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STRESZCZENIE

Celem niniejszej pracy byta identyfikacja i1 charakterystyka metabolitow
wytwarzanych przez bakterie fermentacji mlekowej (LAB) oraz bakterie kwasu
octowego (AAB), odpowiedzialnych za ich aktywno$¢ przeciwdrobnoustrojowg wobec
bakterii patogennych i psujacych zywnos¢, a takze ocena mozliwos$ci zastosowania tych
metabolitow, zarowno pojedynczych, jak i1 tagczonych w mieszaniny, jako naturalnych,
biologicznych $rodkéw konserwujacych migso i wyroby migsne. Sformutowano trzy
hipotezy badawcze, natomiast prowadzenie badan zaplanowano w trzech zasadniczych
etapach, obejmujacych analizy teoretyczne (Etap I), badania laboratoryjne (Etap II) oraz
aplikacyjne wykorzystanie wybranych preparatow bakteryjnych w skali péttechnicznej
(Etap III).

W badaniach wykorzystano dwa szczepy LAB — L paracasei Bl oraz L.
plantarum 024, pochodzace z kolekcji SGGW, ktore wybrano na podstawie
wczesniejszych doniesien o ich wlasciwosciach m.in. potencjalnie probiotycznych oraz
postbiotycznych. Przygotowywano z nich trzy typy preparatow metabolitow
bezkomorkowych: surowe, po inaktywacji cieplnej oraz po neutralizacji pH.
Dos$wiadczenia obejmowaly takze dwa szczepy AAB — G. oxydans KNS32 i K.
saccharivorans KOMI, z ktérych pozyskiwano supernatanty bezkomoérkowe. Dziatanie
przeciwbakteryjne oceniano z uzyciem panelu szczepow  wskaznikowych
reprezentujacych zaréwno bakterie Gram-dodatnie, jak i Gram-ujemne.

W czgsci doswiadczalnej wykorzystano dwa modele zywnos$ci: surowe migso
drobiowe, stuzace do oceny aktywnosci przeciwdrobnoustrojowej in situ, oraz modelowy
wyréb migsny z migsa wieprzowego, przygotowany w warunkach péttechnicznych
z dodatkiem wybranych preparatow bakteryjnych.

Zakres metod obejmowal systematyczng analizg literatury (PICO, PRISMA) oraz
badania laboratoryjne 1 aplikacyjne, w tym ocen¢ skladu 1 aktywnosci
przeciwdrobnoustrojowej metabolitow, analize synergii (MIC, FICI), charakterystyke
genomowg 1 proteomiczng szczepOéw LAB oraz ocen¢ stabilnosci 1 wlasciwosci
bioaktywnych preparatow. Skuteczno$¢ wybranych kombinacji weryfikowano
w modelach zywnos$ciowych z migsa drobiowego 1 wieprzowego, z zastosowaniem analiz
mikrobiologicznych, oksydacyjnych 1 fizykochemicznych. Dane analizowano
z wykorzystaniem testow statystycznych odpowiednich dla charakteru 1 rozkladu
wynikow, obejmujacych m.in. ANOVA, testy nieparametryczne, eksploracyjng analiz¢
czynnikowg oraz funkcjonalng analize sktadowych gléwnych.

W ramach badan literaturowych w etapie I zidentyfikowano 1307 publikacji
dotyczacych biokonserwacji migsa, z ktorych po wieloetapowej selekcji 1 analizie
uzupetniajacej do oceny jakosciowej wilaczono 45 unikatowych badan. Wykazano,
Ze najczesciej stosowane kombinacje mikrobiologicznych barier, kultury starterowe,
kultury ochronne oraz ich metabolity, skutecznie hamowaly wzrost patogenow
1 drobnoustrojéw psujacych zywnos$¢, bez wystepowania efektow antagonistycznych.
Przeglad systematyczny literatury potwierdzitl ponadto, Ze laczenie roznych barier
mikrobiologicznych moze wywotywac¢ efekt synergii, cho¢ zidentyfikowano brak badan
dotyczacych jednoczesnego zastosowania metabolitow LAB 1 AAB. Ta luka badawcza
stata si¢ podstawg do zaplanowania i realizacji kolejnych etapow pracy.

W 1I etapie badan okreslono wtasciwosci przeciwdrobnoustrojowe preparatow
uzyskanych z wyselekcjonowanych szczepow LAB i AAB. Najsilniejsze dziatanie
obserwowano w odniesieniu do L. monocytogenes, natomiast najwieksza opornos¢
wykazal szczep wskaznikowy E. faecalis. Wykazano istotne rdznice migdzy
skutecznos$cig preparatow stosowanych pojedynczo a w potaczeniach, co potwierdzito



efekt synergistyczny oraz addytywny. Szczegélnie istotne bylo to, Zze potaczenia
preparatow LAB 1 AAB zwigkszaly skuteczno$¢ dzialania wobec bakterii
wskaznikowych, zarowno Gram-dodatnich i Gram-ujemnych, bez wystgpowania efektu
antagonistycznego. Oznaczenia MIC i indeksow FICI potwierdzity liczne interakcje
synergistyczne, zwlaszcza wobec S. Enteritidis. Profil metaboliczny badanych szczepow
potwierdzit zdolno$s¢ LAB do intensywnego wytwarzania kwasu mlekowego, a z kolei
AAB — kwasu octowego 1 glukonowego. Dodatkowo preparaty LAB, szczeg6lnie CFS i
hkCFS, charakteryzowaly si¢ wyzsza zawartoscig zwigzkéw fenolowych 1 aktywnoscig
antyoksydacyjng niz AAB. Analiza genomow szczepow L. paracasei Bl 1 L. plantarum
024 wykazata obecno$¢ licznych sekwencji kodujacych bakteriocyny. Badania
wlasciwos$ci fizykochemicznych uzyskanych metabolitow wykazaly, ze supernatanty
bezkomorkowe obu szczepow zachowuja ok. 70% aktywnosci po ogrzewaniu w temp.
100 °C przez 20 min, natomiast ulegajg inaktywacji po autoklawowaniu w temp. 121 °C.
Catkowita utrata aktywno$ci po zastosowaniu trypsyny, pepsyny i proteinazy K
potwierdza  biatkkowy lub peptydowy charakter zwigzkéw o  dziataniu
przeciwdrobnoustrojowym. Widma FT-IR ujawnily pasma amidowe I i II oraz grupy
hydroksylowe i aminowe, co jednoznacznie wskazuje na obecnos$¢ bialek/peptydow.
Oczyszczanie (precypitacja siarczanem amonu 1 dializa) zwigkszyto aktywnos$¢ swoista
3,38-krotnie dla szczepu Bl i 4,06-krotnie dla O24. Analiza SDS-PAGE wykazata
obecnos$¢ biatek o masach ok. 14-15 kDa (B1) 1 10-11 kDa (024), a badanie LC-MS/MS
potwierdzito wartosci 15 079 Da i 10 815 Da oraz czesciowg homologi¢ do znanych
bakteriocyn. Wyniki sugeruja, ze badane peptydy moga by¢ nowymi, dotad nieopisanymi
zwigzkami przeciwdrobnoustrojowymi.

Weryfikacja skuteczno$ci biokonserwacyjnej metabolitow LAB i AAB
w warunkach modelowych in situ na migsie drobiowym sztucznie zakazonym
S. Enteritidis potwierdzita skuteczno$¢ potaczen preparatow LAB i AAB w warunkach
zblizonych do rzeczywistych. Po 7 dniach przechowywania w warunkach chtodniczych
w probach traktowanych preparatami nie wykryto zywych komorek patogenu,
w przeciwienstwie do proby kontrolnej. Efekt przeciwdrobnoustrojowy zwigkszal sig
wraz z czasem ekspozycji, co wskazuje na potencjat tych preparatow jako naturalnych
srodkow wydtuzajacych trwato$¢ migsa.

W etapie III badan oceniono wplyw wybranych preparatéw z metabolitami LAB
1 AAB, Lacticaseibacillus paracasei Bl w potaczeniu z Komagataeibacter
saccharivorans KOMI1, jak i1 Lactiplantibacillus plantarum 024 z Gluconobacter
oxydans KNS32, na jako$¢ modelowego wyrobu migsnego. Analiza mikrobiologiczna
wykazata wyrazne spowolnienie wzrostu drobnoustrojow w migsie z dodatkiem
preparatow LAB 1 AAB — po 9 dniach ogo6lna liczba bakterii byla istotnie nizsza niz
w probie kontrolnej, ponadto zaobserwowano zahamowanie wzrostu Enterobacteriaceae
1 E. coli, a L. monocytogenes 1 Salmonella spp. nie byly obecne w Zadnej probie.
Wskazniki utleniania lipidow (TBARS) byty nizsze w probach traktowanych mieszaning
preparatow metabolitow, co §wiadczy o spowolnieniu peroksydacji ttuszczéw. Réwniez
degradacja cholesterolu w trakcie chtodniczego przechowywania w probach migsa
z dodatkiem preparatow bakteryjnych LAB 1 AAB przebiegata wolniej. Ponadto,
zaobserwowano wyzszy poziom wielonienasyconych kwasow ttuszczowych (PUFA) niz
w probie kontrolnej, co wskazuje na ochrong ich przed degradacja oksydacyjng. Zmiany
parametrow fizykochemicznych (pH, ORP i1 barwa) byly zalezne gltownie od czasu
przechowywania, przy czym zastosowane preparaty metabolitow LAB i AAB nie
wplywaly negatywnie na wyglad ani stabilno$¢ oksydacyjng migsa. Przeprowadzona
analiza czynnikowa (EFA) wykazata, ze gtownym elementem decydujacym o jako$ci
migsa byly parametry mikrobiologiczne, a nastgpnie procesy utleniania powigzane



zbarwa oraz degradacja lipidéow. Z kolei wykonana analiza FPCA potwierdzita,
ze warianty z dodatkiem preparatow bakteryjnych LAB i AAB pozwalaly na dtuzsze
utrzymanie dobrej jako$ci migsa w czasie przechowywania w poréwnaniu z probg
kontrolna, przy czym najlepsze efekty zaobserwowano w préobie z dodatkiem hkCFS 024
+ CFS KNS32.

