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In this work, we studied the control of Listeria monocytogenes in raw chicken meat by marinating breast strips
with beer containing bacteriocin leucocin C. An URA3 auxotrophic strain of probiotic yeast Saccharomyces
boulardii CNCM I-745 was used as a host to express the gene lecC encoding the bacteriocin leucocin C. Secretion
of leucocin C was confirmed by the inhibition against L. monocytogenes using agar well diffusion assay. The new
auxotrophic host secreted leucocin C better than previously constructed wild-type strain, and therefore it was
used to brew anti-listerial beer. The beer was shown to maintain its anti-listerial activity for 38 days. Chicken
breast strips spiked with L. monocytogenes were then marinated with the anti-listerial beer for overnight, and the
killing of L. monocytogenes was analysed. Marination with beer containing leucocin C reduced the viable cells of
L. monocytogenes by about 1.6 log from (2.2 ± 0.6) × 107 CFU/g on day 24, and 2.2 log from (1.8 ± 0.3) × 105
CFU/g on day 38. In conclusion, the URA3 auxotrophic S. boulardii efficiently secreted the bacteriocin leucocin C,
and brewing beer with this strain resulted in anti-listerial beer. Such beer is effective as a marinade in reducing
the Listeria risk in chicken breast strips.

1. Introduction

the consumption of raw vegetables (Kljujev et al., 2018; Soni et al.,
2014), dairy products (Kevenk & Terzi Gulel, 2016; Lee et al., 2019), and
meat (Demaître et al., 2020; Kurpas, Wieczorek, & Osek, 2018) have
been involved in human listeriosis outbreaks. L. monocytogenes has
frequently been detected in both ready-to-eat and raw meat products
(Demaître et al., 2020; Kurpas et al., 2018). In particular, Listeria in
cidents have been high in poultry (Bohaychuk et al., 2006; Iannetti et al.,
2020).
The ability of L. monocytogenes to multiply at low temperatures
makes it difficult to be eliminated from foods. Once foods are contam
inated with L. monocytogenes, human may be infected by ingesting foods,
or through contacting with cutting board, knife, and containers used in
kitchen. To prevent L. monocytogenes contamination in foods, measures
like high-hydrostatic pressure, irradiation, and ozonation have been
taken in food processing (Bahrami, Baboli, Schimmel, Jafari, & Wil
liams, 2020). As for the food preservation and retail, controlled atmo
sphere (Couvert et al., 2017) and generally recognized as safe (GRAS)

Listeria monocytogenes, a Gram-positive and non-spore-forming bac
terium, which grows within a wide range of temperature from 0 to 42 ◦ C,
is found ubiquitously and has been isolated from water (Iwu & Okoh,
2020), foods (Leong, Alvarez-Ordóñez, & Jordan, 2014), animal and
human feces (Lyautey et al., 2007; Stea, Purdue, Jamieson, Yost, &
Truelstrup Hansen, 2015), soil (Soni, Singh, Singh, & Dubey, 2014), and
silage (Queiroz, Ogunade, Weinberg, & Adesogan, 2018).
L. monocytogenes is an important human pathogen that causes the illness
known as listeriosis. In 2019, there were 2652 reported listeriosis cases
in EU (ECDC, 2019). Even though the reported cases of listeriosis remain
low compared to other foodborne infections like salmonellosis, the case
fatality is high (17.6%), making listeriosis one of the most severe
foodborne diseases under EU surveillance (EFSA and ECDC, 2021).
Therefore, the association between L. monocytogenes and foods as a way
of listeriosis transmission cannot be ignored. It has been reported that
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chemical compounds (Pietrysiak, Smith, & Ganjyal, 2019) have been
used to inhibit the proliferation of L. monocytogenes. Besides, bacterio
cins that are naturally produced by bacteria would be another candidate
for this purpose. Bacteriocins are ribosomally synthesized peptides or
proteins that show antimicrobial activity against other bacteria. The
utilization of bacteriocins in food preservation can reduce the needs for
chemical or physical treatments, resulting in more naturally preserved
food. For instance, bacteriocins sakacin P (Katla et al., 2002), nisin
(Leverentz et al., 2003), leucocin A (Balay, Dangeti, Kaur, & McMullen,
2017), and leucocin C (Fu et al., 2018) have been demonstrated effective
against L. monocytogenes contamination in different foods. Leucocin C is
a class IIa bacteriocin that kills effectively L. monocytogenes by forming
pores on cell membrane and causing solutes leakage (Kjos et al., 2011).
Budde, Hornbæk, Jacobsen, Barkholt, and Koch (2003) added the leu
cocin C-producing
strain Leuconostoc carnosum 4010 to
vacuum-packaged meat sausage, and the L. monocytogenes decreased
below 10 CFU/g after 21-days storage at 5 ◦ C. Fu et al. (2018)
co-expressed nisin Z and leucocin C in Lactococcus lactis N8. The su
pernatant containing leucocin C and nisin Z reduced the viable cells of
L. monocytogenes in pasteurized milk by 2 log units in 16 h at 4 ◦ C.
Saccharomyces boulardii is a GRAS probiotic yeast and genetically
close to the wine strains of Saccharomyces cerevisiae (Khatri, Tomar,
Ganesan, Prasad, & Subramanian, 2017). Controlled clinical trials have
shown the role of S. boulardii in alleviating gastrointestinal diseases of
human (Dinleyici et al., 2015; Feizizadeh, Salehi-Abargouei, & Akbari,
2014; Sivananthan & Petersen, 2018). Even though the improvement of
probiotic microbes by expressing heterologous genes encoding bioactive
proteins is generally an attractive approach, S. boulardii has not
commonly been used as a host in genetic engineering. Only a few studies
have been done aiming to expand its probiotic properties by producing
functional substances like anti-inflammatory cytokines (Pöhlmann et al.,
2013) or vaccines (Bagherpour et al., 2018). In our previous study, we
cloned the lecC gene from Ln. carnosum 4010, and secreted leucocin C in
the wild-type S. boulardii strain CNCM I-745 (Li, Wan, Takala, & Saris,
2021). However, the resulting strain SAC4 (named as Sb-LecC in the
article) did not produce the bacteriocin very efficiently, possibly because
the used antibiotic selection reduced its growth, thereby reducing also
the leucocin C production.
One potential usage of the leucocin C-secreting S. boulardii is beer
brewing, resulting in beer equipped with both the probiotic substances
secreted by S. boulardii and the anti-listerial activity of leucocin C. In
recent years, studies have been performed to explore the possibility of
using S. boulardii, either solely or in combination with S. cerevisiae, to
brew “probiotic beer” including craft beer (Capece et al., 2018; Muler
o-Cerezo, Briz-Redón, & Serrano-Aroca, 2019; Ramírez-Cota,
López-Villegas, Jiménez-Aparicio, Hernández-Sánchez, & Proteins,
2021), alcohol-free beer (Senkarcinova, Dias, Nespor, & Branyik, 2019),
and wheat beer (de Paula et al., 2021). In addition, beer is often used in
meat marinating, and it has been shown that the beer marinade reduces
the formation of carcinogens in meat during cooking (Melo, Viegas,
Petisca, Pinho, & Ferreira, 2008; Viegas, Moreira, & Ferreira, 2015;
Viegas, Yebra-Pimentel, Martínez-Carballo, Simal-Gandara, & Ferreira,
2014; Wang et al., 2019). If meat was contaminated by L. monocytogenes,
the beer containing S. boulardii-secreted leucocin C would also act as a
protective strategy to prevent the growth of L. monocytogenes.
In this study, leucocin C was secreted in S. boulardii auxotrophic
strain Sb-URA3. The leucocin C-secreting S. boulardii was then used to
brew beer. Chicken breast strips spiked with L. monocytogenes were
marinated with the anti-listerial beer, and the reduction of Listeria
counts was evaluated.

