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Abstract 
Listeriosis is an infection caused by the consumption of food contaminated with Listeria monocytogenes. It leads to febrile 
gastroenteritis, central nervous system infections, and even death in risk populations. Bacteriophage endolysins selectively 
kill bacteria hydrolyzing their cell walls and have emerged as a potential tool for listeriosis control. Ply511 is an anti-Listeria 
endolysin that has activity against all serovars of L. monocytogenes. The yeast Saccharomyces cerevisiae has been used to 
produce endolysins for biocontrol, but prior efforts relied on plasmids, which can lead to gene loss and include selection 
markers unsuitable for therapeutic use. Integration of endolysins in its genome has also been previously demonstrated, rely-
ing however, on selection markers for selection and maintenance of the modifications. This study explores S. cerevisiae as a 
generally regarded as safe (GRAS) platform for producing and displaying Ply511 through CRISPR-Cas9 integration, offering 
a marker-free and stable solution for Listeria biocontrol. Our results demonstrate that the surface display of Ply511 does not 
lead to bacterial reduction. In contrast, we show that yeast secreting endolysin significantly reduces L. monocytogenes in 
cells, supernatants, and cell extracts. The strongest effect was observed with concentrated spent supernatant and cell extract, 
which reduced L. monocytogenes below the lower limit of quantification. Additionally, the spent supernatant exhibited active 
anti-Listeria activity in milk. This study highlights yeast-secreted endolysins as a promising platform for listeriosis control 
and demonstrates the yeast secretion of endolysins can be used for the biocontrol of pathogenic bacteria.

Key points
• S. cerevisiae was edited using CRISPR-Cas9 to display or secrete endolysin Ply511.
• Cells, supernatants, and extracts of yeast secreting Ply511 act against L. monocytogenes.
•  Demonstrates the yeast-based delivery of endolysins to control L. monocytogenes.
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Introduction

Listeria monocytogenes is a Gram-positive pathogen caus-
ative of human and animal infections, normally acquired 
through ingestion of contaminated food. The range of 
foods linked to listeriosis goes from ready-to-eat products 
to fresh produce and dairy (Välimaa et al. 2015; Ricci 
et al. 2018; Ribeiro et al. 2023). Listeriosis can lead to 
severe systemic infections including meningitis, septice-
mia, and abortion in risk groups, with a high (20%) case-
fatality rate (Ranjbar and Halaji 2018).

The food industry has established strict food safety 
protocols, such as pasteurization, refrigeration, and/or 
the use of preservatives. However, L. monocytogenes is 
able to survive in refrigerated temperatures and can be 
found in processing plants (Osek et al. 2022). As a result, 
there is a need to develop alternative strategies for control 
that can be applied in situ, both during food production 
and storage, to minimize contamination risk. There is a 
growing interest in the incorporation of yeast as probiotic 
supplement, especially in dairy products (Kazemi et al. 
2025). Moreover, symptoms of listeriosis in humans are 
often treated with antibiotics (Hof et al. 1997; Ishihara and 
Akazawa 2023). However, antibiotic-resistant strains of 
Listeria have already been reported (Morvan et al. 2010), 
underscoring the urgent need for alternative treatments.

Bacteriophage endolysins, also known as enzybiotics, 
are enzymes that degrade bacterial peptidoglycan and have 
been proposed as an alternative to antibiotics to treat bac-
terial infections (Dams and Briers 2019). Endolysins are 
highly specific (Murray et al. 2021; Pottie et al. 2024), 
not harming beneficial microbes, which is a common con-
cern for the food industry and for human health. Endoly-
sin Ply511 has shown to be a promising tool for biocon-
trol since it is active against all serovars of Listeria spp. 
(Schmelcher et al. 2010; Eugster and Loessner 2012). The 
use of endolysins against Listeria could serve as a treat-
ment or as a way of prevention either in a food matrix, or 
in the human intestine, e.g., as probiotic or postbiotic, as 
it has been proposed before for endolysins (Pottie et al. 
2024). These strategies, however, depend on the produc-
tion and the delivery of an active endolysin against the 
pathogen of interest.

The yeast Saccharomyces cerevisiae is a generally rec-
ognized as safe (GRAS) organism and is widely used for 
the display and secretion of heterologous proteins. The 
use of S. cerevisiae for heterologous protein display on 
its surfaces has been shown to enhance protein stability 
(Chun et al. 2020), which can be beneficial in low pH 
environments, such as food matrices, or for gastrointes-
tinal delivery. In fact, S. cerevisiae has previously been 
used to produce endolysins LysA and LysA2 against 

Limosilactobacillus fermentum and Levilactobacil-
lus brevis (Khatibi et al. 2014) and to display endoly-
sin LysKB317 against L. fermentum (Lu et al. 2023) or 
LysSA11 against Staphylococcus aureus (Chun et  al. 
2020). These studies showed that S. cerevisiae can be used 
for endolysin production; however, they rely on the use of 
plasmids (and their selection markers) or induction strate-
gies, which would make application and commercializa-
tion challenging. In contrast, the use of CRISPR-Cas9 to 
integrate the genetic modification assures a marker-free, 
stable, and scarless chromosomal integration (Jessop-
Fabre et al. 2016).