Badania wykazaty, ze metabolity LAB i AAB dziataty synergistycznie, skutecznie
hamujac wzrost patogendéw i drobnoustrojow psujacych migso, zarowno in vitro, in situ,
jak 1 w modelowym wyrobie migsnym surowym typu mi¢so garmazeryjne. Kluczowa
role w tym dziataniu odgrywa kompleks metabolitow bakteryjnych, w tym bioaktywnych
peptydow, kwasow organicznych, zwigzkéw fenolowych i substancji o wtasciwosciach
antyoksydacyjnych, ktorych obecnos$¢ potwierdzono zaréwno w badaniach z uzyciem
metod genetycznych, proteomicznych, jak ibiochemicznych. . Najskuteczniejsze
dziatanie biokonserwujace modelowego wyboru migsnego stwierdzono w przypadku
potaczenia 1,25% hkCFS L. plantarum 024 z 1,25% CFS G. oxydans KNS32. Uzyskane
wyniki potwierdzaja, ze metabolity badanych szczepow moga stanowi¢ naturalne,
efektywne narzegdzie biokonserwacji wykazujac takze wlasciwos$ci antyoksydacyjne i nie
pogarszajac parametréw fizykochemicznych migsa i wyrobow migsnych surowych.

Slowa Kkluczowe: Biokonserwacja; Bakterie fermentacji mlekowej (LAB);
Bakterie kwasu octowego (AAB); Bakteriocyny; Surowe wyroby migsne



SUMMARY

The objective of this study was to identify and characterize metabolites produced
by lactic acid bacteria (LAB) and acetic acid bacteria (AAB) that are responsible for their
antimicrobial activity against pathogenic and food-spoiling bacteria, and to evaluate the
feasibility of applying these metabolites—both individually and in mixtures—as natural,
biological preservatives for meat and meat products. Three research hypotheses were
formulated, and the investigations were planned in three principal stages comprising
theoretical analyses (Stage 1), laboratory studies (Stage II), and the application of selected
bacterial preparations at pilot scale (Stage III).

Two LAB strains—Lacticaseibacillus paracasei Bl and Lactiplantibacillus
plantarum O24—from the Warsaw University of Life Sciences (SGGW) collection were
selected based on prior reports of their properties, including potential probiotic and
postbiotic effects. From these strains, three types of cell-free metabolite preparations were
obtained: crude, after heat inactivation, and after pH neutralization. The experiments also
included two AAB strains—Gluconobacter oxydans KNS32 and Komagataeibacter
saccharivorans KOM1—from which cell-free supernatants were obtained. Antibacterial
activity was assessed using a panel of indicator strains representing both Gram-positive
and Gram-negative bacteria.

The experimental component employed two food models: raw poultry meat, used
to assess in situ antimicrobial activity, and a model pork meat product prepared under
pilot-scale conditions with the addition of selected bacterial preparations.

The methodological scope encompassed a systematic literature analysis (PICO,
PRISMA) as well as laboratory and application-oriented studies, including evaluation of
the composition and antimicrobial activity of metabolites, synergy analysis (MIC, FICI),
genomic and proteomic characterization of LAB strains, and assessment of the stability
and bioactive properties of the preparations. The effectiveness of selected combinations
was verified in poultry and pork food models using microbiological, oxidative, and
physicochemical analyses. Data were analysed using statistical tests appropriate to the
nature and distribution of results, including ANOVA, non-parametric tests, exploratory
factor analysis (EFA), and functional principal component analysis (FPCA).

In Stage I of the literature studies, 1,307 publications concerning meat
biopreservation were identified; following multi-stage screening and supplementary
analysis, 45 unique studies were included for qualitative assessment. It was demonstrated
that the most frequently employed combinations of microbiological hurdles—starter
cultures, protective cultures, and their metabolites—effectively inhibited the growth of
pathogens and spoilage micro-organisms without antagonistic effects. The systematic
review further confirmed that combining different microbiological hurdles may elicit
synergistic effects; however, a lack of studies on the simultaneous use of LAB and AAB
metabolites was identified. This research gap formed the basis for planning and
implementing subsequent stages of the work.

In Stage II, the antimicrobial properties of preparations obtained from the selected
LAB and AAB strains were determined. The strongest activity was observed against
Listeria monocytogenes, whereas the indicator strain Enterococcus faecalis exhibited the
greatest resistance. Significant differences were found between the effectiveness of
preparations used individually versus in combinations, confirming both synergistic and
additive effects. Notably, combinations of LAB and AAB preparations increased efficacy
against both Gram-positive and Gram-negative indicator bacteria without antagonism.
MIC determinations and FICI indices confirmed numerous synergistic interactions,
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particularly against Sa/monella Enteritidis. Metabolic profiling confirmed the capacity of
LAB to produce lactic acid intensively, whereas AAB produced acetic and gluconic acids.
Additionally, LAB preparations—especially CFS (cell-free supernatant) and hkCFS
(heat-killed cell-free supernatant)—were characterized by higher contents of phenolic
compounds and greater antioxidant activity than AAB preparations. Genome analyses of
L. paracasei Bl and L. plantarum 024 revealed numerous bacteriocin-encoding
sequences.

Studies of the physicochemical properties of the obtained metabolites showed that
cell-free supernatants of both strains retained approximately 70% activity after heating at
100 °C for 20 min, but were inactivated by autoclaving at 121 °C. Complete loss of
activity after treatment with trypsin, pepsin, and proteinase K confirms the
proteinaceous/peptidic nature of the antimicrobial compounds. FT-IR spectra revealed
amide I and II bands and hydroxyl and amino groups, unequivocally indicating the
presence of proteins/peptides. Purification (ammonium sulphate precipitation and
dialysis) increased specific activity 3.38-fold for strain B1 and 4.06-fold for O24.
SDS-PAGE analysis revealed proteins of approximately 14—15 kDa (B1) and 10-11 kDa
(024), and LC-MS/MS confirmed masses of 15,079 Da and 10,815 Da, together with
partial homology to known bacteriocins. The results suggest that the peptides under study
may be novel, hitherto undescribed antimicrobial compounds.

Verification of the biopreservative effectiveness of LAB and AAB metabolites
under in situ model conditions on poultry meat artificially inoculated with S. Enteritidis
confirmed the efficacy of LAB-AAB combinations under near-real conditions. After
7 days of refrigerated storage, no viable pathogen cells were detected in treated samples,
in contrast to the control. The antimicrobial effect increased with exposure time,
indicating the potential of these preparations as natural agents for extending meat shelf
life.

In Stage III, the impact of selected LAB and AAB metabolite preparations—
Lacticaseibacillus paracasei B1 combined with Komagataeibacter saccharivorans
KOMI, and Lactiplantibacillus plantarum O24 combined with Gluconobacter oxydans
KNS32—on the quality of a model meat product was evaluated. Microbiological analysis
showed a marked slowdown of microbial growth in meat with the LAB and AAB
preparations: after 9 days, the total bacterial count was significantly lower than in the
control; moreover, inhibition of Enterobacteriaceae and E. coli was observed, and
L. monocytogenes and Salmonella spp. were absent from all samples, confirming the
antimicrobial efficacy of the applied LAB and AAB preparations. Lipid oxidation indices
(TBARS) were lower in samples treated with mixtures of metabolite preparations,
evidencing slower lipid peroxidation. Cholesterol degradation during refrigerated storage
also progressed more slowly in meat with the bacterial preparations. Furthermore,
a higher level of polyunsaturated fatty acids (PUFA) than in the control was maintained,
indicating protection against oxidative degradation. Changes in physicochemical
parameters (pH, ORP—oxidation-reduction potential, and colour) depended mainly on
storage time, while the applied LAB and AAB metabolite preparations did not adversely
affect the appearance or oxidative stability of the meat. EFA indicated that
microbiological parameters were the primary determinants of meat quality, followed by
oxidation processes associated with colour and lipid degradation. FPCA confirmed that
variants with the added LAB and AAB preparations allowed for a longer maintenance of
good meat quality during storage compared with the control, with the best effects
observed for the treatment containing hkCFS 024 + CFS KNS32.
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The studies demonstrated that LAB and AAB metabolites acted synergistically,
effectively inhibiting the growth of pathogens and meat-spoiling micro-organisms in
vitro, in situ, and in a raw, model convenience-type meat product. A key role is played
by the complex of bacterial metabolites—including bioactive peptides, organic acids,
phenolic compounds, and antioxidant substances—the presence of which was confirmed
using genetic, proteomic, and biochemical methods. The most effective biopreservative
action for the model meat product was observed for the combination of 1.25% hkCFS of
L. plantarum O24 with 1.25% CFS of G. oxydans KNS32. The findings confirm that the
metabolites of the studied strains may constitute a natural, effective tool for
biopreservation, exhibiting antioxidant properties and not impairing the physicochemical
parameters of raw meat and raw meat products.

Keywords: Biopreservation; Lactic acid bacteria (LAB); Acetic acid bacteria
(AAB); Bacteriocins; Raw meat products
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WYKAZ SKROTOW I OZNACZEN

AAB bakterie kwasu octowego (ang. acetic acid bacteria)
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic ~ acid), = zwigzek  chemiczny
ABTSe* - . . ,, .
wykorzystywany te$cie oznaczajacym catkowita zdolno$¢ antyoksydacyjna
ACN Acetonitryl (ang. acetonitrile)
ANOVA analiza wariancji (ang. analysis of variance)
AOI obszar zainteresowania (ang. area of interest)
identyfikator szczepu konkretnego mikroorganizmu (ang. American Type Culture
ATCC .
Collection)
AU jednostka arbitralna (ang. arbitrary unit)
AV liczba kwasowa (ang. acid value)
B1 szczep Lacticaseibacillus paracasei Bl
narz¢dzie bioinformatyczne do wykrywania gendéw bakteriocyn w genomach
BAGEL4 . o o .2 .
mikroorganizméw (ang. Bacteriocin Genome Mining Tool version 4)
BLIS substancje hamujace podobne do bakteriocyn (ang. bacteriocin-like inhibitory
substances)
Bs 6633 Bacillus spizizenii ATCC 6633
Cas biatka zwigzane z CRISPR (ang. CRISPR-associated (proteins))
bezkomoérkowy supernatant (ang. cell-free supernatant); zamiennie stosowane
okreslenia  ,metabolity” oraz ,preparaty”, uzupelniane przymiotnikami
CFS »pohodowlane” lub ,bakteryjne”, odnoszace si¢ do frakcji zawierajacych
pozakomorkowe metabolity badanych szczepdw 1 pozbawionych komorek
bakteryjnych
CIE Lab* przestrzen barw (ang. Commission Internationale de I’Eclairage Lab color space*)
CNS gronkowce koagulazo-ujemne (ang. coagulase negative staphylocci)
CRAP baza zanieczyszczen biatkowych (ang. contaminant repository for affinity purification)
zgrupowane, regularnie rozmieszczone, krotkie palindromiczne powtdrzenia
CRISPR . . ) .
mig¢dzyprzestrzenne (ang. clustered regularly interspaced short palindromic repeats)
Da dalton, jednostka masy czgsteczkowe;j
DNA kwas deoksyrybonukleinowy (ang. deoxyribonucleic acid)
DOI identyfikator cyfrowy (ang. digital object identifier)
2,2-diphenyl-1-picrylhydrazyl, —zwigzek chemiczny stosowany w testach
DPPH .
antyoksydacyjnych
EC liczba Escherichia coli
Ec 10536 Escherichia coli ATCC 10536
Ef51299 Enterococcus faecalis ATCC 51299
EFA eksploracyjna analiza czynnikowa (ang. exploratory factor analysis)
Europejski Urzad ds. Bezpieczenstwa Zywnosci (ang. European Food Safety
EFSA !
Authority)
EH potencjat elektrochemiczny (ang. electrochemical potential)
ENT liczba Enterobacteriaceae
Organizacja Narodow Zjednoczonych do spraw Wyzywienia i Rolnictwa (ang. Food
FAO . o
and Agriculture Organization)
FDA Agencja Zywnosci i Lekow (ang. U.S. Food and Drug Administration)
FDR wskaznik fatszywych odkry¢ (ang. false discovery rate)
FIC utamkowe stgzenie hamujace (ang. fractional inhibitory concentration)
FICI wskaznik utamkowego st¢zenia hamujacego (ang. fractional inhibitory concentration
index)
FPCA funkcyjna analiza glownych skladowych (ang. functional principal component
analysis)
FT-IR spektroskopia w podczerwieni z transformacja Fouriera (ang. Fourier transform
infrared spectroscopy)