Table 1
Plasmids and strains.
Plasmids and
strains
Plasmids
pSF-TEF1-URA3
pSF-TEF1-URA3lecC
Strains
Escherichia coli
DH5α
S. boulardii
CNCM I-745
S. boulardii SAC4

Sb-URA3

S. boulardii
SAC10
S. boulardii
SAC12
Listeria
monocytogenes
WSLC 1018

Description

Source

E. coli-yeast shuttle vector,
uracil selection
pSF-TEF1-URA3 plasmid that
has been inserted with
leucocin C expression cassette

Oxford Genetics, Oxford,
UK
Genscript, Piscataway, NJ,
USA

Library Efficiency™ DH5αTM
Competent Cells;
intermediate host for
preserving plasmids
Wild type S. boulardii

Invitrogen, Carlsbad, CA,
USA

S. boulardii CNCM I-745 that
secretes leucocin C based on
antibiotic selection of
production plasmid
URA3 auxotrophic strain of
S. boulardii CNCM I-745
Sb-URA3 carrying pSF-TEF1URA3, vector control strain
Sb-URA3 carrying pSF-TEF1URA3-lecC, used for leucocin
C secretion based on uracil
selection
Indicator strain, sensitive to
leucocin C, ATCC 19118

Capsule PRECOSA,
Biocodex, Espoo, Finland
Li et al., 2021 (named as
Sb-LecC)
Prof. Vahid Khalaj, Pasteur
Institute of Iran, Tehran,
Iran; Bagherpour et al.,
2018
This study
This study