In this study, we report for the first time the use of 
CRISPR-Cas9 to engineer S. cerevisiae strains for the 
expression of the anti-Listeria endolysin Ply511 in both 
surface-displayed and secreted forms. We explore the 
potential of these engineered yeast strains as a platform for 
biocontrol applications, evaluating their activity against 
different serovars of L. monocytogenes and assessing their 
performance in a food matrix. This study lays the ground-
work for the development of yeast-based systems for 
endolysin production, highlighting their potential in food 
safety and pathogen management strategies. By expressing 
endolysin, yeast can also be utilized as an innovative food 
additive, using its antimicrobial properties to target and 
lyse harmful bacteria, thereby enhancing food preserva-
tion and safety.

Materials and methods

Escherichia coli transformation and maintenance

E. coli DH5/NZY5α (Nzytech, Lisbon, Portugal) was used 
for plasmid construction and propagation. E. coli NZY5α 
transformation was conducted according to NZY5α com-
petent cell protocol (Nzytech, Lisbon, Portugal). Briefly, 
5 µL of assembled plasmids (2 to 20 ng/µL) was added to 
E. coli competent cells. After 30 min of incubation on ice, 
cells were heat shocked at 42 °C for 40 s. Then, cells were 
incubated on ice for 2 min and 150 µL of SOC medium 
(Nzytech, Lisbon, Portugal) was added. After growing 
for 1 h (37 °C, 200 revolutions per minute (rpm)), cells 
were plated on LB agar supplemented with ampicillin 
(100 µg/µL) and incubated overnight at 37 °C. Positive 
transformants were confirmed by colony PCR and were 
propagated. All the plasmids were purified using GenEl-
ute™ Plasmid Miniprep Kit (Sigma-Aldrich, Burlington, 
MA, USA). The correct cloning was verified using Sanger 
sequencing by Eurofins Genomics (Ebersberg, Germany). 
A list of primers used for colony PCR are provided in Sup-
plemental Table S1.
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Plasmids

Table 1 lists all plasmids used in this study. Plasmids 
and primers utilized in cloning steps are shown in Sup-
plemental Material (Supplemental Table  S1). The In-
Fusion HD Cloning Kit (Takara Bio, Shiga, Japan) was 
used for plasmid assembling. The integrative plasmid 
pCfB3035-Ply511-Sed1_SD, pCfB2904-Ply511-Sed1_SD, 
and pCfB2909-Ply511-Sed1_SD for cell surface display 
of endolysin Ply511 were constructed from the plasmid 
pCfB3035, pCfB2904, or pCfB2909 (Jessop-Fabre et al. 
2016), for integration into S. cerevisiae chromosomes X-4, 
XI-3, and XII-5, respectively.

Surface display cassette was amplified from pI2-EG-
kanMX (Cunha et al. 2021) by substitution of Trichoderma 
reesei endoglucanase for the codon optimized cassette syn-
thesized by GenScript (Rijswijk, Netherlands) containing 
DNA sequences for Ply511 (EC:3.5.1.28) gene for S. cere-
visiae followed by a GS-based linker (GSSGGS)—epitope 
tag from simian virus 5 (V5-tag)—GS-based linker  (G4S)3 
and the recognition and cleavage site for human rhinovirus 
3C and PreScission proteases (HRV3C cut site).

The integrative plasmids pCfB3035-Ply511_SEC, 
pCfB2904-Ply511_SEC, and pCfB2909-Ply511_SEC 
were obtained from their surface display counterparts 
described above (Supplemental Table S1), using the In-
Fusion HD Cloning Kit (Takara Bio, Shiga, Japan). Gene 

maps with annotated sequences are provided in Supple-
mental Figs. S1 and S2.

Yeast transformation and maintenance

The yeast S. cerevisiae CEN.PK113-7D (Nijkamp et al. 
2012) was used for transformation and is referred to as S. 
cerevisiae or yeast throughout the text.

S. cerevisiae was transformed using the PEG/lithium 
acetate method (Gietz and Schiestl 2007). To generate the 
engineered strains, first, yeast was transformed using a 
Cas9-expressing plasmid (pCf2312). Following that trans-
formation, the guide RNA plasmid (pCFB3050, targeting 
to XII-5, X-4 or XI-3 integration site, respectively) was 
transformed into the Cas9-expressing strains together with 
the corresponding linearized integrative vector constructed. 
For multiple integrations, the yeast was simply curated from 
the plasmid carrying the guide RNA before the subsequent 
transformations targeting the other two integration sites. 
Before activity testing, all yeast were curated from both plas-
mids by serial passaging in liquid or agar without antibiotics.

Yeast strains were propagated at 30 °C and maintained 
at 4 °C on YPD plates (1% yeast extract, 2% peptone, 2% 
glucose, 2% agar). For plasmid-carrying yeast strains, YPD 
media was supplemented with 200 µg/mL of geneticin G418 
(Cas9-expressing plasmid, pCf2312) or/and 100 µg/mL 
nourseothricin sulfate (guide RNA-containing plasmids).