15




GAE roéwnowazniki kwasu galusowego (ang. gallic acid equivalents)

GC podloze z glukoza i weglanem wapnia (ang. glucose calcium carbonate)

GCF rodzina klastrow genowych (ang. gene cluster family)

GRAS status okres$lany przez FDA (ang. generally recognized as safe)

HCD fragmentacja wysokiej energii kolizji (ang. high-energy collisional dissociation)

HGT poziomy transfer genéw (ang. horizontal gene transfer)

hKCFS bezkomérkqu supernatant pozyskany z inaktywowanych termicznie hodowli bakterii
(ang. heat-killed cell-free supernatant)

HPLC wysokosprawna  chromatografia cieczowa (ang. high-performance liquid
chromatography)

HS pozywka Hestrina i Shramma

IBPRS Instytut Biotechnologii Przemystu Rolno-Spozywczego im. prof. Wactawa
Dabrowskiego — Panstwowy Instytut Badawczy

IF wspotczynnik cytowan czasopisma naukowego (ang. impact factor)

JTK/CFU jednostka tworzaca kolonie (ang. colony forming unit)

kDa kilodalton (10° daltonéw)

KNS32 szczep Gluconobacter oxydans KNS32

KOM1 szczep Komagataeibacter saccharivorans KOM1

LAB bakterie fermentacji mlekowej (ang. lactic acid bacteria)

LC-MS/MS chromatografia cieczowa s.prze;iona z tandemowa spektrometria mas (ang. liquid
chromatography coupled with tandem mass spectrometry)

Lm 19111 Listeria monocytogenes ATCC 19111

log logarytm dziesi¢tny (ang. logarithm base 10)

M mol, jednostka SI ilo$ci substancji

MAP opakowanie ze zmodyfikowang atmosfera (ang. modified atmosphere packaging)

MDA malondialdehyd (ang. malondialdehyde)

meq mili-ekwiwalent (ang. milliequivalent)

MGE ruchome elementy genetyczne (ang. mobile genetic elements)

MH pozywka Muellera-Hinton

MIC minimalne st¢zenie hamujgce (ang. minimal inhibitory concentration)

MNiSW Ministerstwo Nauki i Szkolnictwa Wyzszego

MRS pozywka de Mana, Rogosy i Sharpe’a

MUFA jednonienasycone kwasy tluszczowe (ang. monounsaturated fatty acids)

nCFS zneutralizowany supernatant (ang. neutralized cell-free supernatant)

024 szczep Lactiplantibacillus plantarum 024

0OD600 gestos¢ optyczna przy dlugoscei fali 600 nanometrow

OLD/TVC ogolna liczba drobnoustrojow (ang. total viable count)

ORF otwarta ramka odczytu (ang. open reading frame)

ORP potencjat oksydacyjno-redukcyjny (ang. oxidation-reduction potential)

PALCAM pozywka Polymyxin—Acriflavine—Lithium Chloride—Ceftazidime—Aesculin—Mannitol

PBS bufor fizjologiczny fosforanowy (ang. phosphate-buffered saline)

PCA podtoze do ogdlnego oznaczania liczby drobnoustrojow (ang. plate count agar)

Pf2123 Pseudomonas fluorescens PCM 2123

PN-EN ISO oznacz.eni.e normy miqdzyqarodowej przyjetej w Polsce (ang. International
Organization for Standardization)

PUFA wielonienasycone kwasy ttuszczowe (ang. polyunsaturated fatty acids)

PV liczba nadtlenkowa (ang. peroxide value)

QPS kwalifikowane domniemanie bezpieczenstwa (ang. qualified presumption of safety)

RGI identyfikator gendw opornos$ci (ang. resistance gene identifier)
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RNA kwasy rybonukleinowe (ang. ribonucleic acid)
RTC zywno$¢ gotowa do obrobki termicznej (ang. ready-to-cook)
RTE zywno$¢ gotowa do spozycia (ang. ready-to-cat)
Sa 25923 Staphylococcus aureus ATCC 25923
SD odchylenie standardowe (ang. standard deviation)
elektroforeza zelowa w poliakrylamidzie w obecnosci dodecylosiarczanu sodu (ang.
SDS-PAGE . . )
sodium dodecyl sulfate polyacrylamide gel electrophoresis)
SE 13076 Salmonella Enteritidis ATCC 13076
STA liczba koagulazo-dodatnich Staphylococcus
TBA roztwor bromku tetrabutylowego (ang. tetrabutylammonium solution)
substancje reagujace z kwasem tiobarbiturowym (ang. thiobarbituric acid reactive
TBARS
substances)
TBX pozywka do wykrywania Escherichia coli (ang. tryptone bile x-glucuronide agar)
TFA kwas trifluorooctowy (ang. trifluoroacetic acid)
TPC catkowita zawarto$¢ zwigzkow fenolowych (ang. total phenolic content)
TSA pozywka tryptozowo-sojowa
UE Unia Europejska
wspotczynniki antyoksydacyjnej mocy rownej witaminy C (ang. vitamin C equivalent
VCEAC o .
antioxidant capacity)
VRBG podioze z fioletowo-czerwong zoélcig i glukoza (ang. violet red bile glucose agar)
XLD pozywka ksylozowo-lizynowo-deoksycholanowa (ang. xylose, lysine, deoxycholate)
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2. UZASADNIENIE PODJECIA TEMATU

2.1 Znaczenie naturalnych strategii utrwalania zywnosci

Zagrozenia mikrobiologiczne przenoszone drogg pokarmowg stanowig jedno
z powazniejszych wyzwan zdrowia publicznego, zarowno w skali globalnej, jak
i regionalnej. Wsrod czynnikéw etiologicznych dominujg zoonozy, a w Unii Europejskiej
kampylobakterioza i salmonelloza pozostaja najczesciej notowanymi infekcjami
przewodu pokarmowego, ze znaczagcym wzrostem liczby potwierdzonych przypadkow w
ostatnich latach [1]. Regulacje prawne koncentrujg si¢ na identyfikacji 1 ograniczaniu
drobnoustrojéw chorobotworczych oraz mikroorganizméw powodujacych psucie
zywnosci w produktach o krotkiej trwatosci, takich jak migso 1 jego przetwory.
Rownoczesnie ros$nie oczekiwanie konsumentéw, by zywno$¢ byla pozbawiona
syntetycznych dodatkow, w tym azotanéw (III) i1 azotanow (V), co zwigksza
zapotrzebowanie na naturalne metody utrwalania [2].

Konserwanty petnig wazna role w ograniczaniu psucia zywnosci i ryzyka skazenia
patogenami, jednak dominujace w produkcji syntetyczne dodatki budza coraz wigksze
obawy zdrowotne. Wiele z nich moze powodowa¢ reakcje alergiczne, zaburzenia
metaboliczne czy zwicksza¢ ryzyko chordob nowotworowych [3]. Przykladowo,
benzoesan sodu moze u oso6b wrazliwych wywolywaé reakcje alergiczne [4] oraz
reagowa¢ z witaming C tworzac $ladowe ilosci benzenu, zwigzku rakotwodrczego [5].
Z kolei, azotan (III) sodu, powszechnie wykorzystywany w przetworstwie migsa jako
substancja konserwujaca, wykazujaca wysoka skuteczno$¢ w hamowaniu wzrostu
Clostridium botulinum, jednoczesnie moze prowadzi¢ do powstawania N-nitrozoamin,
zwigzkow o udokumentowanym potencjale kancerogennym, w produktach miesnych [2].
W odpowiedzi narosngce obawy dotyczace bezpieczenstwa konsumentéw oraz
dlugoterminowego wplywu tych substancji na zdrowie publiczne, Unia Europejska
przyjeta bardziej restrykcyjne regulacje prawne w zakresie stosowania azotynow
1 azotandw w zywnosci. Zgodnie z rozporzadzeniem Komisji (UE) 2023/2108 z dnia 6
pazdziernika 2023 r., od 9 pazdziernika 2025 r. obowigzuja obnizone maksymalne
dopuszczalne poziomy dodatkéw azotyndow (E 249-250) oraz azotanow (E 251-252)
w wybranych kategoriach produktéw spozywczych [164]. Obowigzujgce prawo unijne
dopuszcza mozliwos¢ ustanowienia na poziomie krajowym bardziej rygorystycznych
limitéw stosowania tych dodatkéw wylacznie po uzyskaniu odpowiedniej derogacji
od Komisji Europejskiej [6]. Dziatania regulacyjne w tym zakresie wpisujg si¢

w dominujacy obecnie trend tzw. ,,czystej etykiety”, zaktadajacy ograniczanie dodatkow
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do zywnosci, w szczegdlnosci syntetycznych konserwantow. Nalezy jednak podkreslic,
ze redukcja zwigzkéw azotowych w produktach migsnych moze prowadzié
do zwiekszenia ryzyka mikrobiologicznego, co implikuje konieczno$¢ poszukiwania
1 opracowywania bezpiecznych, skutecznych oraz technologicznie uzasadnionych
naturalnych alternatyw dla tradycyjnie stosowanych dodatkéw azotynowych [7].