Prof. Martin Loessner, ETH
Zurich, Switzerland

Intermediate host Escherichia coli DH5α was grown in LB medium (1%
tryptone, 0.5% yeast extract, 1% sodium chloride) at 37 ◦ C, supple
mented with kanamycin (50 μg/ml) for selecting the transformants.
S. boulardii CNCM I-745 and Sb-URA3 were grown in YPD medium (1%
yeast extract, 2% peptone, 2% glucose) at 37 ◦ C. S. boulardii SAC4 was
grown in YPD supplemented with 20 μg/ml blasticidin S (Thermo Fisher
Scientific, Waltham, MA, USA) at 37 ◦ C. As for S. boulardii SAC10 and
SAC12, selection medium YNBD (6.8% yeast nitrogen base w/o amino
acids, 2% glucose) without uracil was used to maintain the plasmids.
L. monocytogenes was grown in BHI (brain heart infusion, LabM,
Lancashire, UK) at 37 ◦ C. For identifying L. monocytogenes, Oxford se
lective agar (corn starch, 1 g/L; aesculin, 1 g/L; ferric ammonium cit
rate, 0.5 g/L; lithium chloride, 15 g/L; sodium chloride, 5 g/L; Columbia
peptone mix, 23 g/L; agar, 12 g/L; pH 7.2) was used, and
L. monocytogenes colonies form black zones on this agar.
2.2. Cloning of lecC gene into URA3 auxotrophic strain of S. boulardii
Cloning was performed following the strategy described in our pre
vious publication (Li et al., 2021). Briefly, a bacteria-yeast shuttle vector
pSF-TEF1-URA3 (Oxford Genetics, Oxford, UK) was used. In this vector,
the URA3 gene encoding orotidine-5′ -phosphate decarboxylase was
provided as a selection marker for host yeast, allowing its growth in
medium without uracil. DNA fragment of lecC gene (Wan, Li, Saris, &
Takala, 2013) fused with the S. cerevisiae alpha-mating factor was syn
thesized by Genscript (Genscript, Piscataway, NJ, USA) and cloned into
pSF-TEF1-URA3 at the enzyme sites EcoRI/XbaI. The recombinant
plasmid pSF-TEF1-URA3-lecC was first electroporated into E. coli DH5α,
then the enriched plasmid was isolated and electroporated into
Sb-URA3. The yeast colonies obtained from YNBD agar were verified by
PCR
with
two
plasmid
specific
primers:
F,
5′ -CATA
TCACATAGGAAGCAACAG-3′ ; R, 5′ -CTAC GATACCGATAGAGATGG-3′ ,
and positive transformant was named as S. boulardii SAC12. Plain vector
was manipulated similarly to generate the vector control strain
S. boulardii SAC10.

2. Materials and methods
2.1. Plasmids, strains, and media
Plasmids and strains used in this study are listed in Table 1.
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2.3. Secretion and verification of leucocin C from S. boulardii SAC12

Dextrin (100 g), and Crystal Light (100 g) were mixed and milled. All
malts were routinely mashed, boiled, and cooled to room temperature
(RT). The final volume of cooled wort was around 17 L, then the wort
was divided into fermenters with 4 L × 4 bottles. Yeast broth was
inoculated into the wort with the ratio of 1:8, and the density of SAC12
and SAC10 in the broth was 7.9 × 107 CFU/ml and 7.4 × 107 CFU/ml,
respectively. In two fermenters, the wort was inoculated with SAC12,
and the other two were inoculated with SAC10 as control group. Beer
fermentation occurred at room temperature, and bottling was conducted
on day 17. On day 24, half of the bottled beer was moved to 4 ◦ C.
Samples (10 ml) for analysis were taken from both groups at days 3, 10,
17, 24, 38 and 62.

Secretion of leucocin C was initiated by incubating S. boulardii
SAC12 in YNBD medium at 37 ◦ C. After 36-h incubation with shaking,
50 ml of supernatant was collected by centrifuge (5000×g, 5 min). The
supernatant was filtered with 0.22-μm filter (Merck Millipore, Burling
ton, MA, USA) to remove thoroughly the yeast cells. Afterwards, leu
cocin C was precipitated from the supernatant with 40% ammonium
sulfate (Wan, Saris, & Takala, 2015) and finally dissolved in 200 μl of
PBS (20 mM Na2HPO4–NaH2PO4, pH 7.2). Ninety microliters of the
sample was used in agar well diffusion assay (Lehrer, Rosenman, Har
wig, Jackson, & Eisenhauer, 1991) to confirm the inhibition activity of
the supernatant against L. monocytogenes and to demonstrate the
secretion of the leucocin C. Collection of supernatants from Sb-URA3
and SAC10 was performed with the same method and resulting sam
ples were used as the negative control. The positive control was the
supernatant from the leucocin C-producing strain L. lactis LAC409 (Wan
et al., 2013), of which 10 μl was loaded.

2.6. Anti-listerial effect of the beer fermented by S. boulardii SAC12
To monitor the change of anti-listerial effect of the beer fermented by
S. boulardii SAC12 (designated as LecC-beer), the growth curve of
L. monocytogenes incubated with LecC-beer was determined by Bioscreen
C (Growth Curves, Helsinki, Finland). The LecC-beer was centrifuged
and supernatant without yeast was used. The overnight culture of
L. monocytogenes was inoculated 1% into 2 × BHI medium, then the
broth was mixed 1:1 with beer samples. The mixture was transferred
into a honeycomb plate with 200 μl/well. OD600 value of
L. monocytogenes was automatically measured every 1 h by Bioscreen C
at 37 ◦ C with continuous shaking for 24 h. Beer fermented by S. boulardii
SAC10 strain was used as control (control-beer), and L. monocytogenes
without any additives was the positive control to demonstrate its normal
growth. Leucocin C from L. lactis LAC409 was added as negative control,
aiming to ensure there is no natural leucocin C-resistance in
L. monocytogenes at the beginning. The collected data were used to
generate a growth curve to show the inhibition activity of LecC-beer.

