti-listerial activity of r-agilicin C7 was lost by pepsin, α-chymotrypsin, protein K, 233 

and trypsin, indicating that agilicin C7 is a proteinaceous substance. Interestingly, its activity lost by α-234 

amylase also lost its activity. These results suggested that agilicin C7 is a glycoprotein. However, SDS-235 

PAGE analysis did not show decrease in the molecular weight of r-agilicin C7 after α-amylase treatment 236 

(data not shown), perhaps due to small change in molecular weight. It is necessary to detect the molecular 237 

weight change of r-agilicin C7 by α-amylase treatment using liquid chromatography-mass spectrometer 238 

in the future, to support that agilicin C7 is glycoprotein. 239 
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 The anti-listerial activity of r-agilicin C7 was maintained, even after treatment at 100°C for 15 min. In 240 

addition, the inhibitory activity was stable in the pH range of 1–10. Furthermore, the anti-listerial activity 241 

of r-agilicin C7 was stable after treatment with several organic solvents. These results indicate that agilicin 242 

C7 has wide pH and thermal stability, which are features of Class II bacteriocins (Negash and Tsehai, 243 

2020). 244 

 245 

Action mode of r-agilicin C7 bacteriocin 246 

To understand the action mode of r-agilicin C7, field emission-scanning electron microscopy (FE-SEM) 247 

analysis was performed to observe cell morphological changes of L. monocytogenes as an indicator strain. 248 

Intact rod-shaped cell structures were observed before r-agilicin C7 treatment (Fig. 6A). The cells appeared 249 

extensively wrinkled and porous after treatment with r-agilicin C7 for 2 h, and some cells were lysed entirely, 250 

extruding the intracellular material (Fig. 6B and C). Additionally, the degree of cell lysis was dose 251 

dependent. Based on these results, r-agilicin C7 destroyed L. monocytogenes by damaging the integrity of 252 

the cell envelope, which is a typical property of class II bacteriocins. 253 

 254 

Discussion 255 

In this study, we isolated a novel class IId bacteriocin, agilicin C7, from L. agilis. Several L. agilis 256 

strains have been reported to exhibit inhibitory activities against foodborne pathogens (Gudiña et al, 257 

2015; Shi et al, 2021). However, information on antimicrobial substances on the biochemical and 258 

molecular basis needs to be included. This is the first study to characterize the genetic and molecular 259 

properties of an anti-listerial bacteriocin isolated from L. agilis. 260 

Comparative genomic analysis of L. agilis C7 revealed a complete operon for putative bacteriocin 261 

biosynthesis, which is highly homologous to the operon for garvicin Q biosynthesis. The agilicin C7 262 

biosynthesis gene contains the N-terminal NGY and central YxVTK motifs, a typical feature of class IId 263 

bacteriocins (Tymoszewska et al, 2017; Tymoszewska et al, 2020). Our data show that r-agilicin C7 264 

remained active over a broad pH range and was thermally stable. It was also stable under several organic 265 

solvent treatments, all typical properties of class II bacteriocins (Negash and Tsehai, 2020). 266 

Class II bacteriocins have been reported to have bactericidal and pore-forming modes of action 267 

(Simons et al., 2020). Class IId is a heterogeneous group of linear, unmodified, non-pediocin-like 268 

peptides (Iwatani et al, 2011). Tymoszewska (2017) reported that garvicin Q, a class IId bacteriocin, 269 

targets Man-PTS in target cells. The nonpediocin-like class IId bacteriocin, lactococcin A, destroyed 270 

target cells through the pore formation mode of action (Van Belkum et al, 1991). In this study, L. 271 
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monocytogenes cells were extensively wrinkled and porous in response to r-agilicin C7. Some cells were 272 

lysed entirely, extruding intracellular material, suggesting that agilicin C7 has the same or a similar mode 273 

of action. To date, multiple Man-PTS systems have been discovered in L. monocytogenes (Akeé et al., 274 

2011), and they control not only sugar transport activity but also the expression of virulence genes 275 

(Gaballa et al., 2019). The host specificity of bacteriocins is determined by their outer membrane 276 

receptors and inner membrane proteins, which act as scaffolds for bacteriocin insertion and pore 277 

formation (Hashem et al. 2016). 278 

Interestingly, the antimicrobial activity of r-agilicin C7 was abrogated by amylase. To date, several 279 

amylase-sensitive bacteriocins have been reported (Seo et al, 2014; Keppler et al, 1994; Kang et al, 2010), 280 

most of which are classified as class IV (Heredia-Castro et al, 2015; Lee et al, 2010; Todorov, 2010) or 281 

unclassified (Seo et al, 2014; Hernández et al, 2005). Glycosylated bacteriocin is termed "glycocin" 282 

(Stepper et al, 2011), which is a cysteine-containing glycoactive peptide in which the O- or S-linked 283 

glycan appears essential (Balciunas et al, 2013). However, agilicin C7 does not have these properties, nor 284 

does it show sequence homology with glycocin. Therefore, agilicin C7 can be recognized as a novel 285 

subgroup of class IId bacteriocins, although the classification of bacteriocins is still controversial. It is 286 

necessary to compare the molecular weight change of r-agilicin C7 before and after α-amylase treatment 287 

to support that agilicin C7 is glycoprotein, and which amino acid of agilicin C7 is glycosylated in the 288 

future.  289 

Many bacteriocins from lactic acid bacteria have been characterized, and these studies have indicated 290 

potential applications of bacteriocins in food preservation and safety. Agilicin C7 has physicochemical 291 

stability and solid inhibitory activity against L. monocytogenes, suggesting that it can be applied to control 292 