W odpowiedzi na rosngce wymagania dotyczace bezpieczenstwa i trwatosci
zywno$ci coraz czeSciej sigga si¢ po biokonserwacj¢, rozumiang jako metoda
wykorzystujgca naturalne zwiazki przeciwdrobnoustrojowe pochodzenia
mikrobiologicznego, roslinnego lub zwierzecego, w tym kultury mikroorganizméw oraz
ich metabolity [8]. Rozwigzania te wpisuja si¢ w koncepcje zrdwnowazonego rozwoju
1 gospodarki cyrkularnej, sprzyjajac ograniczeniu strat zZywnos$ci oraz zmniejszeniu
obcigzenia Srodowiskowego [8,9]. Ich skuteczne wdrozenie wymaga jednak szczegdtowe;j
znajomos$ci  mechanizméw  dziatania  preparatow  biokonserwujacych, ich
kompatybilnosci z zywnos$cig oraz ograniczen technologicznych, takich jak stabilno$§¢
podczas przechowywania czy wplyw na cechy sensoryczne produktu koncowego [10].
W tym kontekscie biokonserwacja umozliwia przedluzenie trwatosci produktow bez
pogorszenia ich jakosci sensorycznej i warto$ci odzywcezej [11]. Naturalne konserwanty
charakteryzuja si¢ szerokim spektrum wlasciwosci fizykochemicznych oraz
mikrobiologicznych 1 moga skutecznie hamowaé rozwdj patogendéw poprzez
destabilizacje blon komoérkowych, zakldcanie syntezy bialek lub kwaséw nukleinowych
czy dziatanie oksydacyjne [12]. WS$rdd najczgsciej stosowanych biokonserwantow
znajdujg si¢ bakteriocyny (nizyna, pediocyna), wybrane enzymy [11], olejki eteryczne,
polisacharydy takie jak chitozan oraz bioaktywne zwiazki roslinne, m.in. karotenoidy
i antocyjany [13]. Zrédta substancji przeciwdrobnoustrojowych oraz ich przyktady
stosowane w przemysle spozywczym przedstawiono na rys. 1.

W praktyce przemystowej obserwuje si¢ jednocze$nie wzrost zainteresowania
laczeniem réznych metod konserwacji w ramach strategii tzw. technologii ,,ptotkow”
(ang. hurdle technology) [14]. Koncepcja ta polega na zastosowaniu co najmniej dwoch
komplementarnych mechanizméw przeciwdrobnoustrojowych, fizycznych, chemicznych
1 biologicznych, w celu zapewnienia bezpieczenstwa zywno$ci bez koniecznosci

intensyfikacji pojedynczego czynnika [15].
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Pochodzenie

drobnoustrojowe
Pochodzenie
roslinne Pochodzenie
zwierzece
* Bakterie
* Bakteriocyny
* Pediocyna
* Nizyna + Olejki eteryczne (EOs)

* Reuteryna * Przyprawy i ziota * Chitozan

* Polimyksyna B * Roslinne peptydy e Lizozymy

* Substancje hamujace przeciwdrobnoustrojowe * Uktad laktoperoksydazowy
podobne do bakteriocyn (pPAMPs) ¢ Laktoferyna
(BLIS) + Przeciwutleniacze

* Biatka warstwy
powierzchniowej

* Kwasy organiczne

* Drozdze

* Grzyby

* Bakteriofagi

Rysunek 1. Zrodta substancji przeciwdrobnoustrojowych oraz ich przyktady stosowane
w przemysle spozywczym. Zrédlo: opracowanie wilasne na podstawie Karnwal 1 Malik
(2024) [13].

Kluczowym zalozeniem technologii ,,ptotkdw” jest wykorzystanie efektu synergii
pomigdzy roéznymi przeszkodami S$rodowiskowymi, umozliwiajacego skuteczne
ograniczenie wzrostu drobnoustrojow przy jednoczesnym zachowaniu wysokiej jakosci
sensorycznej 1 warto$ci odzywczej produktu. Dobdr kombinacji ,,przeszkod” zalezy
od rodzaju produktu, jego wlasciwosci fizykochemicznych, warunkéw przechowywania
oraz poziomu ryzyka mikrobiologicznego. W przypadku wielu grup produktow skuteczne
moze by¢ potaczenie niskiej temperatury przechowywania, atmosfery ochronnej oraz
dodatku naturalnych preparatow mikrobiologicznych, takich jak preparaty bakterii
fermentacji mlekowej, w tym bakteriocyn. Zastosowanie biologicznych ,,plotkow”
stanowi potencjalng alternatywe dla syntetycznych konserwantéw, ktorych ograniczenie
moze obniza¢ poziom bezpieczenstwa mikrobiologicznego [11].

Szczegodlne znaczenie w tym kontek$cie majg preparaty mikroorganizmoéw oraz
ich metabolity, wykazujace ukierunkowane dziatanie wobec drobnoustrojow
patogennych 1 powodujacych psucie zywnosci Wykorzystanie zywych kultur
ochronnych, ich pozakomoérkowych frakcji lub wyizolowanych zwigzkéw bioaktywnych
jest zgodne z koncepcja ,,czystej etykiety” 1 wpisuje si¢ w globalne trendy ograniczania
dodatkéw syntetycznych [16]. Kultury te dzialaja m.in. poprzez niespecyficzne
mechanizmy, takie jak zakwaszenie srodowiska, konkurencja o sktadniki odzywcze oraz
wytwarzanie zwigzkéw antagonistycznych, w tym kwasow organicznych. Bakteriocyny,

w odroznieniu od tych mechanizméw, wykazuja bardziej specyficzny i ukierunkowany
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sposob dzialania, obejmujacy m.in. tworzenie poréw w blonie komdrkowej, zaburzanie
transportu elektronéw oraz niekontrolowany przeptyw jonéw przez bton¢ komorkowa
[17]. Zroznicowane mechanizmy dzialania wymienionych wyzej zwigzkéw
bioaktywnych sprzyjaja uzyskiwaniu efektu synergistycznego przy ich tacznym
stosowaniu [11,14,15].

Pomimo szerokiego zainteresowania technologia ,,ptotkdw”, skuteczno$¢ taczenia
biologicznych czynnikéw przeciwdrobnoustrojowych wcigz wymaga szczegdtowej
analizy w odniesieniu do konkretnych grup zywnosci. Szczeg6lnie uzasadnione wydaje
si¢ skupienie uwagi na migsie i wyrobach migsnych, ktore ze wzgledu na wysoka
aktywno$¢ wody oraz znaczng zawartos¢ sktadnikéw odzywczych nalezg do produktow
o podwyzszonym ryzyku rozwoju drobnoustrojow [18]. Zapewnienie ich bezpieczenstwa
mikrobiologicznego przy jednoczesnym zachowaniu wysokiej jakos$ci sensorycznej
stanowi istotne wyzwanie technologiczne. W tym kontekscie coraz wigksze znaczenie
zyskuja badania nad zastosowaniem kombinacji §rodkow przeciwdrobnoustrojowych
pochodzenia mikrobiologicznego w biokonserwacji migsa i przetworéw migsnych [19].

Badania nad zastosowaniem kombinacji kultur starterowych w wyrobach
migsnych wskazuja, ze Igczenie roznych szczepoéw mikroorganizméw moze skutecznie
zwigksza¢ bezpieczenstwo mikrobiologiczne [20-25]. Szczegodlnie istotne znaczenie maja
mieszaniny bakterii fermentacji mlekowej (LAB), ktore wykazuja silne wilasciwosci
bioprotekcyjne wobec patogenow, takich jak Listeria monocytogenes. lacumin 1 in.
(2020) [24] wykazali, ze zastosowanie trojsktadnikowych kultur LAB (Carnobacterium
divergens, C. maltaromaticum, Latilactobacillus sakei), skutecznie eliminowato lub
hamowato rozwdj L. monocytogenes w gotowane] szynce pakowanej w atmosferze
modyfikowanej, podczas gdy autochtoniczna mikrobiota nie wykazywata takiego efektu.
W wielu badaniach kultury LAB taczono z gronkowcami koagulazoujemnymi,
co pozwalato najednoczesne zwigkszenie bezpieczenstwa mikrobiologicznego oraz
poprawe cech technologicznych i sensorycznych produktow. Chen 1 in. (2021) [25]
wykazali, ze kombinacja Staphylococcus xylosus 1 Lactiplantibacillus plantarum
skuteczniej ograniczata wzrost Enterobacteriaceae w fermentowanych kietbasach niz
kultura jednoszczepowa, a bakterie te nie byty wykrywane juz po 6 dniach dojrzewania.
Podobne efekty biokonserwujace i przeciwdrobnoustrojowe uzyskano w licznych innych
badaniach dotyczacych fermentowanych wyrobow migsnych [20-23].

W przeciwienstwie do kultur starterowych, stosowanych gléwnie w produktach

fermentowanych, niestarterowe kultury ochronne s3 cze$ciej wykorzystywane
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w biokonserwacji migsa surowego i wyrobow miesnych niefermentowanych, gdzie
ich zadaniem jest ograniczenie wzrostu drobnoustrojéw patogennych oraz
mikroorganizmow odpowiedzialnych za psucie, bez wptywu na cechy sensoryczne
produktu [26]. Badania wskazuja, ze taczenie roznych kultur ochronnych moze zwigkszaé
skuteczno$¢ przeciwdrobnoustrojowa poprzez synergiczne oddziatywanie [26-29]. Xu in
in. (2023) [26] wykazali, ze kombinacja dwoch kultur ochronnych skutecznie hamowata
wzrost bakterii psujagcych w chudej mielonej wotowinie, cho¢ efekt ten byt ograniczony
W migsie o wyzszej zawartosci thuszczu, co podkresla znaczenie matrycy produktu.
Zkolet Xu i in. (2021) [30] =zaobserwowali najsilniejsze dzialanie
przeciwdrobnoustrojowe w mieszaninach Latilactobacillus sakei z Staphylococcus
carnosus lub S. xylosus, wskazujac na synergistyczng interakcje tych mikroorganizmow.
Skuteczno$¢ kombinacji kultur ochronnych nie zawsze jednak przewyzsza dziatanie
pojedynczych szczepoéw. Gargi in in. (2021) [31] wykazali, ze marynata zawierajaca
pojedyncza kulture Lacticaseibacillus casei wykazywata wyzsza skuteczno$¢ wobec
patogendw niz marynaty zawierajace kombinacje kultur ochronnych, co autorzy
przypisali aktywnosci specyficznych metabolitow wytwarzanych przez ten szczep.
Podobnie Castellano i in. (2011) [32] wykazali, ze kombinacja kultur ochronnych LAB
nie hamowata wzrostu E. coli O157:H7 bez dodatku czynnika chelatujacego (Na:EDTA).
Interesujace wyniki uzyskano réwniez dla preparatow wieloszczepowych. Chaillou
11n.(2014) [28] wykazali, Ze polaczenie trzech szczepdw L. sakei skutecznie ograniczato
wzrost Salmonella Typhimurium 1 E. coli w migsie pakowanym prozniowo lub w MAP.
Incili i in. (2022) [29] potwierdzili natomiast, Ze postbiotyki otrzymane z Pediococcus
acidilactici oraz mieszane] kultury Latilactobacillus sakei / Staphylococcus xylosus
skutecznie ograniczaly wzrost drobnoustrojéow chorobotworczych zaréwno in vitro, jak
1 na podudziach kurczaka, przy czym nie wptywaty one negatywnie na cechy sensoryczne
miesa.