2.4. Comparison of the secretion of leucocin C between S. boulardii SAC4
and SAC12
To compare the leucocin C secretion ability of S. boulardii SAC4 and
SAC12, these two strains were cultured to OD600 = 0.6 to maintain a
similar level of initial cell density. Afterwards, SAC4 and SAC12 were
inoculated 2%, respectively, into 50 ml of YPD with 20 μg/ml blasticidin
S and YNBD. After 36-h incubation, the supernatant of the two strains
was collected and precipitated as described in section 2.3. Finally, 90 μl
of the sample were loaded on indicator plate. The size of the inhibition
halo was compared to determine the leucocin C secretion ability of SAC4
and SAC12.
The growth profiles of SAC4 and SAC12 were also compared to study
their growth in respective selection media. S. boulardii CNCM I-745 and
Sb-URA3 were used as control and inoculated into YPD medium. Sam
ples were collected manually every 2 h and OD600 values were moni
tored by spectrophotometer (JH-11-09 UV/Vis spectrophotometer,
Jinghua Instruments, Shanghai, China) to generate growth curves.

2.7. Plasmid stability of pSF-TEF1-URA3-lecC in S. boulardii SAC12
without selection pressure
The plasmid stability of pSF-TEF1-URA3-lecC in S. boulardii SAC12
during beer fermentation and storage was tested. Beer samples were
centrifuged, and pellets were resuspended in Ringer’s solution (SigmaAldrich, St. Louis, MO, USA). After serial dilutions, 100 μl of the cells
were spread on YNBD to screen the colonies that carried stable pSFTEF1-URA3-lecC plasmid. Same volume of the cells from the same
dilution were spread on YPD plate, on which all cells including yeasts
that had lost the pSF-TEF1-URA3-lecC plasmid or plasmid had experi
enced URA3 mutation would grow. The ratio of the cell amount counted
from YNBD and YPD was calculated to represent the portion of plasmid
positive yeast, as well as a demonstration of the plasmid stability of pSFTEF1-URA3-lecC along with the time change.

2.5. Beer fermentation and sampling
S. boulardii SAC12 strain was used in beer fermentation after con
firming its leucocin C-producing ability. SAC12 and SAC10 were precultured in 1 L of YNBD for 36 h before inoculated into wort. Proced
ures of beer brewing and sampling are shown in the flow chart of Fig. 1.
Briefly, malts including Pilsner (3 kg), Pale Ale (1.5 kg), wheat (300 g),
Day 0

Brewing

Day 17

Bottling

Mashing
Sampling

Day 24

Marinating 1

2.8. Ethanol in beer analysed by HPLC
Beer samples were first microfiltered (0.22 μm cut-off) to HPLC
sample vials, and HPLC was conducted according to the method of
Mattila, Kačar, Mali, and Lundell (2018). Briefly, columns used were
Agilent Hi-Plex H (300 × 6.5 mm) and Agilent PL-Hi-Plex H Guard
Column (50 × 7.7 mm) (Agilent Technologies, Santa Clara, CA, USA).
Column temperature was 65 ◦ C. Twenty microliters of sample were
injected and eluted with isocratic H2SO4 (5 mM, flow rate 0.6 ml/min).
Ethanol was detected by Waters 2414 RI (refractive index) detector
coupled with Waters 996 photodiode array detector. Reference com
pound with analytical grade was used as standard to identify and
quantify the ethanol from beer.

Day 38

Marinating 2

Boiling

Cooling

Day 0-16

Fermentation

Day 62

Marinating 3

Fig. 1. Workflow of the process of beer fermentation, sampling, and mari
nating. The beer was brewed on day 0 and fermented for 17 days at room
temperature. On day 17, beer was bottled, and the bottles were stored at room
temperature until the first marinating experiment (day 24). After that, half of
the beer bottles was moved into 4 ◦ C in cold room. The followed two marinating
experiments were performed on day 38 (RT-stored and 4 ◦ C-stored beer) and
day 62 (4 ◦ C-stored beer only), respectively. The time points of sampling were
days 3, 10, 17, 24, 38 and 62, and samples were used in further analysis.

2.9. Marinating experiment
L. monocytogenes was added to chicken breast strips, which were then
marinated with LecC-beer to investigate its anti-listerial effects. The
3
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method was referred to Nielsen, Dickson, and Crouse (1990) with
modifications. Beer samples were centrifuged to remove yeast cells and
only supernatant was kept. Overnight culture of L. monocytogenes was
diluted, and 10 ml of the cell dilutions were mixed with 25 g of chicken
breast. After 10 min incubation to let the cells fully attach to chicken
breast, 90 ml of LecC-beer, control-beer, and Ringer’s solution were
added. The mixture was stored at 4 ◦ C in a Stomacher bag for 16 h. The
second day, mixtures were blended for 3 min using a Stomacher ma
chine (Stomacher Lab-Blender 400, Seward Ltd., Worthing, UK) to
release L. monocytogenes from the surface of chicken breast. The last step
was to count the cell number of live L. monocytogenes using the selective
Oxford agar. The CFU/g of L. monocytogenes in the beginning and after
incubation with beer were compared to determine the effects of
LecC-beer.
2.10. Statistical analysis
Data collected were analysed by SPSS Statistics 22.0 (IBM, Armonk,
NY, USA), and the mean values and standard deviations of three repli
cates were calculated. One-way analysis of variance (ANOVA) was
applied to analyse the significances between tested groups, and a sig
nificant difference was considered when the p value was less than 0.05.
3. Results and discussion
3.1. Cloning of lecC and secretion of leucocin C in S. boulardii SAC12

Fig. 2. Anti-listerial activity of the supernatant of yeast. L. monocytogenes was
used as the indicator in agar well diffusion assay. Ninety microliters of the
supernatant from SAC12 (SAC12 sup) was loaded to verify the anti-listerial
activity. Same volume of supernatant from Sb-URA3 (Sb-URA3 sup) and vec
tor control strain SAC10 (SAC10 sup) were used as negative controls. The
positive control (PC) was the supernatant from the leucocin C-producing
L. lactis LAC409 strain, 10 μl was loaded.