L. monocytogenes in the food industry, including dairy and meat products (Yang and Moon, 2020). In the 293 

present study, successful cloning and expression of agilicin C7 in E. coli may facilitate mass production of 294 

this bacteriocin in high concentration and permit its use as safe antimicrobial food additive. However, 295 

whether agilicin C7 can inhibit L. monocytogenes in food matrices need to be investigated in the future 296 

because the efficacy and stability of a bacteriocin in foodstuffs are relevant to the chemical and physical 297 

properties of foods (Gálvez et al, 2007). 298 
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Table 1. Antimicrobial spectrum of recombinant agilicin C7 446 

Antimicrobial activity was measured by agar well diffusion. Inhibition zone was expressed in degrees: -, no inhibition; +, up to 1mm; ++, up to 447 
5mm. ATCC, American Type Culture Collection; KCCM, Korean Culture Center of Microorganisms; KCTC, Korean Collection for Type Culture; 448 
KVCC, Korea Veterinary Culture Collection; KFRI, Kerala Forest Research Institution; NB, Nutrient broth (BD, USA); LB, Luria-Bertani (BD, 449 
USA); MRS, de Man Rogosa and Sharpe (BD, USA); BHI, Brain Heart Infusion (BD, USA) PDA, Potato Dextrose Agar (BD, USA); YM, Yeast 450 
Malt (BD, USA). 451 

  452 

Indicator organism Inhibition zone Media 
Gram-Negative   

Pseudomonas aeruginosa KCCM 11266 − NB 
Salmonella gallinarum KVCC-BA0700722 − NB 
Shigella flexneri KCCM 40414 − NB 
Salmonella typhimurium KCCM 40253 − NB 
Escherichia coli K88 − LB 
Klebsiella pneumoniae KCCM11418 − NB 
Salmonella enteritidis KCCM12021 − NB 
Escherichia coli DH5α (Cloning Host) − LB 
Escherichia coli BL21 (Cloning Host) − LB 
Gram-Positive  

  

Listeria monocytogenes ATCC 19114 ++ BHI 
Listeria monocytogenes KCTC 3710 ++ BHI 
Listeria grayi KCTC 3433 ++ BHI 
Listeria innocua KCTC 3586 

++ BHI 
Listeria welshimeri KCTC 3587 

++ BHI 
Enterococcus faecium KCTC 13225 + BHI 
Enterococcus faecalis KCTC 3206 + BHI 
Staphylococcus aureus KFRI 00188 − NB 
Bacillus licheniformis KCCM 12145 − NB 
Bacillus cereus KCTC1661 − LB 
Lactobacillus mucosae LM1 − MRS 
Lactobacillus plantarum SK156 − MRS 
Lactobacillus johnsonii PF01 − MRS 
Lactococcus garvieae KCTC 5618 

− MRS 
Ligilactobacillus agilis KCTC 3158 − MRS 
Fungi  

  

Aspergillus flavus KCTC6901 − PDA 
Saccharomyces cerevisiae KCCM7919 − YM 
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Table 2. Effect of enzyme, pH, temperature, and solvent treatment on the activity of the recombinant 453 

agilicin C7 454 

Treatment Residual activitya (%) 

Temperature (℃)  

4 100 

25 100 

37 100 

50 100 

60 100 

80 90 

100 80 

121 - 

pH  

1 100 

2 100 

3 100 

4 100 

5 100 

6 100 

7 100 

8 100 

9 95 

10 95 

Enzyme (5mg/mL)           

α-amylase - 

α-chymotrypsin - 

Proteinase-K - 

Trypsin - 

Pepsin - 

Lipase 90 

Solvent    

Acetone 90 

Acetonitrile 90 

Methanol 90 

Ethanol 95 

Chloroform 100 

Isopropanol 100 

Residual activitya (%) is measured by the diameter of the inhibition zones compared to untreated control. 455 

 456 

 457 
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Figures and Tables 458 

 459 

Fig. 1. Kinetic growth production of an anti-listerial substance from L. agilis C7 (A) and anti-listerial 460 

activity of the culture supernatant of L. agilis C7 (B). (A) Black circle, the growth curve of L. agilis 461 

C7; Gray bar, production of the anti-listerial substance. (B) Anti-listerial activity was detected by the agar 462 

well diffusion method. 463 

  464 
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 465 

Fig. 2. Genetic organization (A), nucleotide sequence (B), and multi-alignment (C) of the agilicin C7. 466 

(A) Genetic map of the predicted agilicin C7 operon, (B) The deduced amino acid sequences of agilicin 467 

C7 gene are presented below the nucleotide sequence. The putative -35 and -10 promoter regions and 468 

putative RBS are underlined. (C) Multiple sequence alignment of known class IId bacteriocins. Similar 469 

amino acids are shaded blue, and identical amino acids are shaded red. 470 

  471 



 

19 
 

 472 

Fig. 3. Tricine SDS-PAGE and zymogram of recombinant agilicin C7 (A) and agar well diffusion 473 

assay (B). (A) Lane 1, prestained protein standards marker; Lane 2 and 3, SDS-PAGE of recombinant 474 

agilicin C7; Lane 4 and 5, zymogram of recombinant agilicin C7. (B) Agar well diffusion assay shows 475 

that recombinant agilicin C7 has inhibitory activity against L. monocytogenes ATCC 19114 476 

  477 
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 478 

Fig. 4. Field emission scanning electron microscopy images of L. monocytogenes ATCC 19114 (A) 479 

untreated (B) after treatment with recombinant agilicin C7 (160AU/mL) (C) after treatment with 480 

recombinant agilicin C7 (320AU/mL). *Red arrow indicates the pore-forming. 481 

 482 

Table 1. Antimicrobial spectrum of recombinant agilicin C7 483 

 484 

Table 2. Effect of enzyme, pH, temperature, and solvent treatment on the activity of recombinant 485 

agilicin C7 486 

 487 

 488 