Wtérne metabolity mikrobiologiczne, w szczegdlnosci bakteriocyny, stanowia
istotng grupe naturalnych S$rodkow biokonserwujacych o potencjale zastosowania
w technologii przetworstwa migsa. Z uwagi na ograniczenia zwigzane z ich waskim
spektrum dziatania, oddzialywaniem z komponentami matrycy migsnej oraz ryzykiem
rozwoju opornosci, coraz czesciej badane sg kombinacje roznych bakteriocyn w ramach
technologii ,,ptotkéw” [33,34]. Szczegdlnie intensywnie analizowano uktady skierowane
przeciwko Listeria monocytogenes, istotnemu patogenowi produktéw migsnych typu

ready-to-eat. Wykazano, ze potaczenie bakteriocyn takich jak nizyna, laktocyna 705 oraz
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enterocyna CRL35 wykazywalo silniejsze dzialanie antilisterialne niz ich zastosowanie
pojedyncze, a najwicksza skuteczno$¢ obserwowano w kombinacjach zawierajacych
nizyn¢ [35]. Castellano 1 in. (2018) [36] udowodnili, Zze mieszanina czg$ciowo
oczyszczonych bakteriocyn (pochodzacych z Latilactobacillus curvatus CRL705
1 L. sakei CRL1862), kwaséw organicznych oraz nizyny catkowicie hamowala wzrost
L. monocytogenes w parowkach przez caly okres przechowywania chlodniczego.
Skuteczno$¢ biokonserwacji moze by¢ dodatkowo wzmacniana poprzez taczenie
bakteriocyn z BLIS. Sant’Anna i in. (2013) [37] wykazali, ze kombinacja BLIS
syntetyzowanych przez Bacillus sp. P34 z nizyng istotnie skuteczniej redukowata
liczebno$¢ L. monocytogenes w kietbasach drobiowych niz BLIS stosowane
samodzielnie. Takie podejscie jest szczegolnie korzystne w produktach miesnych
o podwyzszonej zawarto$ci tluszczu, gdzie aktywnos$¢ bakteriocyn moze byc¢
ograniczona wskutek ich wigzania z komponentami hydrofobowymi pochodzacymi
z matrycy [38].

Dostepne  dane  wskazuja, ze  kombinacje  réznych  S$rodkow
przeciwdrobnoustrojowych pochodzenia mikrobiologicznego stanowia obiecujace
narzg¢dzie biokonserwacji migsa. Jednoczesnie zroznicowana skuteczno$¢ obserwowana
w zalezno$ci od sktadu matrycy, czy doboru szczepdéw uzasadnia dalsze badania nad

racjonalnym projektowaniem takich uktadéw w ramach technologii ,,ptotkow”.

2.2 Bakterie fermentacji mlekowej — aktywnos$¢ przeciwdrobnoustrojowa

Bakterie fermentacji mlekowej (LAB, ang. lactic acid bacteria) to powszechnie
wystepujace, Gram-dodatnie, niezarodnikujace  bakterie  naturalnie  obecne
w fermentowanych produktach ro$linnych, mlecznych 1 migsnych. Sa uznawane
za bezpieczne, liczne gatunki 1 szczepy LAB posiadaja status GRAS nadany przez FDA
[39] oraz znajdujg si¢ na liscie QPS prowadzonej przez EFSA [40], a takze s3 cenione
za potencjal prozdrowotny [41]. Przez wiele lat utozsamiano LAB przede wszystkim
zrodzajem Lactobacillus, ktéry postrzegano jako jednorodna i dominujaca grupe
mikroorganizmow bakterii fermentacji mlekowej. W ostatnim czasie analizy genomowe
ujawnily wysoka heterogenicznos¢ filogenetyczng rodzaju Lactobacillus, co wskazalo na
nieadekwatno$¢ dotychczasowej klasyfikacji. W 2020 roku dokonano wigc pelnej
rewizji, prowadzac do wyodrebnienia 25 nowych rodzajéw i zmiany nazw niemal 200

gatunkow, aby lepiej odzwierciedli¢ rzeczywista réznorodno$¢ genetyczng LAB [42].
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Czgs¢ szczepow LAB wykazuje wiasciwos$ci probiotyczne, speniajac kryteria
bezpieczenstwa, funkcjonalnosci i przydatnosci technologicznej, a ich korzystny wplyw
na zdrowie potwierdzono w licznych zastosowaniach do zywno$ci funkcjonalnej
1 preparatow  farmaceutycznych  [43]. LAB  obejmuja  gatunki = homo-
1 heterofermentatywne, ktore roznig si¢ profilem wytwarzanych metabolitow [44,45].
Moga syntetyzowac zwigzki o wilasciwosciach przeciwdrobnoustrojowych, dominuja
kwas mlekowy (CsHsOs), octowy (CHs:COOH), propionowy (CH3:CH>COOH), diacetyl
(C4H602), CO:, nadtlenek wodoru (H20:) oraz bakteriocyny, czy peptydy o dziataniu
przeciwdrobnoustrojowym [46]. Ponadto, selektywnie wytwarzane przez niektore
szczepy LAB metabolity, takie jak reuteryna i reuterycyklina, charakteryzujg si¢ silng
aktywno$cia bakteriobojcza [46].

W praktyce biokonserwacji zywnosci LAB moga by¢ stosowane w roéznych
formach, w zalezno$ci od rodzaju produktu, warunkéw jego przechowywania oraz
oczekiwanego efektu przeciwdrobnoustrojowego. Najczesciej wykorzystywane jest
bezposrednie wprowadzanie zywych komoérek LAB w postaci kultur starterowych lub
niestarterowych kultur ochronnych, ktore konkuruja z drobnoustrojami niepozadanymi
1 wytwarzaja metabolity hamujace ich wzrost [47,48]. Alternatywng strategig jest
zastosowanie wyodrebnionych metabolitow LAB, takich jak bakteriocyny, kwasy
organiczne czy inne niskoczasteczkowe zwiazki przeciwdrobnoustrojowe [49]. Coraz
wigksze zainteresowanie budzi roéwniez wykorzystanie postbiotykéw, definiowanych
jako preparaty ztozone z nieozywionych mikroorganizméw i/lub ich sktadnikow, ktoére
wywierajg korzystny efekt zdrowotny u gospodarza [50], w tym dzialanie
przeciwdrobnoustrojowe. W praktyce technologicznej inne wykorzystywane preparaty
LAB, poza postbiotykami, obejmuja najczgsciej supernatanty hodowlane oraz rdéznego
rodzaju ekstrakty komodrkowe [51], ktore umozliwiaja wykorzystanie aktywnosci
biologicznej LAB bez koniecznosci wprowadzania zywych komorek bakterii
do produktu.

W odniesieniu do bakteriocyn, do chwili obecnej jedynie nizyna (produkt
Nisaplin®), syntetyzowana przez Lactococcus lactis, pozostaje jedyna bakteriocyna
zatwierdzong przez FAO (ang. Food and Agriculture Organization) jako S$rodek
konserwujacy zywnos¢. Nizyna jest takze uwzgledniona w Unijnym wykazie dodatkow
do zywnosci w Rozporzadzeniu Parlamentu Europejskiego i Rady (WE) nr 1333/2008
w sprawie dodatkow do zywnos$ci, co oznacza, ze jest dopuszczona do stosowania

w okreslonych kategoriach produktéw spozywczych na rynku UE [165]. Z kolei
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pediocyna PA-1 (preparaty MicroGARD™ oraz ALTA 2431), mimo Zze zostala
skomercjalizowana jako skladnik $rodkéw konserwujacych zywnos$¢, nie uzyskata
dotychczas oficjalnego zatwierdzenia do stosowania w konserwacji zywnosci [15].
Ponadto, inne bakteriocyny rowniez wykazuja potencjal w biokonserwacji,
co potwierdzaja aktualne doniesienia naukowe [52].

Podsumowujac, fermentacja weglowodandéw przez LAB od lat wykorzystywana
jest w celu przedhuzania trwato$ci zywnos$ci, a kontrolowane uzycie tych kultur

to naturalna alternatywa wobec syntetycznych dodatkow stuzacych jej utrwaleniu [46].

2.3 Bakterie kwasu octowego — aktywnos¢ przeciwdrobnoustrojowa

Bakterie kwasu octowego (AAB, ang. acetic acid bacteria) sa Gram-ujemnymi,
tlenowymi, nieprzetrwalnikujagcymi paleczkami, najczgdciej izolowanymi z owocow,
miodow, fermentujacych napojow alkoholowych, octow, a takze z réznych roslin,
zardwno uprawnych, jak i dziko rosnacych [53]. Wykazuja dodatnig aktywnos¢ katalazy,
ujemna oksydazy i sg szeroko stosowane przemystowo, zwlaszcza w produkcji octu,
celulozy bakteryjnej 1 wybranych farmaceutykéw [54]. Ich kluczowym szlakiem
metabolicznym jest tlenowe utlenianie etanolu do kwasu octowego, a w niektérych
przypadkach takze jego dalsza nadoksydacja [55]. Uczestniczag takze w procesie
wytwarzania wina, cydru oraz napoju kombucha [56]. W niektorych przypadkach znajduja
réwniez zastosowanie w dojrzewaniu produktéw migsnych, takich jak fermentowane
kietbasy, gdzie wplywaja na rozwoj specyficznych cech sensorycznych 1 stabilno$¢
mikrobiologiczng [57]. W przeciwienstwie do LAB, AAB stosuje si¢ glownie jako
mieszane, niezdefiniowane kultury (backslopping). Sposrdd nich jedynie Gluconobacter
oxydans zostal objety statusem QPS, z zastrzezeniem uzycia w produkcji witamin [58].
Najczgsciej wykorzystywanymi w przemysle spozywczym gatunkami sa Acetobacter
pasteurianus,  Komagataeibacter  europaeus oraz  Gluconobacter  oxydans.
A. pasteurianus szybko wytwarza kwas octowy, lecz jest podatny na nadoksydacje [59],
podczas gdy K. europaeus toleruje wysokie st¢zenia kwasu i1 etanolu oraz jest
wykorzystywany do produkcji celulozy bakteryjnej [60]. Z kolei G. oxydans skutecznie
wytwarza kwas glukonowy i jego pochodne, co czyni go cennym mikroorganizmem
w biotechnologii, m.in. w produkcji witaminy C, miglitolu 1 dihydroksyacetonu [61].