The lecC gene was cloned into the vector pSF-TEF1-URA3 essentially
as described in our previous study (Li et al., 2021), except for the se
lection. Antibiotic selection has been used in a few studies (Douradinha
et al., 2014; Latorre-García, Adam, & Polaina, 2008; Michael et al.,
2013; Pöhlmann et al., 2013; Wang et al., 2014) focusing on molecular
cloning in S. boulardii. In our previous study of leucocin C secretion in
S. boulardii, the antibiotic selection might have been the reason for the
observed poorer growth compared to growth without antibiotic.
Consequently, poor growth could have then been the reason for the
somewhat poor production level of leucocin C. Using auxotrophic
mutant strains and corresponding vector is also a way for conducting
cloning and selection in yeast. The auxotrophic host used in our study
was S. boulardii CNCM I-745 constructed by Bagherpour et al. (2018)
using CRISPR-Cas9. In this work, we used the vector pSF-TEF1-URA3,
carrying the URA3 gene cassette, for cloning without antibiotic selec
tion. By PCR, transformant colonies carrying the recombinant plasmid
pSF-TEF1-URA3-lecC were identified (data not shown), and the resulting
strain was named S. boulardii SAC12. The secretion of leucocin C by
SAC12 was confirmed by agar well diffusion assay. The supernatant
from SAC12, and L. lactis LAC409 as positive control generated inhibi
tion halos (Fig. 2), while no halo was observed from the supernatant of
vector control strain SAC10 or the host strain Sb-URA3. Due to the
specific antimicrobial activity of leucocin C against L. monocytogenes, the
secretion of leucocin C by SAC12 was confirmed. In the few studies using
URA3 auxotrophic mutant of S. boulardii as host, there were two pilot
studies focusing on modifying S. boulardii and exploring the possibilities
of using the mutant for gene expression. Hamedi et al. (2013) secreted
green fluorescent protein in URA3 mutant of S. boulardii generated by
UV mutagenesis. Liu et al. (2016) generated URA3 mutant by
CRISPR-Cas9, in which recombinant human lysozyme was secreted.
Bagherpour et al. (2018) secreted ovalbumin in URA3 mutant and used
the recombinant host to trigger antibody response in mice. Here in this
study, we demonstrated that pSF-TEF1-URA3 vector could be success
fully used for heterologous gene expression in the new host Sb-URA3,
offering a new possibility of secreting antimicrobial proteins in URA3
mutant of probiotic S. boulardii.

3.2. Comparison of the leucocin C-secreting ability between S. boulardii
SAC4 and SAC12
The auxotrophic host Sb-URA3 originates from the wild-type
S. boulardii CNCM I-745, i.e., the strain we used for leucocin C secre
tion with antibiotic selection (Li et al., 2021). Therefore, it is reasonable
to compare the behaviour of the two S. boulardii strains under different
selection pressures. As expected, leucocin C could be secreted by the new
constructed strain S. boulardii SAC12. Then, the levels of leucocin C
secretion in S. boulardii SAC4 and SAC12 were compared. We found that
the anti-listerial effect from SAC12 was much stronger than from SAC4
(Fig. 3A). The supernatant was collected when SAC12 and SAC4 reached
stationary phase after 36-h incubation. The supernatants were concen
trated, and the inhibition halos were compared. Within the same
culturing period, SAC12 secreted more leucocin C, as seen as larger in
hibition zone from SAC12 supernatant (Fig. 3A). In our previous study
(Li et al., 2021), we demonstrated the secretion of heterologous anti
microbial peptide in probiotic S. boulardii. SAC4 effectively killed
L. monocytogenes when it was co-cultured with L. monocytogenes. How
ever, the level of leucocin C secretion was low, indicated by the small
halo on the indicator plate. Another drawback of SAC4 strain was the
using of antibiotic blasticidin S, which is expensive, not food-grade, and
not environmentally friendly. The presence of antibiotic also makes it
more complicated to recover the secreted product since antibiotic may
remain in the yeast supernatant. On the other hand, we observed a
prolonged lag phase of SAC4 (6 h) when it was cultured in YPD with
antibiotic. For the strains used in the new selection system, Sb-URA3 and
SAC12 grew normally in YPD with only little difference to S. boulardii
CNCM I-745 (Fig. 3B), indicating that the deletion of URA3 gene did not
affect the viability of the strains. As for the growth of SAC12 in YNBD,
there was also a prolonged lag phase of around 6 h (Fig. 3B). Unlike
SAC4 that entered exponential growth after 6 h, SAC12 grew very slowly
4
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Fig. 3. Comparison of the secretion of leucocin C in
SAC4 and SAC12 and their growth curves. (A) The
inhibition of L. monocytogenes in agar diffusion
assay by the growth supernatant (90 μl) of strains
SAC12 (SAC12 sup) and SAC4 (SAC4 sup). (B)
Growth curves of yeast strains, S. boulardii CNCM I745-YPD: growth curve of S. boulardii CNCM I-745
in YPD; SAC4-YPD with blasticidin S: growth curve
of SAC4 that secretes leucocin C based on antibiotic
selection in YPD; Sb-URA3-YPD: growth curve of
Sb-URA3 in YPD; SAC12-YPD: growth curve of
SAC12 that secretes leucocin C based on uracil se
lection in YPD; SAC12-YNBD: growth curve of
SAC12 that secretes leucocin C based on uracil se
lection in YNBD.