Table 1  Plasmids used in this study

Plasmid name Description Integration site Reference

pCfB3035-Ply511-Sed1_SD Plasmid containing DNA sequences for Sed1 promoter, Sed1SS, 
Ply511, GS-based linker, V5 epitope, GS-based linker, HRV 3C cut 
site, Sed1 anchor, Sag1 terminator, and homology arms for site X-4

X-4 This study

pCfB2904-Ply511-Sed1_SD Plasmid containing DNA sequences for Sed1 promoter, Sed1SS, 
Ply511, GS-based linker, V5 epitope, GS-based linker, HRV 3C cut 
site, Sed1 anchor, Sag1 terminator, and homology arms for site XI-3

XI-3 This study

pCfB2909-Ply511-Sed1_SD Plasmid containing DNA sequences for Sed1 promoter, Sed1SS, 
Ply511, GS-based linker, V5 epitope, GS-based linker, HRV 3C 
cut site, Sed1 anchor, Sag1 terminator, and homology arms for site 
XII-5

XII-5 This study

pCfB3035-Ply511_SEC Plasmid containing DNA sequences for Sed1 promoter, Sed1SS, 
Ply511, Sag1 terminator, and homology arms for site X-4

X-4 This study

pCfB2904-Ply511_SEC Plasmid containing DNA sequences for Sed1 promoter, Sed1SS, 
Ply511, Sag1 terminator, and homology arms for site XI-3

XI-3 This study

pCfB2909-Ply511_SEC Plasmid containing DNA sequences for Sed1 promoter, Sed1SS, 
Ply511, Sag1 terminator, and homology arms for site XII-5

XII-5 This study

pCfB2312 (Cas9) Cas9 expression plasmid for marker-free integration - Jessop-Fabre et al. (2016)
pCfB3042 (gRNA-X-4) Guide RNA plasmid targeting site X-4 X-4 Jessop-Fabre et al. (2016)
pCfB3045 (gRNA-XI-3) Guide RNA plasmid targeting site XI-3 XI-3 Jessop-Fabre et al. (2016)
pCfB3050 (gRNA-XII-5) Guide RNA plasmid targeting site XII-5 XII-5 Jessop-Fabre et al. (2016)
pI2-EG-kanMX Surface display cassette containing DNA sequences encoding Sed1 

promoter, Sed1SS, Sed1 anchor, and Sag1 terminator
- Cunha et al. (2021)
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For yeast colony PCR, a colony was picked with a sterile 
toothpick and transferred to a fresh plate. The rest of the 
colony was then diluted in 50 µL of NaOH 20 mM. After 
incubation at 95 °C for 5 min, 1 µL was added to a micro-
tube containing NZYTaq II 2 × Green Master Mix (NZY-
tech, Lisbon, Portugal) and the primers to verify the correct 
transformations (Table 2).

Fluorescence microscopy analysis

Yeast wild-type or Scv-Ply511-Sed1-XII-5 were cultured for 
96 h at 30 °C and 200 rpm. After incubation, it was centri-
fuged for 5 min at 2000 g and washed three to five times 
with phosphate-buffered saline at pH 7.5 (PBS). The washed 
yeast suspension was added to 270 µL of a solution of PBS 
containing different concentrations of V5 Tag Monoclonal 
Antibody (TCM5) and PE-Cyanine7 (Thermo Fisher Sci-
entific, Waltham, MA, USA) and incubated for 30 min at 
4 °C in the dark.

After incubation, the labeled yeast cells were visualized 
using fluorescence microscopy Olympus (Tokyo, Japan) 
BX51 epifluorescence microscope with fluorescence illumi-
nator, equipped with a U-RFL-T mercury lamp light source 
and fluorescence filter cubes. Imaging was performed using 
the filter cube with excitation 545–580 nm and emission 
610 nm, which was selected as the closest match for PE-
Cyanine7’s fluorescence properties. Exposure time varied 
from 3 to 5 s upon excitation. Bright-field images were taken 
as controls. Data was acquired with Olympus (Tokyo, Japan) 
cellSens soſtware.

Listeria monocytogenes strains

L. monocytogenes strains used for this study were obtained 
from CECT (Valencia, Spain): CECT 911 (Serovar 1/2c), 
CECT 937 (Serovar 3b), CECT 938 (Serovar 3c), CECT 
5672 (Serovar 4b), CECT 939 (Serovar 4c). Tryptic Soy 
Broth (Sigma-Aldrich, Burlington, MA, USA) was used for 
their growth. Tryptic Soy Broth with 1.5% agar or Oxford 
Selective Agar (Sigma-Aldrich, Burlington, MA, USA) was 
used for their maintenance and enumeration.

Evaluation of enzymatic activity

To evaluate the enzymatic activity of yeast-expressed 
endolysin, we prepared a lawn of heat-killed L. monocy-
togenes on YPD-agar. L. monocytogenes strains were grown 
overnight in Tryptic Soy Broth (Sigma-Aldrich, Burlington, 
MA, USA) at 37 °C. The cell suspension was heat-killed by 
autoclaving at 121 °C for 20 min. The heat-killed bacterial 
cells were then concentrated 50–100 × by centrifugation and 
resuspended in YPD-agar (1.5% agar) to achieve an opaque, 
homogeneous mixture. Yeast were either spotted (5 µL) or 
spread (100 µL) onto the YPD-agar plates containing the 
heat-killed L. monocytogenes suspension. Control plates 
included spots of wild-type yeast (WT) and cell extract 
containing the endolysin alone as a positive control. Plates 
were incubated at 30 °C for 48 h. Peptidoglycan degradation 
was assessed by observing zones of clearing around yeast 
colonies or spots, indicating enzymatic activity.