Bakterie kwasu octowego wykazuja aktywno$¢ przeciwdrobnoustrojowa przede
wszystkim dzieki tlenowemu utlenianiu etanolu do kwasu octowego (CH;COOH),

zwiazku o silnych wtasciwosciach konserwujacych, oraz innych kwasow organicznych,
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co prowadzi do istotnych zmian warunkéw $rodowiskowych ograniczajacych rozwoj
drobnoustrojéw niepozadanych [56]. Wysoka tolerancja AAB na $rodowisko kwasne
umozliwia im dominacj¢ w takich uktadach, co znajduje zastosowanie w procesach
technologicznych, m.in. w produkcji octu oraz fermentacji mieszanej napoju kombucha
[62]. Natomiast celuloza bakteryjna moze tworzy¢ ochronng matryce polisacharydowa,
stanowigcg barier¢ fizyczng ograniczajaca dostep drobnoustrojow niepozadanych
1 sprzyjajaca stabilnosci mikrobiologicznej produktu [63]. Cho¢ w poréwnaniu do LAB
potencjal przeciwdrobnoustrojowy AAB jest stabiej poznany, rosngce zainteresowanie
ich wlasciwos$ciami przeciwdrobnoustrojowymi wskazuje na ich mozliwe zastosowanie
jako element wspomagajacy biokonserwacje w wybranych produktach fermentowanych

[64].

2.4 Potencjal zastosowania metabolitow LAB i AAB w biokonserwacji

zywnosci

W obliczu rosnacego zapotrzebowania na biologiczne metody utrwalania
zywnosci, coraz wicksze zainteresowanie wzbudza mozliwos¢ wykorzystania
bakteryjnych metabolitow, zwtaszcza LAB 1 AAB. Mikroorganizmy te syntetyzuja
szereg zwigzkow o udokumentowanej aktywnos$ci przeciwdrobnoustrojowej, takich jak
wspomniane we wczesniejszych rozdziatach: bakteriocyny, kwas mlekowy, octowy,
glukonowy, glukuronowy, nadtlenek wodoru, diacetyl czy dwutlenek wegla. Zwiazki
te wptywaja na obnizenie pH, zaburzenia funkcjonowania bton komoérkowych
mikroorganizmow, a takze generowanie stresu oksydacyjnego, co skutecznie ogranicza
rozwoj bakterii patogennych i mikroorganizméw odpowiedzialnych za psucie Zywnosci
[18,65].

Laczne wystgpowanie oraz funkcjonalne wspotdziatanie LAB 1 AAB znajduje
szerokie zastosowanie w technologii zywnos$ci, przede wszystkim w procesach
fermentacji tradycyjnych fermentacji 1 projektowania nowoczesnych produktow
spozywczych. W takich systemach mikrobiologicznych obie grupy bakterii moga
wspotwystepowa¢ w procesie sukcesji ekologicznej, tworzac zlozone spotecznosci,
w ktorych zachodzag zar6wno interakcje synergistyczne, jak 1 antagonistyczne.
Przyktadami produktow, w ktorych obserwuje si¢ taka koegzystencje mikroorganizmow,
sg ocet, kwasne piwa, fermentowane ziarna kakao i kawy, napoje kefirowe, napoj
kombucha oraz zakwas [53]. Jak wskazano w pracy przegladowej Han i in. (2024) [53]

inne mikroorganizmy czesto wspomagaja wzrost AAB 1 produkcje kwasu octowego,
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natomiast same AAB wykazuja dominujacy, hamujacy wptyw na LAB i drozdze,
gléwnie poprzez produkcje kwasu octowego, generowanie reaktywnych form tlenu oraz
zaburzenia komunikacji quorum sensing. Bezpos$rednig analiz¢ interakcji LAB-AAB
przeprowadzono m.in. w badaniu Xia 1 in. (2022) dotyczacym fermentacji statej
tradycyjnego chinskiego octu zbozowego [66]. Wykazano w nim, ze Acetobacter
pasteurianus hamowal wzrost i metabolizm Lactobacillus helveticus, mimo braku
bezposredniej konkurencji o sktadniki odzywcze, co wskazuje na relacje typu
amensalizmu. Z kolei w badaniu Chai 1 in. (2020) [67] wykazano, ze pomimo
zahamowania wzrostu LAB przez AAB, kokultura L. casei 1 A. pasteurianus prowadzita
do synergicznego zwickszenia produkcji acetoiny oraz modulacji metabolizmu calej
mikrobioty fermentacyjnej, poprawiajac profil fermentacyjny octu.

Dostepne sg jedynie ograniczone dane dotyczace lacznego stosowania preparatow
bakteryjnych czy zwigzkéw przeciwdrobnoustrojowych wytwarzanych przez LAB
1 AAB w biokonserwacji zywnosci. Castellano i in (2018) [36] wykazali, ze polaczenie
bakteriocyny produkowanej przez Latilactobacillus sakei z kwasami organicznymi
(mlekowym 1 octowym) skutecznie eliminowato Listeria monocytogenes z pardwek
podczas chlodniczego przechowywania. Z kolei Ghabraie 1 in. (2016) [68] zastosowali
mikrokapsutki zawierajagce m.in. nizyn¢ oraz sole kwasow organicznych, uzyskujac
istotne obnizenie liczebno$ci L. monocytogenes w kielbasach wieprzowych. Nalezy
jednak podkresli¢, ze w tego typu badaniach pochodzenie zastosowanych kwasow
organicznych nie bylo okreslone, co uniemozliwia jednoznaczne przypisanie ich
aktywnos$ci do metabolizmu bakterii AAB.

Podsumowujac, mimo istniejacych badan nad tacznym stosowaniem bakteriocyn
LAB i kwasow organicznych w biokonserwacji zywnosci oraz licznych doniesien
o interakcjach LAB 1 AAB w procesach wytwarzania zywnosci fermentowane;j,
zauwazono brak danych literaturowych dotyczacych celowego stosowania metabolitow
LAB 1 AAB jako zintegrowanego systemu biokonserwacji zywnos$ci. Jednoczes$nie,
zamiast izolowania pojedynczych metabolitow, co jest kosztowne 1 technicznie
wymagajace, atrakcyjng alternatywa wydaje si¢ wykorzystanie bezkomorkowych
preparatow (CFS) — supernatantow zawierajacych mieszaning metabolitow
o potencjalnym dzialaniu przeciwdrobnoustrojowym, ktore mogg dziata¢ synergistycznie
1 stanowi¢ skuteczne, a zarazem technologicznie przystgpne rozwigzanie w kontekscie

biokonserwacji.
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Jednoczesnie brak jest danych dotyczacych skutecznosci potaczonego CFS z LAB
1 AAB w warunkach rzeczywistych, szczegolnie w wyrobach migsnych, ktore ze wzgledu
na wysokg zawartos¢ wody, wartos¢ odzywcza i podatno$¢ na psucie stanowig
odpowiednig matryc¢ do oceny naturalnych barier biologicznych. Polagczony potencjat
LAB i AAB wydaje si¢ szczegolnie obiecujacy, zarbwno z uwagi na komplementarnos¢
wytwarzanych metabolitow, jak i mozliwe efekty synergiczne. Zastosowanie ich
w ramach strategii fgczacych rézne naturalne bariery mikrobiologiczne moze zwigkszy¢
skuteczno$¢ hamowania rozwoju niepozadanych mikroorganizméw przy minimalnym
wplywie na jako$¢ sensoryczng produktéw, co uzasadnia potrzebe dalszych badan

zardwno in vitro, jak i w rzeczywistych modelach spozywczych.
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3. CELIHIPOTEZY BADAWCZE

Celem badan byla identyfikacja metabolitow bakterii fermentacji mlekowej
i bakterii kwasu octowego, analiza ich synergistycznego dzialania w ukladach
modelowych wobec bakterii patogennych 1 psujacych zywno$¢ oraz ocena mozliwosci

ich zastosowania jako biologicznego srodka konserwujgcego migso i wyroby migsne.

Cel pracy realizowany byt w oparciu o nastepujace hipotezy badawcze:

[H1]. Metabolity wytwarzane przez wybrane szczepy bakterii fermentacji mlekowe;j
oraz bakterii kwasu octowego, stosowane w mieszaninach, wykazujg synergistyczne
dzialanie przeciwdrobnoustrojowe wobec bakterii patogennych i psujacych migso

oraz jego wyroby.

[H2]. Efekt przeciwdrobnoustrojowy metabolitow bakterii fermentacji mlekowej
1 bakterii kwasu octowego wynika z komplementarnego dzialania kwasow
organicznych, bakteriocyn i innych zwigzkéw bioaktywnych wytwarzanych przez

te mikroorganizmy.

[H3]. Aplikacja wybranych metabolitéw bakteryjnych i1 ich mieszanin do migsa,
prowadzi do poprawy jakosci mikrobiologicznej oraz wydluzenia trwatosci

przechowalniczej wyrobow migsnych surowych.
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3.1 Zakres pracy
Zakres oraz metody badawcze, opisane i zastosowane w niniejszej rozprawie

doktorskiej, zostaty zaprezentowane ponizej (tab. 1).

Tabela 1. Zakres i etapy badan przeprowadzonych w rozprawie doktorskie;.

bEz:lt;;)ﬁ Temat ?ﬁ:gglyy Publikacja
Ocena synergistycznego efektu polqczenia roznych barier
mikrobiologicznych w ksztaltowaniu bezpieczenstwa i trwatosci
migsa i jego wyrobow — studium literaturowe.
Etap I . y i . 4.1.1.,4.2.1. [P1]
1. Analiza wynikow badan w oparciu o systematyczny
przeglad literatury.
2. Identyfikacja luki badawczej i selekcja szczepéw LAB
i AAB do badan eksperymentalnych.
Ocena efektu antymikrobiologicznego i biokonserwujgcego in
vitro oraz in situ polgczenia metabolitow LAB i AAB.
1. Ocena whasciwosci fizykochemicznych,
przeciwdrobnoustrojowych i przeciwutleniajacych
metabolitow LAB i AAB.
Eta 2. Analiza determinantéw genetycznych oraz analiza
Y . A 4.1.2, 4.1.3,
I proteomiczna zwiazkéw bioaktywnych obecnych w CFS | ;5" [P2], [P3]
szczepow Lacticaseibacillus paracasei B1
i Lactiplantibacillus plantarum O24.
3. Weryfikacja skutecznoSci biokonserwacyjnej
metabolitow LAB i AAB w warunkach modelowych.
4. Wybor preparatéw metabolitow LAB i AAB
do dalszych badan i okreSlenie warunkéw ich
zastosowania.
Ocena jakosci i trwalosci surowych wyrobow migsnych
poddanych biokonserwacji preparatami metabolitow LAB
i AAB — badania aplikacyjne w skali pottechnicznej.
1. Ocena wplywu mieszaniny metabolitow LAB i AAB
Etap na jakos¢ mikrobiologiczng i trwalo$¢ modelowego | 412 414,
I wyrobu migsnego surowego podczas przechowywania. | 47> [P4]
2. Ocena wplywu mieszaniny metabolitow LAB i AAB
na stabilno$¢ oksydacyjng modelowego wyrobu
miesnego surowego podczas przechowywania.
3. Ocena wplywu mieszaniny metabolitow LAB i AAB
na wybrane parametry fizykochemiczne modelowego
wyrobu migsnego surowego podczas przechowywania.
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4. MATERIALY I METODY BADAN

4.1 Material do badan

4.1.1 Publikacje zakwalifikowane do przegladu systematycznego

W etapie | badan material do analizy stanowily publikacje naukowe z zakresu
mikrobiologii zywnosci, dotyczace zastosowania kombinacji substancji o aktywnosci
przeciwdrobnoustrojowej pochodzenia bakteryjnego w ograniczaniu wzrostu bakterii
chorobotworczych oraz mikroorganizméow powodujacych psucie zywnosci w migsie
1jego przetworach. W wyniku selekcji do dalszej oceny zakwalifikowano

45 unikatowych badan, ktore stanowily podstawg analizy jako$ciowe;.