until 12th hour. Then, from the 12th-20th hour, SAC12 grew rapidly and
reached stationary phase. This phenomenon might be caused by the
minimal medium YNBD, in which only limited nutrients were provided.
Under such circumstance, SAC12 not only had to tolerate the burden
from the high-copy number plasmid (Karim, Curran, & Alper, 2013)
pSF-TEF1-URA3-lecC, but also needed to get used to the low-nutrients
environment. During the 12 h of lag phase and low-growth status, the
pSF-TEF1-URA3-lecC carried by SAC12 would trigger the synthesis
pathway of uracil, which was essential for the normal growth of SAC12
in YNBD. Apparently, it took time for the activation of the URA3 gene,
and also for the accumulation of uracil before SAC12 could enter its
rapid growth between the 12th-20th hours. Even though SAC12 expe
rienced a long preparation for its growth in YNBD, it still presented a
higher leucocin C secretion compared to SAC4 (Fig. 3A). Besides, since
both SAC4 and SAC12 entered stationary phase within 24 h as shown in
Fig. 3B, the 36-h incubation used for comparing their leucocin C
secretion ability was reasonable. Considering the two important features
of URA3 selection system in this study: antibiotic free and higher pro
duction of leucocin C, it seems to be a superior gene expression method
for S. boulardii CNCM I-745. Based on this consideration, we used SAC12
in beer fermentation and applied the LecC-beer as a marinade to reduce
the level of spiked L. monocytogenes in chicken breast strips.

Table 2
Inhibition activity
L. monocytogenes.
Sampling days
Inhibition

of LecC-beer detected by the growth
3

+

10

+

17

+

24

+

38

curvea of

62

RT

4 ◦C

RT

4 ◦C

-

+

-

-

a

The detailed growth curve of each sampling day was shown in Fig. 4. In this
table, “+” means LecC-beer inhibited the growth of Listeria, “-” means LecC-beer
did not inhibit the growth of Listeria. When L. monocytogenes experienced a
reduction of half of the OD600 value compared to its normal growth in each
group, the beer added was regarded as “positive inhibition” (+).

and room temperature from day 62 had lost their anti-listerial activity
(Fig. 4F). This indicates that leucocin C has been degraded or inactivated
in another way in the beer upon prolonged storage. In control-beer
group, the growth of L. monocytogenes was interfered to some extent.
According to the growth curve of day 24, the growth rate after adding
control-beer was lower than the normal growth rate of L. monocytogenes.
The slight disruption of the growth was possibly caused by the “natural
intrinsic hurdles” of beer, e.g., ethanol, hop bittering compounds, and
low pH (Menz, Aldred, & Vriesekoop, 2009). Considering the acid
resistance of L. monocytogenes (Bucur, Grigore-Gurgu, Crauwels, Riedel,
& Nicolau, 2018), the growth disruption from control-beer was most
likely due to the ethanol or hops. This draws a discussion for the origin of
the anti-listerial activity in LecC-beer. However, same amount of hops
were added to the wort for brewing LecC-beer and control-beer. On the
other hand, the average ethanol concentration detected by HPLC in
LecC-beer (4.3%, v/v) and control-beer (3.9%, v/v) did not differ from
each other significantly (p > 0.05), and thus it would not lead to such
large difference in anti-listerial activity. It is normal that in food matrix,
many factors and their cross-interaction effects contribute to suppress
ing microbial growth. However, in our case, since the background of the

3.3. Anti-listerial activity of LecC-beer
The strain SAC12 was used to brew anti-listerial beer. Growth curve
of L. monocytogenes was used to demonstrate the inhibition activity of
LecC-beer. The anti-listerial activity of LecC-beer is summarized in
Table 2, and the growth curves of each sampling day are shown in Fig. 4.
LecC-beer from day 3 showed maximum inhibition (Fig. 4A) and LecCbeer from day 24 could still inhibit moderately well (Fig. 4D). When
LecC-beer from day 38 (Fig. 4E) was tested, the inhibition was only
observed in the LecC-beer stored at 4 ◦ C. Both LecC-beer stored at 4 ◦ C
5

R. Li et al.

LWT 152 (2021) 112323

Fig. 4. Growth curves of L. monocytogenes used in monitoring the anti-listerial activity change of LecC-beer. Results of beer samples from days 3, 10, 17, 24, 38, and
62 are shown. The symbol and its representative group are:
positive control, L. monocytogenes without adding any extra substances;
L. monocytogenes
incubated with control-beer (stored at room temperature);
L. monocytogenes incubated with LecC-beer (stored at room temperature);
, L. monocytogenes
incubated with control-beer (stored at 4 ◦ C);
L. monocytogenes incubated with LecC-beer (stored at 4 ◦ C);
negative control, L. monocytogenes incubated
with leucocin C produced by recombinant L. lactis LAC409.

beer was quite similar, the inhibition revealed only in LecC-beer is likely
to be a result of the leucocin C in beer fermented by SAC12, which was
the only significant difference from the control-beer.