To produce the cell extracts containing the endolysin 
Ply511, E. coli BL21 (DE3) cells (ThermoFisher Scien-
tific, Waltham, MA, USA), containing the recombinant 
plasmid (pQE-30_pHPL511 (Loessner et al. 1996)), were 
grown at 37 °C in LB medium supplemented with ampicil-
lin at 100 mg/mL until an optical density at 600 of 0.5 − 0.6 
was reached. Protein expression was induced with 1 mM 
isopropyl-β-thiogalactopyranoside (IPTG, Sigma-Aldrich, 
Burlington, MA, USA), followed by incubation for 24 h at 
16 °C, 120 rpm. The disruption of cells was performed as 
described previously, through thaw-freezing cycles and soni-
cation (Nogueira et al. 2021). The crude cell extract resulting 
from the sonication was filtered and used as positive control.

Evaluation of anti‑Listeria activity of yeast cells

To evaluate the killing activity of yeast against L. mono-
cytogenes, co-culture assays were conducted. Recombinant 
yeast cells were pre-inoculated in YPD broth overnight. 
Cells were then diluted to OD 0.1 in 20 mL of YPD, in a 
100-mL Erlenmeyer flask and grown at 30 °C and 200 rpm 
for 96 h. Yeast cells were then centrifuged at 5000 × g for 
10 min and washed three times with Tris buffer (50 mM 
Tris, 200 mM NaCl, pH 8.0) to a final concentration of ~  109 
colony-forming units (CFU)/mL. L. monocytogenes cells 

Table 2  Primers used in this 
study for the verification of the 
chromosomal insertion

Primer ID Sequence (5′–3′) Target locus Reference

905 CTC ACA AAG GGA CGA ATC CT X-4 Jessop-Fabre et al. (2016)
906 GAC GGT ACG TTG ACC AGA G X-4 Jessop-Fabre et al. (2016)
911 GTG CTT GAT TTG CGT CAT TC XI-3 Jessop-Fabre et al. (2016)
912 CAC ATT GAG CGA ATG AAA CG XI-3 Jessop-Fabre et al. (2016)
899 CCA CCG AAG TTG ATT TGC TT XII-5 Jessop-Fabre et al. (2016)
900 GTG GGA GTA AGG GAT CCT GT XII-5 Jessop-Fabre et al. (2016)
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were grown overnight, centrifuged at 9000 × g for 10 min, 
washed, and resuspended and diluted in the same Tris buffer, 
to a concentration of ~  104 CFU/mL.

Yeast and L. monocytogenes cells were mixed (900 µL 
with 100 µL, respectively) in a 24-well plate and incubated 
at 150 rpm and 30 °C. Co-cultures were sampled at 3 h, 6 h, 
and 24 h. Viable L. monocytogenes cells were quantified by 
plating serial dilutions onto Oxford Selective Agar (Sigma-
Aldrich, Burlington, MA, USA), followed by incubation at 
37 °C for 24 h or 48 h, and colony-forming units (CFU/mL) 
were calculated.

Evaluation of anti‑Listeria activity of yeast 
supernatants

To evaluate the killing activity of yeast against L. mono-
cytogenes, co-culture assays were conducted. Recombinant 
yeast cells were pre-inoculated in YPD broth overnight. 
Cells were then diluted to OD 0.1 in 20 mL of YPD, in a 
100-mL Erlenmeyer flask and grown at 30 °C and 200 rpm 
for 96 h. Yeast cells were then centrifuged at 5000 g for 
10 min and supernatants were recovered. This supernatant 
was then filtered through a 0.22-µm sterile polyethersulfone 
membrane filter to remove any residual yeast cells. The 
expected molecular weight of Ply511 is 36 kDa; therefore, 
to concentrate the protein, filtered supernatants were con-
centrated tenfold using Amicon Ultra-15 Centrifugal Filter 
Units with a 10-kDa molecular weight cut-off (Millipore-
Sigma, Burlington, MA, USA) by centrifugation at 5000 × g 
until the desired volume was reached. Concentrated super-
natants were collected and stored at 4 °C if used on the same 
day, or at − 20 °C until further use.

L. monocytogenes cells were grown overnight, centri-
fuged at 9000 × g for 10 min, washed, and resuspended and 
diluted in Tris buffer (as mentioned above), to a concentra-
tion of ~  104 CFU/mL.

Concentrated supernatants (900 µL) and L. monocy-
togenes cells (100 µL) were mixed in a 24-well plate and 
incubated at 150 rpm and 30 °C. Co-cultures were sampled 
at 3, 6, and 24 h. Viable L. monocytogenes cells were quanti-
fied by plating serial dilutions onto Tryptic Soy Broth with 
1.5% agar (Sigma-Aldrich, Burlington, MA, USA), followed 
by incubation at 37 °C for 24 h, and colony-forming units 
(CFU/mL) were calculated.

For the evaluation of the anti-Listeria activity in milk, 
concentrated supernatants (400 µL) and L. monocytogenes 
cells diluted in semi-skimmed milk (50 µL) were mixed with 
semi-skimmed milk (350 µL) in a 24-well plate and incu-
bated at 150 rpm and 4 °C. Semi-skimmed milk was previ-
ously pasteurized by heating the product to 90 °C for 30 min. 
Samples were taken at 6, 24, and 48 h. Viable L. monocy-
togenes cells were quantified by plating serial dilutions onto 
Oxford Selective Agar (Sigma-Aldrich, Burlington, MA, 

USA), followed by incubation at 37 °C for 24 h or 48 h, and 
colony-forming units (CFU/mL) were calculated.