4.1.2 Szczepy bakterii

Do badan realizowanych w ramach etapu Il oraz III wykorzystano cztery szczepy
bakterii o udokumentowanym potencjale przeciwdrobnoustrojowym, w tym dwa szczepy
LAB oraz dwa szczepy AAB, pochodzace z kolekcji mikroorganizmow Katedry
Technologii Gastronomicznej i Higieny Zywnosci Instytutu Nauk o Zywieniu Cztowieka
Szkoly Glownej Gospodarstwa Wiejskiego w Warszawie.

Szczepy LAB: Lacticaseibacillus paracasei Bl (nr GenBank: CP161807,
CP161808), wyizolowany z polskiego regionalnego sera owczego bundz, oraz
Lactiplantibacillus plantarum 024 (nr GenBank: CP157747-CP157755), pochodzacy
z ogorkow kiszonych, zostaty wybrane na podstawie wcze$niejszych badan Oldak i in.
(2017) [69], Zielinskiej i in. (2015) [70], Zielinskiej i in. (2019) [71] oraz Zielinskiej 1 in.
(2021) [72], w ktorych wykazano ich aktywnos$¢ przeciwdrobnoustrojowg in vitro oraz
potencjalne wtasciwosci probiotyczne.

Z kolei szczepy AAB obejmowaty Gluconobacter oxydans KNS32 (nr GenBank:
0Q597203), wyizolowany =z lokalnego napoju kombucha, ktérego potencjal
postbiotyczny supernatantu opisano wczesniej przez Neffe-Skocinska 1 in. (2024) [73],
oraz Komagataeibacter saccharivorans KOMI1 (nr GenBank: 0Q594827), pozyskany
z lokalnego octu miodowego. Wybor szczepu K. saccharivorans KOMI1 uzasadniono
jego przynalezno$cia do rodzaju powszechnie wykorzystywanego w procesach
biotechnologicznych zwigzanych z utlenianiem zwigzkow organicznych oraz zdolno$cia
do wytwarzania metabolitow o potencjalnym znaczeniu przeciwdrobnoustrojowym.

Szczepy przechowywano w temperaturze —80 °C w postaci stokéw z dodatkiem
20% (v/v) glicerolu, odpowiednio w podtozu MRS (LAB) lub GC (AAB). Przed

rozpoczeciem doswiadczen szczepy rozmrazano, a nastgpnie aseptycznie inokulowano
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do odpowiednich podtozy hodowlanych i inkubowano w warunkach optymalnych dla
danego rodzaju mikroorganizméw. Hodowle LAB prowadzono w bulionie MRS
w temperaturze 37 °C, z zapewnieniem warunkow beztlenowych przy uzyciu stojow
anaerobowych z saszetkami AnaeroGen™, natomiast hodowle AAB prowadzono
tlenowo w podtozu Hestrina i Shramma (HS) w temperaturze 28 °C przez 48 h. W obu
przypadkach uzyskiwano aktywne hodowle o liczebnosci rzgdu 107-10° jtk/ml.

Po zakonczeniu inkubacji hodowle wirowano (3341xg, 15 min) w celu
oddzielenia biomasy komorkowej, a uzyskane supernatanty filtrowano sterylnie przez
filtry o $rednicy porow 0,22 um. Dla szczepoéw LAB przygotowano trzy typy preparatow:
bezkomoérkowe supernatanty (CFS), supernatanty z hodowli poddanych inaktywacji
termicznej (hkCFS; 80 °C, 20 min) oraz supernatanty zneutralizowane do pH 6,0 + 0,2
(nCFS) przy uzyciu 1 M NaOH w celu eliminacji wptywu kwaséw organicznych.
W przypadku szczepéw AAB, na podstawie badan wstepnych wykazujacych utratg
aktywnos$ci przeciwdrobnoustrojowej po inaktywacji termicznej i neutralizacji pH,
przygotowano wytacznie bezkomodrkowe supernatanty (CFS), zgodnie z analogiczna
procedura separacji i filtracji dotyczaca szczepéw LAB.

W ramach badan nad wilasciwo$ciami przeciwdrobnoustrojowymi, zastosowano
wyselekcjonowane szczepy wskaznikowe, obejmujace bakterie Gram-dodatnie: Listeria
monocytogenes ATCC 19111, Staphylococcus aureus ATCC 25923, Bacillus spizizenii
ATCC 6633 (wczesniej klasyfikowany jako Bacillus subtilis subsp. spizizenii) oraz
Enterococcus faecalis ATCC 51299, a takze bakterie Gram-ujemne: Salmonella enterica
subsp. enterica serovar Enteritidis ATCC 13076, Escherichia coli ATCC 10536 oraz
Pseudomonas fluorescens PCM 2123. Ponadto, do badan wykorzystano szczegodlny
szczep wskaznikowy — Escherichia coli O157:H7, dostepny podczas odbywanego
w 2023 roku stazu naukowego na University of Calgary (Kanada). Jest to szczep
o wysokiej zjadliwosci, nalezacy do grupy enterohemoragicznych E. coli (EHEC),
charakteryzujacy si¢ zdolnoscig do wytwarzania toksyn Shiga i powodowania cigezkich
zakazen u ludzi. Z tego wzgledu wszystkie eksperymenty z jego uzyciem
przeprowadzano w warunkach zwigkszonego rezimu bezpieczenstwa biologicznego.

Wszystkie szczepy przechowywano w postaci zawiesin glicerolowych, a przed
uzyciem aktywowano poprzez wysiew na odpowiednie podioza selektywne i roznicujace
wlasciwe dla danego gatunku bakterii. Plytki z posiewami inkubowano w temperaturze

37 °C przez ok. 24 godziny. Nast¢pnie pojedyncze kolonie kazdego szczepu przenoszono
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do bulionu Mueller-Hinton, w ktérym prowadzono hodowle tlenowe, w warunkach

statycznych badz z fagodnym mieszaniem, w zalezno$ci od wymagan szczepu.

4.1.3 Model badawczy z mi¢sa drobiowego

W etapie Il badan do oceny dzialania przeciwdrobnoustrojowego zastosowano
surowe filety z piersi kurczaka (Morliny, Animex, Kutno, Polska), ktore porcjowano
aseptycznie (ok. 5 g). Migso inokulowano 10 pL zawiesiny Sa/monella Enteritidis ATCC
13076 o koncowym poziomie ok. 1 x 103 jtk/g. Nastepnie na powierzchni¢ migsa
naktadano jatowy papier bibulowy, po czym aplikowano 200 pL. wybranych preparatow
bakteryjnych (kontrola: woda MilliQ). Préby inkubowano 24 h w temp. 37 °C oraz 7 dni

w temp. 4 °C. Doswiadczenie wykonano w trzech niezaleznych powtorzeniach (rys. 2).

Rysunek 2. Przyktad przygotowanej porcji migsa drobiowego w modelu badawczym
zastosowanym w etapie II. Zrddlo: opracowanie wiasne z wykorzystaniem narzedzia
sztucznej inteligencji (M365 Copilot).

4.1.4 Modelowy wyréb miesny surowy

W etapie III pracy jako matryce do badan zastosowano modelowy surowy wyrob
migsny typu migso garmazeryjne, ktory zostal wytworzony z migsa drobnego klasy II
z szynki wieprzowej, rozdrobnionego przez siatke o Srednicy oczek 8 mm z dodatkiem

soli 1 wody. Migso pochodzito z péttusz wieprzowych pozyskanych 48 h po uboju,
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schtodzonych do 2 °C i pozbawionych wad jakos$ciowych. Jego podstawowy sktad
chemiczny ($rednia = SD, n=3) wynosil: woda — 60,95 £ 1,83%, biatko — 16,00 £ 0,90%,
kolagen — 1,36 + 0,22%, tluszcz — 22,48 + 2,25%. Surowiec zakupiono w lokalnym
zaktadzie przetworstwa migsnego (okolice Warszawy, Polska). Produkcje modelowego
wyrobu migsnego przeprowadzono w hali technologicznej Zaktadu Technologii Migsa
1 Thuszczu IBPRS w Warszawie.

Migso podzielono na jednorodne porcje i przyporzadkowano do trzech grup:
dwoch badawczych oraz kontrolnej. Stezenie preparatow bakteryjnych ustalono na taczny
dodatek 2,5% (v/v).

e Proba 1 zawierata:1,25% (v/v) hkCFS z Lacticaseibacillus paracasei Bl, 1,25%
(v/v) CFS z Komagataeibacter saccharivorans KOM1, 2,5% wody (v/v) oraz 1% soli.

e Préba 2 zawierala 1,25% (v/v) hkCFS z Lactiplantibacillus plantarum 024, 1,25%
(v/v) CES z Gluconobacter oxydans KNS32, 2,5% wody (v/v) oraz 1% soli.

e Proba kontrolna zawierala jedynie 5% wody oraz 1% soli.

Po doktadnym wymieszaniu proby porcjowano, pakowano prézniowo i przechowywano

w temp. 4+ 1 °C. Analizy prowadzono w 0, 3, 6 i 9 dniu przechowywania.

Doswiadczenie wykonano w trzech niezaleznych powtdrzeniach (rys. 3).