3.4. Plasmid stability of pSF-TEF1-URA3-lecC in S. boulardii SAC12
during beer fermentation and storage
Unlike the vector used in our previous study, the plasmid pSF-TEF1URA3-lecC did not need antibiotic to maintain itself in S. boulardii
SAC12. However, when SAC12 was cultivated in a medium like YPD
Fig. 5. Plasmid stability of SAC12 during
the fermentation and storage of beer. Sam
ples from days 0, 3, 10, 17, 24, 38, 62 were
collected and centrifuged. The pellets were
washed twice and resuspended with
RINGER’s solution. Serial dilution was per
formed and 100 μl cell dilutions were
spreaded on YPD and YNBD agar, respec
tively. Colonies shown on the YPD agar
indicated the total amount of yeast cells in
the beer, including the cells that have lost
the plasmid. On YNBD agar, only cells that
still carried the plasmid would grow. The
ratio of the cell amount counted from YNBD
and YPD at the same dilution was calculated
to represent the portion of plasmid positive
yeast.
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where uracil was available, the absence of the selection pressure may
cause plasmid instability. Under such condition, the recombinant host
may lose added properties due to the plasmid loss (segregational
instability) or alteration (structural instability) (Silva, Queiroz, &
Domingues, 2012). We investigated the plasmid stability of pSF-TE
F1-URA3-lecC in SAC12 during beer fermentation and storage. The re
sults are illustrated in Fig. 5 as the ratio of SAC12 colonies grown on
YNBD and YPD plates. Overall, the percentage of SAC12 that still carry
the phenotype encoded by pSF-TEF1-URA3-lecC displayed a decreasing
trend within 62-day experiment. Notably, 37% of SAC12 cells had lost
the phenotype in the beginning of beer fermentation. On the day 17
(bottling) and the day 24 (first marinating experiment), 48% and 41% of
the cells still carried the plasmid. After the day 24, half of the beer were
transferred to 4 ◦ C. From the day 24 to days 38 and 62, the
phenotype-positive SAC12 from the 4 ◦ C-stored beer kept dropping to
33% and to 30%, respectively. As for the SAC12 from the room
temperature-stored beer, the phenotype-positive SAC12 dropped down
to 26% and to 20%, respectively. Apparently, the wort provided a
non-selective environment for SAC12 during fermentation thereupon
causing plasmid instability, assessing from the disability of SAC12 to
grow on YNBD plate. However, the plasmid instability is not relevant
except for the first few days during brewing when sugars are sufficient
and the leucocin C-secreting SAC12 is metabolically most active. SAC12
would probably not produce significantly more leucocin C to the beer in
the end of storage as the metabolic activity is low. Fortunately, leucocin
C was stable enough in the beer for detection of anti-listerial activity
from beer at day 38.

the RT-stored LecC-beer of day 38, only 0.2 log reduction was observed
(p > 0.05). This result indicated that the RT-stored LecC-beer had
probably lost the bacteriocin activity, which was consistent with the lack
of inhibition activity shown in Table 2. Therefore, on day 62 only 4 ◦ Cstored LecC-beer was tested.
The reason of using different initial concentrations of
L. monocytogenes at different sampling days was that we considered the
anti-listerial effect of LecC-beer might differ along with the continuation
of the storage. Indeed, on the day 62 when spiked L. monocytogenes was
(2.0 ± 0.2) × 103 CFU/g, slight reduction was observed with LecC-beer,
though it was not significantly different from the initial concentration (p
> 0.05). However, when the beer was still fresh on day 24 or day 38, it
displayed strong inhibition even when the initial concentration of
L. monocytogenes reached 107 CFU/g (day 24). In most of the studies
about anti-listerial bacteriocins, L. monocytogenes counts in cottage
cheese (Pucci, Vedamuthu, Kunka, & Vandenbergh, 1988), raw beef
(Nielsen et al., 1990), raw pork (Nieto-Lozano, Reguera-Useros,
Pelaez-Martinez, & de la Torre, 2006), and raw chicken meat (Mar
agkoudakis et al., 2009) was maintained at 103–105 CFU/ml (or CFU/g).
The reason is that listeriosis outbreaks usually happen at a pathogen
density greater than 103 CFU/ml (or CFU/g) (ICMSF, 1994), and this
level is estimated to be within the range to allow accurate enumeration
by direct plating (Chen et al., 2017). Listeria concentrations up to 107
CFU/ml were used if the anti-listerial activity of the compounds was
much stronger (Enan, 2006; Motlagh, Holla, Johnson, Ray, & Field,
1992; Nielsen et al., 1990). In practice, the amount of L. monocytogenes
presented in foods could be high and cause infection. In two reported
infection cases, L. monocytogenes was found to be 3.0 × 107 to 5.0 × 107
CFU/g in cheese (Azadian, Finnerty, & Pearson, 1989) and 2.7 × 106
CFU/g in sausage (Cantoni, Balzaretti, & Valenti, 1989).
By now, there have been two ways of applying bacteriocins into
L. monocytogenes contaminated food: using purified or concentrated
bacteriocins, or using the bacteriocin producing strains. For example,
Lactobacillus sakei subsp. sakei 2a (Martinez et al., 2015), Ln. carnosum
4010 (leucocin C producer) (Budde et al., 2003), and Pediococcus acid
ilactici JBL1095 (pediocin producer) (Degnan, Yousef, & Luchansky,
1992) were directly applied in foods. However, generally a faster
response of inhibition appeared when bacteriocin preparations were
added. Most of the reported bacteriocins could work within 24 h, with
the fastest case of 2-log reduction occurring in 2 min (Nielsen et al.,
1990). Motlagh et al. (1992) added pediocin instead of its producer
(Degnan et al., 1992) to ground beef, and 2.3-log reduction of
L. monocytogenes was obtained after 1 h incubation at 4 ◦ C. More

3.5. The anti-listerial effect of LecC-beer in chicken breast strips upon
marinating
Chicken breast strips were spiked with L. monocytogenes, marinated
with LecC-beer, and the Listeria counts were determined. The results are
shown in Fig. 6. Beer from day 24 (stored in RT), day 38 (stored in 4 ◦ C
and RT), and day 62 (stored in 4 ◦ C) were used in marinating experi
ment. When compared to initial concentration of L. monocytogenes
inoculated into chicken breast strips, significant inhibition was observed
in the LecC-beer from day 24 (p < 0.01) and day 38 (p < 0.05, in 4 ◦ Cstored LecC-beer). When the initial concentration of L. monocytogenes
was (2.2 ± 0.6) × 107 CFU/g, the LecC-beer from day 24 reduced the
viable cells about 1.6 log. The most effective inhibition happened in 4
◦
C-stored LecC-beer of day 38, in which the L. monocytogenes count
dropped approximately 2.2 log from (1.8 ± 0.3) × 105 CFU/g. While for

Fig. 6. The CFU/g (Log10) of L. monocytogenes in
the marinating experiment. Chicken breast strips
were first spiked with L. monocytogenes with a con
centration of (2.2 ± 0.6) × 107 CFU/g (day 24
testing), (1.8 ± 0.3) × 105 CFU/g (day 38 testing),
and (2.0 ± 0.2) × 103 CFU/g (day 62 testing). Beer
from day 24 (stored in RT), day 38 (stored in 4 ◦ C
and RT), and day 62 (stored in 4 ◦ C) were used in
marinating experiment. The CFU/g (Log10) of the
L. monocytogenes: inoculated in chicken meat (Initial
Listeria), after o/n incubation at 4 ◦ C (Final Listeria),
after incubated with LecC-beer (LecC-beer 4 ◦ C/
LecC-beer RT) and control beer (Control-beer 4 ◦ C/
Control-beer RT) are shown in the figure. All ex
periments were performed in triplicate. All data is
presented as mean value with standard deviation.
The differences in each group were indicated with
different lowercase letters (0.01 < P < 0.05) or
capital letters (P < 0.01).
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comparable results to our study were found in the work of Fu et al.
(2018) and Pucci et al. (1988). A reduction of 1–2 log from 103-104
CFU/g was observed after 24 h of incubation at 4 ◦ C (Pucci et al., 1988).
Fu et al. (2018) used the supernatant containing leucocin C and nisin Z,
and they observed that the L. monocytogenes cell counts dropped 2 log
from 105 CFU/ml after 16 h at 4 ◦ C. These two results were similar to the
pattern we obtained from day 24 and day 38.
Using bacteriocins to decontaminate Listeria in foods can be tricky. In
meat, it is possible that bacteriocins are inactivated by interacting with
food components like fat (Kouakou et al., 2009) or protein (e.g., prote
ase). On the other hand, bacteriocins added to meat may distribute
unevenly on the surface or be absorbed by the meat particles, in this way
it is difficult to exert the maximum function of bacteriocins. The activity
loss of bacteriocins after certain time is also problematic. In our study,
after leucocin C was secreted into beer and stored for 38 days, activity
loss in RT-stored LecC-beer was evident (Fig. 6). This phenomenon
might be caused by the proteases or metabolites produced by yeast
during brewing, as these substances could either degrade leucocin C or
affect its anti-listerial activity. At room temperature, this disturbance
was more apparent. If we compare the anti-listerial activity of LecC-beer
stored at 4 ◦ C and room temperature, on day 38 the final count of
L. monocytogenes from 4 ◦ C-stored LecC-beer was still lower than that in
RT-stored LecC-beer (p < 0.05). Clearly, leucocin C preserved better in
beer at 4 ◦ C than at RT.
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4. Conclusions
In this study, an URA3 auxotrophic strain of the probiotic yeast
S. boulardii CNCM I-745 was used as a host to produce anti-listerial
bacteriocin leucocin C, and it was shown to secrete leucocin C more
efficiently than wild-type host. The leucocin C-secreting S. boulardii was
shown to be feasible in brewing beer with anti-listerial effects. When the
anti-listerial beer was used to marinate chicken breast strips spiked with
L. monocytogenes, the results obtained collectively revealed that the antilisterial beer fermented in this study was effective to inhibit
L. monocytogenes.
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