Evaluation of anti‑Listeria activity of yeast extracts

To evaluate the killing activity of yeast against L. mono-
cytogenes, co-culture assays were conducted. Recombinant 
yeast cells were pre-inoculated in YPD broth overnight. 
Cells were then diluted to OD 0.1 in 20 mL of YPD, in a 
100-mL Erlenmeyer flask and grown at 30 °C and 200 rpm 
for 96 h. Yeast cells were then centrifuged at 5000 g for 
10 min and washed with Tris buffer (50 mM Tris, 200 mM 
NaCl, pH 8.0) to a final concentration of ~  109 CFU/mL.

To prepare the sonicated yeast extract, cell suspensions 
were subjected to sonication using a Cole‐Parmer Ultrasonic 
Processor (Cole-Parmer, Vernon Hills, IL, USA). Sonication 
was carried out in three cycles of 5 min each, with 10 inter-
vals of 30 s ON and 30 s OFF at 40% amplitude. The soni-
cated extract was then centrifuged at 10,000 × g for 10 min to 
remove cell debris, and the supernatant was filtered through 
a 0.22-µm sterile filter (Millipore-Sigma, Burlington, MA, 
USA) to ensure sterility. The filtered sonicated extract was 
stored at 4 °C if used on the same day, or at − 20 °C until 
further use.

L. monocytogenes cells were grown overnight, cen-
trifuged at 9000 g for 10 min, washed, and resuspended 
and diluted in the same Tris buffer, to a concentration 
of ~  104 CFU/ml.

Yeast extracts (900 µL) and L. monocytogenes cells (100 
µL) were mixed in a 24-well plate and incubated at 150 rpm 
and 30 °C. Co-cultures were sampled at 3, 6, and 24 h. Via-
ble L. monocytogenes cells were quantified by plating serial 
dilutions onto Tryptic Soy Broth with 1.5% agar (Sigma-
Aldrich, Burlington, MA, USA), followed by incubation at 
37 °C for 24 h, and colony-forming units (CFU/mL) were 
calculated.

Yeast growth monitoring

To assess yeast growth, cultures were monitored in a 96-well 
plate using an automated system for real-time biomass 
evaluation. Overnight cultures were initially grown in YPD 
broth at 30 °C and subsequently diluted 1:100 in fresh YPD 
to a final working volume of 200 µL per well. Each well 
was inoculated with a standardized yeast suspension, and 
plates were incubated in a BioLector XT microbioreactor 
(Beckman Coulter, Brea, CA, USA) at 30 °C with shaking 
at 800 rpm. Optical density (OD) measurements (biomass) 
were recorded every 15 min to capture growth kinetics over 
time.

Yeast growth was also quantified by plating serial dilu-
tions on YPD agar. Samples from the 96-well plate were 
serially diluted in saline (0.9% NaCl solution) and plated 
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onto YPD agar to assess colony-forming units which were 
counted and photographed.

Statistics

All data analysis was performed in GraphPad (version 9.0.0). 
Unpaired t-test were used to evaluate statistical significance. 
The upper threshold for statistical significance for all experi-
ments was set at p < 0.05.

Results

Construction of various novel Ply511‑displaying 
yeast strains

To test the yeast surface display of the endolysin Ply511, 
i.e., a fusion protein between a protein of the yeast cell wall 
(Sed1) and a protein of interest (endolysin Ply511), S. cer-
evisiae CEN.PK113-7D was used. Using CRISPR-Cas 9, the 
endolysin-expressing cassette was integrated in one, two, or 
three different loci (chromosomes X, XI, and XII, Table 3), 
previously reported to lead to stable insertions (Jessop-Fabre 
et al. 2016). The endolysin expression cassette included the 
sequences of the Sed1 promoter, for the Sed1 secretion sig-
nal peptide (Sed1SS), endolysin Ply511 fused with a flexible 
linker, a V5 epitope tag, an additional GS-based linker, the 
Sed1 anchor protein, and the Sag1 terminator (Fig. 1). The 
choice of promoter, anchor, and terminator pair was done 
according to previous optimization (Inokuma et al. 2016).

The constructs were integrated in their respective locus 
and the correct integration was confirmed by diagnosis PCR 
(Supplemental Fig. S3). The strains constructed are listed 
in Table 3.

We observed no difference in growth between the wild-
type (WT) strain and the constructed strains, except for the 
strain with the triple integration (Scv-Ply511-Sed1-X-4-XI-
3-XII-5), which showed significantly impaired growth over 
a 24-h period, as shown in Supplemental Fig. S4.

V5 epitope can be detected and used as indicator 
of protein expression in the yeast surface

To confirm the efficient display of the Ply511 endolysin 
fused to the Sed1 anchor protein, a V5 epitope tag was added 
to the linker (Fig. 1). Using an anti-V5 tag fluorescent anti-
body, the labelled cells were visualized using fluorescent 
microscopy, showing the display of the protein of interest 
uniformly on the cell-wall of the yeast (Fig. 2).

S. cerevisiae displaying endolysin Ply511 shows 
enzymatic activity

To confirm the enzymatic activity of the endolysin, we tested 
the yeast’s ability to degrade the peptidoglycan in a lawn 
of heat-killed bacteria. Recombinant yeast was spotted or 
spread over an opaque YPD-agar mixture containing heat-
killed L. monocytogenes. We observed that after 48 h of 
incubation, the recombinant yeast cleared the opaque sur-
face around its growth by degrading the L. monocytogenes 
peptidoglycan layer (Fig. 3), similar to the activity of free 
endolysin and in contrast to WT yeast (Fig. 3). This activity 
was consistent across all Listeria spp. serovars tested (Sup-
plemental Table S2), indicating that the enzyme, when fused 
to the yeast cell wall, retains its peptidoglycan degradation 
function.

Table 3  Yeast strains constructed in this study from S. cerevisiae CEN.PK113-7D

Strain designation Modified locus Donor plasmid features Number 
of copies

Scv-Ply511-Sed1-XII-5 XII-5 Sequences encoding for Sed1 promoter, Sed1 secretion signal, Ply511, 
GS-based linker (GSSGGS)-, V5 epitope, GS-based linker(G4S)3, HRV 
3C cut site, Sed1 anchor, Sag1 terminator

1

Scv-Ply511-Sed1-XII-5-XI-3 XII-5; XI-3 Same as above 2
Scv-Ply511-Sed1-X-4-XI-3-XII-5 X-4; XI-3; XII-5 Same as above 3

Fig. 1  Endolysin display cassette integrated into S. cerevisiae. The 
coding sequence is highlighted with orange (Sed1 secretion sig-
nal (Sed1SS)-Ply511-GS-based linker (GSSGGS)-V5tag-GS-based 

linker(G4S)3-HRV3C cut site-Sed1 anchor protein), preceded by the 
Sed1 promoter and followed by the Sag1 terminator. V5tag refers to 
epitope tag from simian virus 5 
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S. cerevisiae displaying endolysin Ply511 does 
not have antimicrobial activity and its growth 
is impaired

To assess whether the recombinant yeast could effectively 
reduce L. monocytogenes in co-culture, we mixed the two 
species in buffer (Tris Buffer 50 mM, 200 mM NaCl at 
pH 8.0) and monitored viable L. monocytogenes cells 
over time. As shown in Supplemental Table S3, no sig-
nificant difference in L. monocytogenes  log10 (CFU/mL) 
was observed at 3, 6, or 24 h, even at varying yeast con-
centrations. Interestingly, L. monocytogenes continued to 
grow in the presence of yeast over the 24-h period. This 
lack of killing activity was consistent regardless of the 
cassette copy number (1, 2, or 3) integrated into the yeast 
chromosome, the buffer type (20 mM Citrate, pH 5.0; Tris, 
pH 8.0; or PBS, pH 7.4), the L. monocytogenes growth 

phase (exponential or stationary), or the anchor protein 
used (Sed1 or Sag1) (data not shown).

S. cerevisiae triple integration of the Ply511 
secretion cassette does not affect yeast growth

We hypothesized that the growth impairment of the yeast 
carrying three copies of the display of Ply511 could be 
due to the over-expression and saturation of the Sed1 pro-
tein in the yeast surface. Additionally, the lack of killing 
activity might be due to the endolysin being immobilized 
on the yeast cell wall, which may prevent it from freely 
accessing and reaching the bacterial peptidoglycan. To 
enhance S. cerevisiae’s anti-Listeria activity, we removed 
the sequences for the Sed1 anchor from our construct, 
designing it to secrete Ply511 into the extracellular 
medium. The secretion cassette included the sequences 
for the Sed1 promoter, the Sed1 secretion signal peptide, 
the Ply511 endolysin, and the Sag1 terminator (Fig. 4). 
Using CRISPR-Cas9, we integrated the endolysin-
expressing cassette into three loci on chromosomes X, 
XI, and XII (Supplemental Fig. S3) creating the strain 
Scv-Ply511-X-4-XI-3-XII-5.

Unlike the yeast with triple integration for surface 
display, the yeast secreting endolysin showed no growth 
impairment, achieving a biomass growth rate similar to 
the WT in both broth and on plate (Supplemental Fig. S5a 
and b).

Fig. 2  Microscopic images 
of wild-type yeast and yeast 
displaying Ply511 tagged with 
an anti-V5 antibody, captured 
under bright field and a 610-nm 
red emission filter, as indicated 
in the legend

Fig. 3  Enzymatic activity of S. cerevisiae displaying endolysin 
Ply511. Effect of the free endolysin Ply511, the yeast displaying 
Ply511, and the wild-type yeast over a heat-killed layer of L. monocy-
togenes CECT 939, serovar 4c
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S. cerevisiae secreting Ply511 is active against L. 
monocytogenes in co‑culture

To assess if the recombinant yeast could effectively 
reduce L. monocytogenes serovar 4c in co-culture, we 
mixed bacterial and yeast cells in Tris Buffer and moni-
tored viable L. monocytogenes cells over time. As shown 
in Fig. 5, the recombinant yeast secreting endolysin sig-
nificantly reduced L. monocytogenes levels after 24 h of 
contact.

Spent supernatant from S. cerevisiae secreting 
Ply511 shows anti‑Listeria killing activity

To confirm that the yeast was effectively secreting an 
active protein, we tested the antimicrobial activity of the 
spent supernatants against three different L. monocy-
togenes serovars (1/2c, 4b, and 4c). As shown in Fig. 6a, 
after 6 h, the concentrated (10 ×) supernatant reduced 
1.3  log10 (CFU/mL) in serovar 1/2c (Fig. 6a), 4.2  log10 
(CFU/mL) in serovar 4b (Fig. 6b), and 1.7  log10 (CFU/
mL) in serovar 4c (Fig. 6c), compared to the concentrated 
supernatant from the WT yeast.