4.2 Metody badan
4.2.1 Badanie literaturowe

Przeglad systematyczny literatury naukowej miat na celu identyfikacj¢ 1 oceng
badan  dotyczacych  zastosowania  kombinacji  substancji o  aktywnos$ci
przeciwdrobnoustrojowej pochodzenia bakteryjnego w ograniczaniu wzrostu bakterii
chorobotwdrczych i powodujacych psucie Zywnos$ci, w migsie 1 jego przetworach. W celu
okreslenia zakresu badania zastosowano metodologie PICO (ang. Population,
Intervention, Comparator, Outcome). System ten wywodzi si¢ z badan medycznych,
gdzie jest powszechnie stosowany do formutowania pytan badawczych i1 definiowania
kryteriow wiaczenia w przegladach systematycznych. W niniejszej pracy zostat
on zaadaptowany na potrzeby nauk o Zyciu, poniewaz w tej dziedzinie nie opracowano
dotad dedykowanego, powszechnie uznanego schematu do prowadzenia przegladow

systematycznych.
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Proba 1 Proba 2 Proba kontrolna

Rysunek 3. Surowiec migsny modelowego wyrobu surowego z dodatkiem mieszanin
preparatéw metabolitéw LAB i AAB (Proba 1 i Proba 2) oraz proba kontrolna. A —
surowiec migsny bezposrednio po etapie przygotowania prob; B — proby po wymieszaniu,
porcjowaniu i1 zapakowaniu prozniowym, przygotowane do przechowywania
w warunkach chtodniczych. Zrédto: materiaty wiasne.

e Populacja (P): migso i produkty migsne,

e Interwencja (I): zastosowanie kombinacji czynnikdéw przeciwdrobnoustrojowych
pochodzenia bakteryjnego,

e Poréwnanie (C): brak zastosowania kombinacji, zastosowanie pojedynczego
czynnika lub innych $rodkéw przeciwdrobnoustrojowych,

e Wynik (O): efektywnos¢ strategii przeciwdrobnoustrojowych oraz wydtuzenie
trwato$ci produktow.
Proces wyszukiwania literatury przeprowadzono w lutym 2023 r. Identyfikacja

publikacji zostala przeprowadzona w ramach systematycznego przeszukania
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migdzynarodowych baz danych: PubMed, Scopus oraz Web of Science, ograniczajac
wyniki do publikacji w jezyku angielskim. Do dalszej analizy wtaczano badania:
e opublikowane po roku 2000,
e obejmujace eksperymentalne badania in vitro,
e opisujagce synergistyczne dziatanie czynnikéw pochodzenia mikrobiologicznego
W migsie i1 jego przetworach.
Z analizy wytaczano:
e badania in vivo oraz badania kliniczne,
e prace nieopisujace szczegotowo zastosowanych czynnikow
przeciwdrobnoustrojowych lub warunkéw ich uzycia,
e opracowania przegladowe, listy do redakcji, opisy przypadkdéw, dane
nieopublikowane oraz publikacje zduplikowane.
Proces selekcji zostat przeprowadzony zgodnie z wytycznymi PRISMA.
Na etapie selekcji odrzucono réwniez prace dotyczace taczenia czynnikow
mikrobiologicznych z kwasami organicznymi oraz ich solami, ze wzgledu
na niejednoznaczne pochodzenie tych zwigzkéw (mikrobiologiczne lub chemiczne),
co utrudnialo jednoznaczng interpretacje uzyskiwanych wynikow. W  wyniku
przeszukania baz danych zidentyfikowano tacznie 1307 publikacji, w tym 134 w bazie
PubMed, 452 w bazie Scopus oraz 721 w bazie Web of Science. Dodatkowo, poprzez
analiz¢ bibliografii publikacji zakwalifikowanych oraz wyszukiwania uzupehiajace
w Internecie, zidentyfikowano 20 kolejnych opracowan, ktore uwzgledniono
w ostatecznej analizie. Z uwagi na wysoka roznorodnos¢ (heterogenicznos$¢) w zakresie
metod, warunkéw badan oraz analizowanych efektow wilaczonych badan, nie
przeprowadzono metaanalizy iloSciowej. Wyniki opracowano w formie opisu
jakosciowego, z uwzglednieniem poréwnania glownych wnioskow z poszczegdlnych

badan.

4.2.2 Badania analityczne
Badania mikrobiologiczne
e Aktywnos$¢ przeciwdrobnoustrojowa metabolitow bakteryjnych oraz ich mieszanin
(1:1, v/v) oceniano metoda dyfuzji w podtozu agarowym. Szczepy wskaznikowe
namnazano w bulionie Mueller-Hinton przez 24-48 h w temperaturze 37 °C
do uzyskania stezenia okoto 1,4 x 107 jtk/mL. Nastepnie agar Mueller—Hinton

zaszczepiano hodowla wskaznikowa w ilosci 1% inokulum, uzyskujac koncowe
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stezenie okoto 1 x 10¢ jtk/mL, po czym podtoze wylewano na jatowe szalki Petriego.
Po zestaleniu agaru wycinano studzienki o $rednicy 5,5 mm, ktére napetniano 100 puL
badanego preparatu (CFS, hkCFS, nCFS lub ich mieszanin). Posiewy inkubowano
przez 18 h w temperaturze 37 °C, a nastgpnie oceniano obecnos¢ stref zahamowania
wzrostu.  Srednice  stref inhibicji mierzono suwmiarka, a aktywno$é
przeciwdrobnoustrojowg wyrazano zgodnie ze wzorem: x = D — d, gdzie D oznacza
Srednice strefy inhibicji (mm), a d — srednice studzienki (mm).

Minimalne stezenie hamujgce (MIC) metabolitéw bakteryjnych oznaczano metoda
mikrorozcienczen w bulionie Mueller—Hinton. Hodowle nocne szczepow
wskaznikowych standaryzowano do warto$§ci ODeso = 0,5, a nastgpnie 100 pL
zawiesiny bakteryjnej przenoszono do dotkéw plytki 96-dotkowej. Preparaty bakterii
fermentacji mlekowej (CFS, hkCFS, nCFS) oraz bakterii kwasu octowego (CFS)
poddawano dwukrotnym rozcienczeniom w zakresie 50-0,049% 1 dodawano
do zawiesiny bakterii wskaznikowych w objetosci 100 pL, uzyskujac koncowa
objetos¢ 200 pL na dotek. Dodatkowo oceniano dziatanie kombinacji metabolitow
LAB i AAB metoda mikrorozcienczen w uktadzie szachownicy (1:1, v/v). Ptytki
inkubowano przez 18-24 h w temperaturze 37 °C, po czym wzrost mikroorganizmow
oceniano spektrofotometrycznie na podstawie pomiaru absorbancji przy dlugosci fali
600 nm. Warto$¢ MIC definiowano jako najnizsze stezenie badanego preparatu, przy
ktorym warto$¢ ODesoo byta nizsza niz 0,05. W kazdej serii pomiaro6w uwzgledniano
kontrole dodatnig i ujemna.

Frakcyjne stezenie hamujace (FIC) dla kazdego preparatu obliczano, dzielac MIC
w kombinacji przez MIC samego preparatu. Nastgpnie obliczano wskaznik FICI
(ang. Fractional Inhibitory Concentration Index) jako sume FIC obu preparatow:
FICI = (MIC preparatu A w kombinacji / MIC preparatu A osobno) + (MIC
preparatu B w kombinacji / MIC preparatu B osobno)

gdzie A to preparat pochodzenia LAB, a B to preparat pochodzenia AAB. FICI < 0,5
oznacza synergizm, 0,5—1,0 interakcje addytywng, 1,0—4,0 brak interakcji, a FICI >
4,0 antagonizm.

Analizy mikrobiologiczne migsa drobiowego zakazonego szczepem Salmonella
Enteritidis przeprowadzono po 24 godzinach inkubacji w temp. 37 °C oraz po 7
dniach chlodniczego przechowywania w temp. 4 °C. W celu pobrania proby
z powierzchni migsa wykonywano wymaz jalowym patyczkiem wymazowym, ktory

nastgpnie bezposrednio rozprowadzano na powierzchni odpowiedniego podtoza
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agarowego metodg powierzchniowa. Liczbe drobnoustrojéw oznaczano metoda
ptytkowa, stosujac Plate Count Agar (PCA) (30 °C, 48 h) do oznaczania ogolnej
liczby bakterii oraz Xylose Lysine Deoxycholate Agar (XLD) (37 °C, 24 h)
do selektywnego oznaczania S. Enteritidis. Kazde oznaczenie wykonano w trzech
powtdrzeniach. Wyniki oznaczen liczby drobnoustrojow wyrazano jako logio jtk/g.
Analizy mikrobiologiczne modelowego surowego wyrobu migsnego z dodatkiem
mieszanin metabolitow bakteryjnych prowadzono w 0, 3., 6. oraz 9. dniu
chlodniczego przechowywania. W celu oznaczenia liczby drobnoustrojow oraz
wykrycia obecnosci patogendw proby migsa o masie 10 g lub 25 g homogenizowano
przez 2 min w Stomacherze z odpowiednio 90 mL lub 225 mL buforowanej wody
peptonowej. Nastepnie wykonywano rozcienczenia dziesi¢tne, ktore posiewano
na odpowiednie podioza selektywne. Ogodlng liczbe drobnoustrojéw (OLD)
oznaczano na podtozu PCA po inkubacji w temperaturze 30 °C przez 48 h, bakterie
fermentacji mlekowej (LAB) na podtozu MRS (37 °C, 48 h), Escherichia coli
na podtozu TBX (44 °C, 18-24 h), Enterobacteriaceae na podtozu VRBG (37 °C, 24
h), natomiast gronkowce koagulazo-dodatnie na podtozu RPF (37 °C, 18-24 h).
Obecnos$¢ Salmonella spp. wykrywano po wstepnym namnazaniu w bulionie
tetrationianowym, a nastepnie po posiewie na podtoza XLD oraz Rambach (37 °C,
24 h). Wykrywanie Listeria monocytogenes prowadzono po namnazaniu w bulionach
Half Fraser i Fraser, z wykorzystaniem podtozy selektywnych: agaru chromogennego
Listeria oraz Palcam (37 °C, 24-48 h). Wyniki oznaczen liczby drobnoustrojow
wyrazano jako logio jtk/g.
Badania fizykochemiczne

Zawartos¢ cukrow 1 kwasow organicznych oznaczono w wybranych supernatantach
bakteryjnych oraz odpowiednich podtozach hodowlanych. Analizy wykonano
metodag HPLC z uzyciem kolumny Aminex HPX-87H, stosujac 10 mM H2SOs jako
faz¢ ruchoma (0,5 mL/min, 40 °C). Wykorzystano detekcje UV (210 nm), RI oraz
zewngtrzne krzywe wzorcowe. Oznaczenia przeprowadzono w trzech powtorzeniach.
Zawartos¢ zwigzkow fenolowych (TPC) w preparatach metabolitéw bakteryjnych
oznaczono metoda Folina—Ciocalteu. