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ABSTRACT

Bacteriocins are antimicrobial peptides synthesrgamsomally. One of the main
drawbacks of bacteriocins as food biopreservatyents is their restricted action
spectrum. To obtain a broad-spectrum bacterioaaiyeing lactic acid bacterium, we
engineered a fusion protein between the enterosigrial peptide and the broad-
spectrum chimerical bacteriocin Ent35-Mcd\actococcus lactidiZ9000 transformed
with the recombinant plasmid (pRUK) was testeddentify the bacteriocin production
by antimicrobial activity and colony MALDI-TOF maspectrometry. Additionally, we
performed mixed cultures in skim milk to determthe inhibition ofLc. lactisNZ9000
(pPRUK) on bothListeria monocytogenemndEscherichia colistrains isolated from
food. The results showed tHat. lactisNZ900 (pRUK) was able to diminish the growth
of bothL. monocytogenesndE. coliin skim milk due to Ent35-MccV production.
Ent35-MccV is the first linear, genetically engineg bacteriocin produced in situ in
food products used effectively to control Gram-riegaand Gram-positive foodborne

pathogens.
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1. I ntroduction

Pathogenic bacteria cause an important percentdgedborne illnesses
resulting from consumption of contaminated foode@eleye, Singleton, & Sant’Ana,
2018). Among themtscherichia colandListeria monocytogenese responsible for a
large number of outbreaks and deaths (WHO, 20b3hi$ regard, the implementation
of appropriate safety instrumented systems indbe fndustry has decreased the
incidence of foodborne illnesses, the applicatibhudle technologies being an
effective approach to food processihgistner, 2000). The aim of this strategy is to
increase the shelf life and the microbiologicaksabf processed foods without
affecting their nutritional and organoleptic quakt For this reason, the use of
bacteriocins in combination with different gentleypical treatments has been
increasingly described as an adequate alternatif@od preservation (Galvez,
Abriouel, Benomar, & Lucas, 2010; Galvez, Abriougdpez, & Ben Omar, 2007).

Bacteriocins are bacterial antimicrobial peptidg#tisesised ribosomally
(Cotter, Hill, & Ross, 2005), which are capablerdfibiting many foodborne pathogens
and food spoilage bacteria. In particular, bacteén® from lactic acid bacteria (LAB)
have been widely studied and considered candifiatese as preservatives in food
products (Johnson et al., 2017). Bacteriocins @aunded as additives or produced in
situ in the food (Alvarez-Sieiro, Montalban-Lépéa,, & Kuipers, 2016; Camargo,
Todorov, Chihib, Drider, & Nero, 2018). The in sgtoduction can be performed in
several ways: (i) as protective culture in non-femted food; (ii) as starter culture
employing the bacteriocinogenic strain; and (ig)aaljunct with the starter culture. The
use of bacteriocin-producing bacteria as startbui@requires these bacteria to carry

out the fermentation process and produce enougftitjga of bacteriocin to preserve



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

the food. Instead, if the bacteriocin-producingistis added as co-culture, its
participation in the fermentation process is nquieed, and the strain should not
interfere with the process. In any case, cultueeshe used as biopreservative agents
inhibiting the growth of undesirable bacteria dgrthe shelf life of foods, LAB being
widely used for this purpose in the food industry.

Despite recent advances in food applications afracttobial peptides, a major
limitation of LAB bacteriocins is their activity pnarily against related Gram-positive
bacteria. This condition makes these bacterioanssiccessful against Gram-negative
bacteria such ds. coliand/orSalmonellaspp. Therefore, searching for alternatives to
control pathogenic Gram-negative bacteria is neggg§€halon, Acufia, Morero,
Minahk, & Bellomio, 2012). To this end, we constedta chimeric bacteriocin called
Ent35-MccV (Acufia, Picariello, Sesma, Morero, & IBalio, 2012), where the
bacteriocin enterocin CRL35, producedByterococcus mundtCRL35, was attached
to the linear microcin V, produced &y coli. This hybrid bacteriocin gathers in a single
molecule the anti-listerial and ar#i-coli activity derived from its parental
antimicrobial peptides. This new bacteriocin prot@te active against Gram-positive
and Gram-negative emergent foodborne pathogenspaildge strains and to be
capable of controllinge. colianL. monocytogengsathogenic strains in skim milk and
hamburgers (Acuia et al., 2015).

Our specific aims were to obtain a strairLattococcus lactiable to produce
the hybrid bacteriocin Ent35-MccV through the egéléular space using a signal
peptide (SP) recognised by the general Sec-depesagaiem (Cintas, Casaus,
Havarstein, Hernandez, & Nes, 1997) and to evaltmtese against foodborne
pathogens. Our interest in this bacterium liehafact that it is a well-known food-

grade LAB widely used in the production of somerglaroducts, where it is
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responsible for flavor and textural properties @&l as food preservation (Leroy & De
Vuyst, 2004; Tarazanova, Huppertz, Kok, & Bachma&i,8; Topisirovic et al., 2006).
Interestingly,Lc. lactisis generally recognised as a safe (GRAS) bactennhch
highlights its potential for in vivo delivery of beeriocins in fermented food and for its
use as a host for in situ production (Dal Bellalet2012; Renye & Somkuti, 2010).
Thereby, we constructed a plasmid vector to prodnt85-MccV using the enterocin P
signal peptide (SPentP) for extracellular expresaiad taking advantage of the
constitutive promoter P32. We transformeldcalactisstrain to evaluate the
heterologous bacteriocin expression and the inpsitantial use against foodborne
pathogenic bacteria. We confirmed the Ent35-Mccpresgsion by partial purification,
antimicrobial activity characterisation, and MALDDBF mass spectrometry.
Furthermore, using co-culture systems in sterilmgkilk as a dairy food model, we
found thatlc. lactisproducing the hybrid bacteriocin inhibited themat growth of

food isolate strains dE. coliandL. monocytogenes

2. Materials and methods

2.1. Bacterial strains and culture conditions

The bacteria used in this work are listed in Tdbl&heE. coli DH5a strain was
used for routine DNA transformation and plasmidgagation E. coli strains were
grown in Luria Bertani (LB) medium (Sigma Chemi&a., St Louis, USA) and
incubated at 37 °C, 150 rpm or on LB with 1.5% abar lactisNZ9000 was grown in
M17 broth (Difco-BD, Franklin Lakes, NJ, USA) with5% glucose (GM17) or LAPTg

[peptone, 15 g I tryptone, 10 g L; yeast extract, 10 gt glucose, 10 g ; Tween
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80, 0.1% (v/v; Sigma Chemical Co., St Louis, US&)B0 °C without agitation. When
required, erythromycin (Sigma Chemical Co) was wset concentration of 100 pg
mL™ for E. coliand 5 pug mt for Lc. lactis.Strains ofL. monocytogenassed as
indicators in the bacteriocin sensitivity assayseagrown in BHI medium (Oxoid,
Hampshire, England) at 37 °C. All strains were rtaired at 4 °C and —70 °C for short

and long periods, respectively.

2.2.  Vector design and DNA manipulation

We constructed a lactococcal expression vectoguysaymerase chain
reactions (PCR) to fuse the regions oR32 promoter, (i)SPentPencoding for the
signal peptide of enterocin P, and (munA-cvaCencoding for Ent35-MccV.

General molecular biology techniques were carrigichy standard procedures.
E. coliplasmids were isolated using a Wizard plasmid OjWfication system
(Promega, Madison, WI, USA). AccuPrime™ Taq DNAyotrase High Fidelity
(Invitrogen) was used for PCR amplifications. Tl&RPproducts were purified using a
Gel Band Purification Kit (GE Healthcare Life Satess, Pittsburgh, USA). T4 DNA
Ligase was purchased from Promega and restrictidoreicleases from New England
Biolabs (Ipswich, England).

The primers used are listed in Table 2, and theqaore is shown schematically
in Fig. 1. TheP32promoter was amplified using pMG36e as a tempiatte the
primers P32FSal and P32EntSac. DNA coding for enierP (a generous gift from
Carmen Herranz-Sorribes, Universidad Complutenddatlrid, Spain) was used as the
template to amplify the signal peptide of enterd@irmhe sequencaunA-cvaCcoding

for Ent35-MccV was amplified from pMA24 (Acuiia dt,2012). The PCR
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amplifications of all sequences were performed#ews: an initial step at 94 °C for 5
min, continued by 30 cycles of 50 °C for 30 s, €8fér 1 min, and 94 °C for 1 min, and
finally 1 cycle at 68 °C for 5 min (final elongatictep). The resulting genes were
purified and used as templates for asymmetric i@ac{Kitazono, Tobe, Kalton,
Diamant, & Kron, 2002) to fuse P32 wi#PentPandmunA-cvaCThe final
constructiorP32-SPentP-munAcvailas performed by a sequential gene fusion as
follows: the PCR products &PentPandmunA-cvaQl pL each one in a 50 pL
reaction) were used as a template for the firsttiea, while EntPSacPlactF and
NusColVR as primers at 0.44and the internal primer EntPRmunA at OM were
introduced to obtain the fusi@PentP-munAcvadhen,P32andSPentP-munA-cvaC
amplification products were used as templatestersubsequent reaction. P32FSal and
NusColVR were used as primers (OM)pand P32EntSac was used as an internal
fusion primer (0.4 m). The program for asymmetric PCRs was as prewaeglorted
(Acuia et al., 2012) with some modifications: 945 @in, followed by 10 cycles (94
°C 1 min, 55 °C 1 min, 68 °C 40 s), 20 cycles (€41°min, 40 °C 1 min, 68 °C 40 s)
and 68 °C 10 min. The32-SPentP-munAcvathimeric gene was digested with Sall
and Hindlll, ligated in pAK80 (Israelsen, MadsemaNg, Hansen, & Johansen, 1995),
which has two origins of replication, one tér coli, and the other fatc. lactisand
transformed intd. coli DH50 AsdaC::kmto obtain the plasmid named pRUK. Clones
exhibiting erythromycin resistance were screene®®GfR to confirm the presence of the
chimeric gene. The insert of pPRUK was sequenceGBRELA Sequencing Service

using an ABI/Hitachi Genetic Analyzer 3130 to comfiits identity.

2.3.  Expression and extracellular production otEFnMccV inLc. lactisNZ9000
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The hybrid bacteriocin Ent35-MccV was purified asypously described
(Acuiia et al., 2012) and titrated againstEheoli ATCC 13706 strain. Ent35-MccV
was tested for its antimicrobial activity observihgt it was unable to inhibit the
growth ofLc. lactisNZ9000 in LAPTg agar plates, even at the highesedested (500
AU mL™). So, the recombinant plasmid (pRUK) was usedeote transfornic. lactis
NZ9000 (Holo & Nes, 1989). The cross-streaking radtivas performed to test the
antimicrobial activity of the transformed straim Avernight culture offc. lactis
NZ9000 (pRUK) was centrifuged (10 min 10,000 x gl @iluted in phosphate-
buffered saline (PBS) to inoculate a centre staeak BHI agar plate. The plate was
incubated at 30 °C for 24 h, and after growth,liheteria were killed by exposure to
chloroform vapours for 10 min. Then, the plate warsss-streaked against each testing
strain from the edge to the centre of the plateiaadbated at 37 °C for 24 h. The clear
zone of inhibition from the vertical streak to ttlesest edge of each cross-streaked

bacterium was observed.

2.4. Partial purification and identification of Ent35-M¥ produced by.c. lactis

NZ9000

To test the expression of Ent35-MccVLia. lactis antimicrobial assays were
performed by a spot-on-lawn method. The sttainlactisNZ9000 (pRUK) was
cultured at 30 °C for 16 h in LAPTg medium witha@utibiotics. The culture was
centrifuged (10 min for 10,000®), and the cell-free supernatant was adjusted t@ pH
and precipitated with ammonium sulphate to a fewdcentration of 70% (w/v).
Proteins were harvested by centrifugation (30 @000 xg) and resuspended with

PBS. The resuspended pellet was heated (10 mirf,@)0&nd centrifuged (10 min,



195 20,000 xg). Finally, to confirm the peptide nature of thailmtory substance, the

196  supernatant was treated with chymotrypsin (10 lignfa) and incubated at 37 °C for 2
197  h. Aliquots (20 pL) of each fraction were spottedcowells of BHI and LB agar plates.
198  After the drops had dried, the plates were ovenattd 8 mL of soft agar (0.6%)

199  containing the sensitive indicator strdinmonocytogeneSECT 4032 oE. coliATCC
200 700728, in BHI or LB plates, respectively. The pkatvere incubated at 37 °C for 12 h
201  before examination. The supernatant friom lactisNZ9000 (pAK80) was used as

202 control.

203

204 2.4. MALDI-TOF MS and proteomic analysid.ef lactisEnt35-MccV-producing

205  strain

206

207 Lc. lactisNZ9000 transformed with either pRUK or pAK8s grown on BHI
208  plates for 24 h supplemented with erythromycin.;leelul loop was collected and
209 placed in 100 pL of a solution consisting of 50%tanitrile (ACN) (Merck, Darmstadt,
210 Germany), 49% water, and 1% aqueous trifluoraeatid (TFA) (Acros Organics,

211 Morris Plains, NJ, USA). The protein extraction ol was as described elsewhere
212  (B6hme et al., 2010; Fernandez-No et al., 201aj some modifications. Briefly, three
213 extractions were performed for every strain aneltacts were measured in duplicate,
214  resulting in six spectra per bacterial strain. Mgssctra were obtained using a Voyager
215 “DE STR MALDI-TOF” Mass Spectrometer (Applied Biaggms, Foster City, CA,

216  USA) as previously described (Bohme et al., 201hrBe, Fernandez-No, Gallardo,
217 Cadfas, & Calo-Mata, 2011). Each spectrum was tbenaglated sum of 1,000 laser
218  shots, obtained from 10 regions manually selectmth fach sample in a range of

219  1500-15,000 Da. After six spectral profiles for Hane bacterial strain were obtained,
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the mass spectra were analysed with Data Explosef®vare (Version 4.0), applying
baseline correction and noise filter. Data liststamingm/zvalues with relative
intensities higher than 2% were taken from masstsgiedata. The acquired peak mass
lists were examined and compared using valuesimihss range of 2000-10,000 Da
due to the reproducibility of the spectral profitethat range. Mass lists were
additionally processed with the free web-basediegipbn SPECLUST, available at
“http://co.bmc.lu.se/speclust/” (Alm et al., 2006he application permitted calculation
of the differences between peak lists and the wésol of common peak masses. This
tool was used to analyse the six spectra of eaunlpleaconsidering the representative
peaks present in all six spectra and a peak matoke greater than 0.7, corresponding
to a measurement error of £ 5 Da. Peak massesamalgsed using the Expasy search