Spent supernatant shows anti‑Listeria killing 
activity in milk

After confirming the activity of the supernatants, we inves-
tigated whether they could effectively reduce L. monocy-
togenes in milk—a food product highly susceptible to con-
tamination with this bacterium. We mixed L. monocytogenes 
serovar 4b with 10 × concentrated spent supernatant at 4 °C 
in a 1:1 supernatant-to-milk ratio. As shown in Fig. 7, both 
mixtures allowed L. monocytogenes to grow over 48 h, 
which may result from the nutrients left in the spent yeast 
supernatants or from the ability of L. monocytogenes to grow 
in milk. However, at 6, 24, and 48 h, the supernatant from 
yeast secreting Ply511 reduced L. monocytogenes CFU/mL 
by 40%, 50%, and 80%, respectively, compared to WT super-
natant. Only the reduction at 48 h was statistically signifi-
cant, corresponding to a decrease of 0.7  log10 (CFU/mL).

Improved anti‑Listeria killing activity in yeast cell 
extracts

Since both yeast cells and supernatant were found to be 
active individually, we hypothesized that the yeast frac-
tion might still contain some protein. To test this, we 
mechanically lysed the yeast cells and recovered the 

Fig. 4  Endolysin secretion cassette integrated into S. cerevisiae. The coding sequence is highlighted with orange (Sed1 secretion signal-Ply511), 
preceded by the Sed1 promoter and followed by the Sag1 terminator

Fig. 5  Log10 (CFU/mL) of L. 
monocytogenes serovar 4c upon 
mixture with S. cerevisiae as 
indicated in the legend. The fig-
ure shows the  log10 (CFU/mL) 
mean of three replicates; stand-
ard deviation is represented as 
error bars. The unpaired t test 
comparison between the WT 
yeast and the yeast secreting 
Ply511 at 24 h is indicated 
as follows: ****p ≤ 0.0001, 
***p ≤ 0.001, **p ≤ 0.01, and 
*p ≤ 0.05
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soluble fraction, referred to as the yeast extract. When 
tested against L. monocytogenes, we observed that while 
the WT yeast extract supported L. monocytogenes growth, 
the extract from engineered yeast significantly reduced L. 
monocytogenes cells to below the lower limit of quantifica-
tion for serovars 1/2c (Fig. 8a) and 4b (Fig. 8b). Specifi-
cally, WT yeast extract supported growth to 8.74 and 8.42 
 log10 (CFU/mL) for serovars 1/2c and 4b, respectively, 
after 24 h. In contrast, no viable cells were recovered at 6 
or 24 h with the engineered yeast extract. Against serovar 

4c, the engineered yeast extract reduced L. monocytogenes 
by an average of 6.5  log10 (CFU/mL) after 24 h (Fig. 8c).

Discussion

In this study, we analyzed the capacity of S. cerevisiae to 
display or secrete the anti-Listeria endolysin Ply511, demon-
strating the potential of a yeast-based platform for endolysins 
expression to control listeriosis, with potential applications 
in food biopreservation and pathogen biocontrol.

First, we demonstrate that our engineered yeast strain, 
which features triple integration of the expression cassette at 
three different chromosomal sites, results in the production 
of an enzymatically active protein through both display and 
secretion. Since listeriosis is frequently acquired through 
contaminated food, this modified yeast has the potential to 
contribute to in situ bio-preservation of certain food prod-
ucts. For applications in humans, food, or feed, the genetic 
engineering strategy must avoid antibiotic resistance mark-
ers and ensure the stability of the modification for effective 
protein delivery. CRISPR-Cas9 allows for multiple integra-
tions, enables scarless insertion, and provides greater stabil-
ity compared to plasmid-driven expression, while also elimi-
nating the need for selection markers (Jessop-Fabre et al. 
2016). This approach not only reduces production costs but 
may also offer regulatory advantages for applications in both 
food safety and human therapy.

Surprisingly, we found that displaying the endolysin 
Ply511 on the surface of S. cerevisiae did not inhibit the 
growth of L. monocytogenes compared with the WT strain. 
These negative results led us to conclude that the activity of 

Fig. 6  Log10 (CFU/mL) of L. monocytogenes upon mixture with S. 
cerevisiae spent supernatant concentrated (10 ×) from WT or SEC 
(secreting Ply511) after a period of 6  h. a serovar 1/2c, b serovar 
4b, and c serovar 4c. The figure shows the  log10 (CFU/mL) mean of 
three replicates; standard deviation is represented as error bars and 

the unpaired t test comparison between the two groups, indicated as 
follows: ***p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, and *p ≤ 0.05. The 
lower limit of quantification (LLOQ) in this assay was 2.69 log10 
(CFU/mL)