engine (https://web.expasy.org/findpept/). As weked with whole bacteria cells to

detect soluble cytoplasmic proteins, we considénegresence of the signal peptide

before cleavage (SPentP-Ent35-MccV) in our analysis

2.5. In situ inhibition of food pathogen isolates byEnMccV-producind.c. lactis

SinceLc. lactisNZ9000 (pRUK) could have application as a biopcote
product, co-cultures with tHe monocytogeneSECT 4032, Li0O1, Li02, Li03, LiO4E.
coli ATCC 700728, D05, D41, D73, and D79 were performmeskim milk. We
conducted an experimental trial where each tubecaamosed by10° cfu mL* of the
Lc. lactisstrain (pRUK bacteriocinogenic or pAK80 non-baitteinogenic control) and
~10* cfu mL* of one of the pathogenic strains mentioned abbke.effect of Ent35-
MccV-producingLc. lactisNZ9000 (pRUK) on the pathogenic strains was coexgbar

with a non-bacteriocin producing contitat. lactisNZ9000 (pAK80). Experimental

10
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data are shown as means of triplicate measurer(fégtss).Lc. lactisNZ9000 (pRUK)
and NZ9000 (pAK80) cells cultured overnight werpasately inoculated in sterile skim
milk, where a strain df. monocytogenesr E. coliisolated from food was previously
seeded. The mixed cultures were incubated at 38r°C2 h without agitation, and
viable bacteria were measured by cfu counting &t @, 10, 24, 48, and 72 h. Cell
counts were performed by serial dilution in physgital saline solution (0.9% NaCl)
and enumeration on Palcdusteria agar base (Merck) and Fluorocult Violet Red Bile
agar (VRB) (Merck) fol.. monocytogenesndE. coli strains, respectively. Microbial
strains isolated from foods and used for evaluaticantimicrobial activities in the co-

culture assays are listed in Table 1.

3. Results

3.1.  Construction of an expression vector for beaotins inLc. lactis

Lc. lactisis a GRAS bacterium commonly used in the food stiucapable of
delivering antimicrobial peptides into fermentedds (Dal Bello et al., 2012). The
main objective of this study was to obtaibh@ lactisstrain able to produce the hybrid
bacteriocin Ent35-MccV to promote its biotechnotadiapplications in food
preservation. Plasmid pAK80 was used to introdugegenetic construct. However, the
vector lacked the promoter that allows the trapsicnn by the RNA polymerase. Thus,
a hybrid gene was prepared by asymmetric PCRs IFigicluding the following
sequences from the 5' extremity: (i) the constiupromoter P32 flanked by restriction
sites for Sall (57) and Sacl (3"); (ii) the genetfmm coding for the secretory signal

peptide of enterocin P with its ribosome-bindinig $or efficient translation and

11
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294

secretion; and (iii) the hybrid gene of Ent35-Mc@84 amino acid residues) with a
restriction site for Hindlll (37). The constructiavas successfully cloned into pAK80,
yielding a new plasmid called pRUK. Fig. 1 shows tomplete DNA sequence of the
insert and its translation, the construction ofédbeplete vector, DNA fusion reactions,

and the electrophoresis gel, which verifies thestwation.

3.2.  Antimicrobial activity of Ent35-MccV L. lactis

Lc. lactisNZ9000 strain was transformed with pRUK. To vetlig secretion
and functional expression of the hybrid bacteridem35-MccV, we first analysed the
antimicrobial activity through the cross-streakingthod. Fig. 2 shows thhat. lactis
NZ9000 (pRUK) suppressed the growth of Ent35-Mce¥sitive straing&. coliATCC
700728, MC4100l.. monocytogeneSECT 4032, andlisteria innocua? (Acufia et al.,
2015, 2012). No inhibition was observed againstMiceV- and enterocin CRL35-
producing strain&. coliMC4100 (pHK11) an&Ent. mundtiiCRL35, respectively,
which are also immune to Ent35-MccV (Acuia et2012) (Fig. 2). In addition, no
growth inhibition was observed against the prevpusported Ent35-MccV- and
MccV-Gram-negative resistant strains (Acufia et2fl1,2), bearing mutations in the
CirA, tonB, or sdaCgenes, nor against the Ent35-MccV- and entero8lh35-Gram-
positive resistant strairks innocua4L1Pe, SR 215, ard monocytogeneSGDE (Fig.
2) (Acuia et al., 2012, 2015).

To better assess the presence of Ent35-MccV imthracellular space, we also
measured the antimicrobial activity against thénpgénic strain&. coli CECT 4622
andL. monocytogeneSECT 4032 (Fig. 3). Cell-free supernatant froircalactis

NZ9000 (pAK80) culture was used as a control. Csiest with previous results,

12
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inhibition halos were observed only in wells witie theutralised supernatant of NZ9000
(pPRUK) culture, on botlE. coliandL. monocytogendaadicator strains (Fig 3). To
confirm the peptide nature of the compound thatipced the inhibition, the
supernatant was precipitated with ammonium sulptoagefinal concentration of 70%
(w/v) and centrifuged. The antimicrobial activitasvdetected in the pellet after
resuspension but not in the supernatant. The readsp active pellet was heated (10
min, 100 °C), and antimicrobial activity againstibendicator strains remained. Finally,
after hot treatment, we treated the sample witHJLOf chymotrypsin for 2 h. The
protease treatment led to the disappearance dfiiidm zones (Fig. 3). Altogether,
these results suggest that the transformed stradupes and releases an active
antimicrobial peptide against Gram-positive andr&reegative bacteria, which

indicates the presence of Ent35-MccV in the exthaleg space.

3.3. MALDI-TOF MS- based characterisationLef lactisNZ9000 (pRUK)

Characterisation dfc. lactisNZ9000 (pAK80) and NZ9000 (pRUK) was
performed by MALDI-TOF MS. Six spectra were obtalrfer each strain. The
common peak masses in the spectra were searcmepteiSPECLUST application.
Table 3 shows the mass peak lists for these tvmnstrThe spectral profiles include 19
peak masses fdrc. lactisNZ9000 (pRUK) and 15 peak masses for the contrairs
NZ9000 (pAK80). All peaks found in the mass spetietry profile of the control strain
are present in the strain that produces the hydaateriocin. The four peak masses that
appear only in the MALDI spectra of NZ9000 (pRUKg presented in Fig. 3. Peaks

were analysed using the Expasy search engineraedestingly, the four signals can be

13
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assigned to fragments that arise from proteolysRENtP-Ent35-MccV (Table 4),

which supports the identification of the bactenmci

3.4. Insitu inhibition of food pathogen isolatescultured withLc. lactisexpressing

Ent35-MccV

The final purpose of this work was to know whetherlactisNZ9000 (pRUK)
producing Ent35-MccV could inhibit or decrease gihewth of pathogenic bacteria in
foods. To address this question, we studied isb|&t®d-relatedE. coliandL.
monocytogenes sterile skim milk co-cultured withc. lactisNZ9000 (pRUK).E. coli
ATCC 700728 andl.. monocytogeneSECT 4032 were used as reference strains. As a
control, the same assays were carried out in dbvatibn withLc. lactisNZ9000
(PAK8O) strain. Fig. 4 shows the growth rate ofthogenic strains co-cultured either
with Ent35-MccV-producing strain or with the nomspucing strain. The viable cell
count (cfu mLY) for both pathogenic strainls, monocytogeneandE. coli, was
approximately two orders of magnitude lower whegytgrew up in the presence of
NZ9000 (pRUK) than in the presence of NZ9000 (pAK8he average growth of both
L. monocytogenesndE. coliis represented in Fig. 4A and B, reflecting thehibition

growth under the action of the hybrid bacteriocin.

4. Discussion

The hybrid bacteriocin Ent35-MccV is formed by enten CRL35 followed by

a hinge of 3 Gly residues and microcin V. Our ressuidicate that expression and

secretion of Ent35-MccV hybrid bacteriocin bg. lactiscan decrease the bacterial load

14
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of Gram-positive and Gram-negative pathogens whecuttured with the bacteriocin-
producing strain. The genetic cassette includésR83 constitutivé.c. lactispromoter
followed by sequences of enterocin P signal pegitemature Ent35-MccV region. In
this way, the secretion of Ent35-MccV was achietledugh Sec-system.

Most of the described LAB bacteriocins are secrétedpecific ABC
transporters or devoted transport systems (McCdoiimenhammer, & Stiles, 1999;
Pugsley, 1993; van Belkum, Worobo, & Stiles, 19@ly a few bacteriocins, such as
enterocin P, are synthesised with an N-terminadaigeptide recognised by the general
Sec-dependent system (Cintas et al., 1997). Thigasity in certain N-terminal ends
between bacteriocins allows us to believe that fi@icessing and secretion systems
could be interchangeable. Different strategies lmen employed to improve
bacteriocin production, mainly by analysing transposystems and exchanging leader
peptides (Biet, Berjeaud, Worobo, Cenatiempo, &faex, 1998; Martin et al., 2007a;
McCormick, Worobo, & Stiles, 1996). In this sensgny researchers have studied the
heterologous production of bacteriocins by exchagghe leader sequences with SP
recognised by the Sec pathway (Freudl, 2018; Mc@xret al., 1996; Worobo et al.,
1995). Previous studies aw. lactisenterocin P high-level heterologous production
suggested that fusions between SPentP and othteribams may permitc. lactisto
produce bacteriocins without the presence of sjppesicretion and immunity proteins
(Gutiérrez, Larsen, Cintas, Kok, & Hernandez, 200@6rtin et al., 2007a).
Consequently, the use b€. lactisas a producer of antimicrobial peptides has been
reported (Arqués, Rodriguez, Gasson, & Horn, 20@4tin et al., 2007b; Reviriego,
Fernandez, & Rodriguez, 2007; Ribeiro, O"ConnosR&tanton, & Silva, 2016).