Fig. 7  Activity of supernatants in milk. The figure represents the 
time-course (6  h, 24  h and 48  h of  log10 (CFU/mL) of L. monocy-
togenes Serovar 4b upon mixture with S. cerevisiae cell extract from 
WT or SEC (secreting Ply511). The figure shows the  log10 (CFU/mL) 
mean of three replicates and standard deviation is represented as error 
bars. The unpaired t test comparison between the two groups at 48 h, 
is indicated as follows: ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, and 
*p ≤ 0.05
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the displayed endolysin is highly protein or host dependent. 
For instance, Chun et al. (2020) reported strong activity for 
the endolysin LysSA11 against S. aureus, while Lu et al. 
(2023) demonstrated the activity of yeast surface display 
of LysKB317 against Limosilactobacillus fermentum. The 
lack of activity observed in our study may stem from the 
endolysin’s mode of action, which requires diffusion through 
the bacterial peptidoglycan to access its substrate. This dif-
fusion is significantly hindered when the protein is anchored 
to the yeast cell wall and might not be enough to achieve L. 
monocytogenes killing. Our results suggest that this effect is 
protein or host dependent; however, both Chun et al. (2020) 
and Lu et al. (2023) used a different yeast host (EBY100) 
and a different anchor protein for the display (Aga2p) of 
both factors that influence protein activity. Sed1 and Sag1 
anchors allow only for an N-terminal fused anchor; we tested 
this configuration since Lu et al. (2023) showed that N- or 
C-terminal configuration did not influence activity. How-
ever, this was not tested for Ply511 endolysin. Also, further 
increasing linker length to avoid steric hindrance may have 
a positive influence in activity (Tanaka and Kondo 2015; 
Cunha et al. 2021).

To circumvent the lack of activity from the surface dis-
play, we decided to use the yeast for secreting the endolysin. 
Our results show that both the yeast cells and their spent 
supernatant effectively reduced L. monocytogenes levels. 
Furthermore, we improved this activity by subjecting the 
yeast cells to a simple mechanical lysis process to obtain a 
yeast extract. This approach offers an interesting application 
of this technology, allowing the yeast to deliver the protein 
in food matrices or within the gut, acting as a probiotic, or 
to release the protein at the site of interest without the need 

to keep cells alive, thereby acting as postbiotic. Such strate-
gies may be particularly relevant for controlling L. monocy-
togenes, a foodborne pathogen that first interacts with the 
gut before potentially entering the bloodstream (Barbuddhe 
and Chakraborty 2009).

We observed that the Sed1 secretion signal peptide could 
effectively drive the secretion of Ply511 into the extracel-
lular media, as previously shown with other proteins (Ino-
kuma et al. 2016). However, we also found that yeast cells, 
even after extensive wash and without supernatant, were 
still capable of reducing L. monocytogenes levels. This sug-
gests that the secretion signal may be directing some of the 
protein to the cell membrane. We have previously observed 
this phenomenon with other proteins, further supporting this 
hypothesis (data not shown) and with a different secretion 
signal (Matano et al. 2013). The fact that yeast cells reduce 
L. monocytogenes after 24hs but not at earlier time-points, 
as shown in Fig. 5, suggests that yeast might have some 
metabolic activity after several hours in buffer, thus releas-
ing active protein and/or that there is some yeast cell lysis, 
which might cause the release of protein. This causes the 
activity not to be immediate, contrary to what would happen 
with purified endolysins.

The endolysin Ply511 was previously expressed in four 
different lactic acid bacteria (Turner et al. 2007); however, 
none of its supernatants could control L. monocyogenes 
growth. Our study represents the first report where Ply511 
has been effectively secreted in an active form and show-
ing killing activity. The activity of the endolysin produced 
in yeast supernatants might be different from that of the 
protein being produced in E. coli, due to yeast ability to 
glycosylate proteins. Although the glycosylation of Ply511 

Fig. 8  Time-course of log10 (CFU/mL) of L. monocytogenes upon 
mixture with S. cerevisiae cell extract from WT or SEC (secreting 
Ply511). a Serovar 1/2c, b Serovar 4b, and c Serovar 4c. Values rep-
resent the mean of three replicates and standard deviation is repre-

sented as error bars. The lower limit of quantification in this assay 
was 2.69  log10 (CFU/mL). SEC stands for yeast secreting Ply511 and 
WT stands for wild-type yeast
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was not directly verified in this study, the observed activity 
of yeast supernatants suggests that the potential glycosyla-
tion involved in the secretion does not abolish the activity 
of this endolysin.

Strategies such as promoter engineering, secretion 
signal engineering, genetic modifications of native genes 
involved in the secretory pathway, or protease knockouts 
have been shown to improve S. cerevisiae secretion of 
heterologous proteins (Yang et al. 2024). These strategies 
and better understanding of the Sed1SS-driven secretory 
pathway would allow to further improve the secretion of 
the endolysin, as evidenced by the fact that some pro-
tein is retained inside of the cells, ultimately leading to a 
higher anti-Listeria activity.

The engineered yeast supernatants and extracts demon-
strate efficacy against L. monocytogenes serovars 1/2c, 4b, 
and 4c, underscoring the broad host range of this endoly-
sin (Schmelcher et al. 2010; Eugster and Loessner 2012). 
Serovar 4b exhibited the highest susceptibility to Ply511, 
which is significant given its prevalence in foodborne 
outbreaks (Gray et al. 2004; Amato et al. 2017; Ferreira 
et al. 2018). Moreover, serovar 4b is linked to a high fatal-
ity rate and is commonly found in dairy products (Amato 
et al. 2017; Ferreira et al. 2018). Thus, the activity of these 
spent supernatants in milk is particularly promising for 
the potential application of this modified yeast in food 
preservation.

This study demonstrates the innovative delivery of phage 
endolysins via yeast, showing the potential of this technol-
ogy to effectively combat L. monocytogenes. Future in vivo 
tests and assessment of susceptibility to digestion are cru-
cial next steps in advancing this promising application. The 
vision for this yeast-based platform extends beyond just 
L. monocytogenes and holds significant potential target-
ing a variety of gut-related pathogens offering a versatile 
and effective approach to enhancing food safety and public 
health.
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