The Ent35-MccV action spectrum against a great rmrmabGram-negative and

Gram-positive bacteria was previously reported ffecat al., 2012, 2015). Taking
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advantage of this knowledge, we characterised th@%=MccV production fronh.c.
lactis by antimicrobial assays against Gram-negativeGuaoin-positive strains already
known as sensitive, immune, or resistant to theitdyacteriocin (Acufa et al., 2012,
2015). From these results, we deduced that theftraned strain released a substance
with antimicrobial activity compatible with the BB&-MccV hybrid bacteriocin.
Accordingly, the culture supernatantlaf. lactisNZ9000 (pRUK) displayed
antimicrobial activity against the Ent35-MccV sdiva E. coliATCC 700728 andl.
monocytogeneSECT 4032 strains. We also observed the antimiat@mtivity against
both indicator strains after a partial purificatiperformed by ammonium precipitation
and heat treatment. By contrast, the supernataheafontrol strain (NZ9000
containing the empty vector) was unable to inkaby of the strains, supporting the
hybrid bacteriocin identification in tHec. lactisNZ9000 (pRUK) derived cell-free
supernatant. Thus, we demonstrated the Ent35-Mel@ase by a naturally resistamat
lactis strain without the presence of specific immunitgtpins. This is in agreement
with the fact that both parental bacteriocins of35AMccV were heterologously
produced in LAB without requiring its specific immity gene (McCormick et al.,
1999; Saavedra, 2005; van Belkum et al., 1997). é¥@w the possibility of producing
Ent35-MccV in larger quantities by including immtyngene, as previously reported for
pediocin PA-1, is not totally excluded.

We further characterised the bacteriocin-produstngin by MALDI-TOF-MS.
To identify the presence of the hybrid bacterioth®, obtained MS spectra were
compared with those obtained for the control stréfthen performing analyses, we
found that all unique peak signals correspondintipégoroducer strain were compatible
with fragments of Ent35-MccV. These results togethdicate that Ent35-MccV is

expressed and transported to the extracellularunedhs previously reported for other
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394  Gram-positive bacteriocins, the enterocin P sigegitide was effective at secreting the
395 hybrid bacteriocin by means of the Sec-dependamésen system (Herranz &

396 Driessen, 2005; Martin et al., 2007b; Natale, Bri&eDriessen, 2008)This system

397 seems to be the most versatile and advantageousgameterologous expression

398 systemgBorrero et al., 2011; Freudl, 2018; Zheng & Sontma018)

399 To evaluate the performanceldf. lactisNZ9000 (pRUK), co-cultures with.

400 monocytogeneandE. colistrains were carried out in milk. Interestindgty,coli ATCC
401 700728 and.. monocytogeneSECT 4032 significantly decreased the growth raté a
402  bacterial load at 48 h when co-cultured with Ent8&:V-expressing strain. Our results
403 indicate that continuous production of hybrid bacign in milk controls the presence
404  of pathogenic Gram-positive and Gram-negative noigganisms. The main limitation
405  of the heterologously expressed bacteriocin isdasetheir industrial use, which could
406  be limited by restrictive legal regulations (Beninemene et al., 2013). Furthermore,
407 although Ent35-Mcc\Lc. lactisexpression is not capable of completely restrictin

408  pathogen growth, the bacteriocin is likely to cdmite to their total elimination when
409 used in addition to control processes such us asmslodck, low pH exposure, or Gram-
410 negative lipopolysaccharide shed inducing agentafdu, Galvez, Martinez-Bueno,
411 Magqueda, & Valdivia, 2005; Deegan, Cotter, Hill Ross, 2006; Sobrino-Lépez &

412  Martin-Belloso, 2008). However, the presence odtibiotic resistance gene in a strain
413  that could be used in food preservation is notaalifeature. On the contrary, the study
414  of bacteriocin production in an in situ system ctiwred with isolated species of

415 contaminated foods reinforces the feasibility & tise of these substances in

416  biopreservation.

417 To conclude, Ent35-MccV hybrid bacteriocin was ssstully expressed and

418 released by GRAS bacteria through a-8etliated secretion pathway. Ent35-MccV

17



419  was able to diminish thg. coliandL. monocytogenegrowth in skim milk. Thus, these
420 results are promising enough to justify furtheldgts aimed at the application of broad-
421  spectrum bacteriocins like Ent35-MccV and the opgaton of antimicrobial activity
422  and production in dairy products.
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Figurelegends

Fig. 1. Genetic constructs for Ent35-MccV productiorLim lactis. Panel A: nucleotide
sequence of the 655-bp fragment containing thed@&oter sequence, the sequence
codifying for enterocin P signal peptide and th@A-cvaC hybrid gene; amino acid
sequences of SPentP-Ent35-MccV are shown belo® i sequence, the cleavage site of
the pre-bacteriocin is indicated by a vertical afrthe enzyme restriction sites are
underlined, the ribosome binding site (RBS) is bmed and the hinge region betwemaonA
andcvaC is in bold and underlined. Panel B: schematicesgntation of the PCR strategy
used to fus®32, SPentP andmunA-cvaC. Panel C: electrophoretic analysis of the fusion
gene into pRUK in 1% agarose gel stained with (€&H8IM (Biotium); lane 1, DNA step
ladder 1 Kb (Promega); lanes 2, 3, 4, and 5 shopliied DNA fragments fronPP32, P32-

SPentP, P32-SPentP-munA, andP32-SPentP-munA-cvaC, respectively.

Fig. 2. Cross-streaking assay demonstrating the heterosogg@mauction and release of the
hybrid bacteriocin Ent35-Mcc\.c. lactis NZ9000 (pRUK) strain was streaked across a BHl,
glucose 0.6% agar plate. On the left siegoli strains [(sensitive or resistant to Ent35-
MccV and MccV or immune (MccV-producing)] were stked perpendicular to the NZ9000
(PRUK): a, ATCC 700728; b, MC4100; ¢, MC4100 (pHK:1d, MC4100AsdaC::km; e,
MC4100AtonB::km; f, MC4100AcirA::km. On the right side, Gram-positive strains
[(sensitive or resistant to Ent35-MccV and entardeRL35 or immune (CRL35-producing)]
were streaked: d,. monocytogenes CECT 4622; hl.. innocua 7; i, Enterococcus mundtii

CRL35; j,L. innocua 4L1Pe; kL. innocua SR 215; | L. monocytogenes EGDE.



Fig. 3. Antimicrobial activity of extracellular Ent35-Mccproduced by c. lactis as
determined by the agar well diffusion test. Thesgere straind_. monocytogenes CECT
4032 (left) ancE. coli ATCC 700728 (right) were used as Gram-positive @Graim-negative
indicator microorganisms, respectively: a and litradised cell-free supernatants derived
from non-bacteriocinogenic strair. lactis NZ9000 (pAK80) antc. lactis NZ9000
(pPRUK), respectively; ¢ and d, supernatant andsesaded pellet, respectively, obtained
after protein precipitation of sample b; e, sangdter hot treatment; f, sample d after

chymotrypsin treatment. Pure Ent35-MccV was used assitive antimicrobial control.

Fig. 4. MALDI-TOF MS spectral profile of_c. lactis NZ9000 (pRUK). Specific peaks
missing inLc. lactis NZ9000 (pAK80) are indicated by vertical arrowsldahey are zoomed

in the upper panels. The other signals are showialote 3.

Fig. 5. In situ growth inhibitory effect of Ent35-MccV irtegile skim milk against food
pathogens. Curves show the growth of differenirsgrafL. monocytogenes (A) andE. coli
(B) co-cultured with_c. lactis NZ9000 (pRUK) expressing Ent35-MccV (empty symbols
Lc. lactis NZ9000 (pAK80) as control (filled symbols) Panel®, O, 4032;A, A, Li01;

¢, O, Li02; W, [0, LiIO3; ¥, V, Li04. Panel B®, O, 700728;A, A, DO5; ¢, <&, D41; A,
0, D73; ¥, V, D79. Cell viability was expressed as cfu fris the mean of three
independent experiments. The insets show the meavtlg+ SEM of all strains evaluated,

exposed (empty circle) and not exposed (filledlegkto Ent35-MccV.



Tablel

Bacterial strains used in this study.

Strain Source, relevant genotype or reference

Gram-positive

Lc. lactis NZ9000 Kuipers, de Ruyter, Kleerebezem, & de Vos (1998)

Ent. mundtii CRL35 CERELA,; (Farias, Farias, de Ruiz Holgado, & Sesma
(1996)

L. innocua 7 INRA

L. innocua 4L1Pe INRA

L. innocua SR 215 IHT

L. monocytogenes EGDE  ATCC: BAA-679

L. monocytogenes 4032 CECT: 4032 - Cl Bannister (1987)

L. monocytogenes Li01 LHICA - FI

L. monocytogenes Li02 LHICA - FI

L. monocytogenes Li03 LHICA - FI

L. monocytogenes Li04 LHICA - FI

Gram-negative

E. coli DH5a Invitrogen

E. coli O157:H7 ATCC: 700728

E. coli MC4100 CGSC

E. coli MC4100 (pHK11) Gilson, Mahanty, & Kolter (1987)

E. coli LAl FBQF; MC410QAsdaC::km; (Acufia et al. (2012)
E. coli LA2 FBQF; MC410QAcirA::km; Acufia et al. (2012)
E. coli NC1 FBQF; MC410QAtonB::km; Acuiia et al. (2012)
E. coli D05 LHICA-FI

E. coli D41 LHICA-FI

E. coli D73 LHICA-FI

E. coli D79 LHICA-FI

& Abbreviations are: CERELA, Centro de Referencaspactobacillos, Tucuman,
Argentina; INRA, Jouy-en-Josas, France; IHT, lngéitof Hygiene and Toxicology,
Karlsruhe, Germany; ATCC, American Type Culturel€dion; CGSC, E. coli Genetic
Stock Center; FBQF, Facultad de Bioquimica, Quingi€armacia, Universidad
Nacional de Tucuman, Argentina; LHICA, Laboratad® Higiene, Inspeccion y

Control de Alimentos, USC, Spain; ClI, clinical iatd; Fl, food isolate.



Table?2

Synthetic oligonucleotides used in this stutly.

Primer Specificity Nucleotide sequence — 3’) Sites inserted

and direction

NusColVF cvaC (R) GGTGGTAAGCTTTTATAAACAAACATCACTAAG Hindlll

P32FSal P32 (F) GGTGGTGTCGACATAGTTTTAGCTATTAATCTTTTT Sall

P32EntSacR P32 (R) ACCTCCTTGAGCTCCCGAATATTTTTTTACCTACCTAG Sacl / fusion fragment with EntPSacPlactF
EntPSacPlactFsPentP (F) GGAGCTCAAGGAGGTATTGATTTATGAGAAAAAAATTATTTAGTTTAGC Sacl / fusion fragment with P32EntSacR
EntPRMunA SPentP (R) CCGTAGTATTTTGCATCAACTTTTGTACCAAAATTTG Fusion fragment with MunAFENtP
MunAFEntP munA (F) GTTGATGCAAAATACTACGGTAATGGAGTCTC Fusion fragment with EntPRMunA

8 F and R in parentheses indicate the forward (Rewerse (R) amplification direction; the undertineequences are the restriction sites; the

sequences in bold represent the fusion and ovengfmgments of complementary genetic sequencestivbse from another primer.



Table3

Characteristic peak masses of transforinedactis NZ9000.%

pAK80 pRUK
Mass nvz Mass m'z
(average) (std) (average) (std)
2037.98 1.47 2038.23 0.73
2075.41 1.17 2075.98 0.65
2108.36 1.66 2107.86 1.00
2124.98 1.05 2124.31 0.91
2210.45 0.24 2210.90 0.19
2224.22 1.20 2224.20 0.53
2649.42 1.18 2648.77 0.92
3092.39 0.61
3225.59 1.03 3224.13 1.19
3520.72 1.69
3868.24 0.84 3867.25 0.49
3906.33 0.63 3905.64 1.03
3930.29 0.08 3928.83 2.09
4118.69 1.49
4421.37 0.95 4419.77 0.62
4459.67 1.09 4457.76 14
5983.37 1.43 5983.34 2.03
6060.04 0.93
8425.43 0.35 8422.61 1.99

dPeak masses are presented as [MvHlues; specific peaks are highlighted in bold.



Table4

MALDI-TOF MS assignment of SPentP-Ent35-MccV proywic fragments for specific peaks b€. lactis NZ9000 (pRUK)?

Measured Expected A mass  Assignment Position

m'z m'z (daltons)

3092.39  3092.47  0.083 (G)NGVSCNKKGCSVDWGRAIGIIGNNSAANLAT(G) 32-62 (Ent35)
3092.47  0.083 (N)GVSCNKKGCSVDWGRAIGIIGNNSAANLATGG(A) 33-64 (Ent35)

3520.70 3520.94 0.244 (S)AANLATGGAAGWKSGGGASGRDIAMAIGTLSGQFVAGGI(G) 57-95 (Ent35-MccV)

4118.69 4118.57 -0.117 (A)ANLATGGAAGWKSGGGASGRDIAMAIGTLSGQFVAGGIGAAAGGVAGGA) 58-105 (Ent35-MccV)
4118.57 -0.117 (AINLATGGAAGWKSGGGASGRDIAMAIGTLSGQFVAGGIGAAAGGVAGGAG) 59-106 (Ent35-MccV)
4118.61 -0.073 (TYGGAAGWKSGGGASGRDIAMAIGTLSGQFVAGGIGAAAGGVAGGAGTIKQ) 63-110 (Ent35-MccV)
4118.63  -0.058 (G)TKVDAKYYGNGVSCNKKGCSVDWGRAIGIIGNNSAANLAT(G) 23-62 (SP-Ent35)

6060.04 6059.81 -0.232 (A)SGRDIAMAIGTLSGQFVAGGIGAAAGGVAGGAGTIKQKPEGIPSEAWN AAGRLCNWSPNNL(S)  75-136 (Ent35-MccV)
6059.81 -0.232 (S)GRDIAMAIGTLSGQFVAGGIGAAAGGVAGGAGTIKQKPEGIPSEAWNYAGRLCNWSPNNLS(D)  76-137 (Ent35-MccV)

8The expectedvz of the SP-Ent35-MccV fragments were calculatedgisiverage masses of the occurring amino aciduesijdnterpreting
peptide masses as [MH}", and considering Cys in reduced form. Peptideslisfgayed with the adjoining residues before chemvin

parentheses.
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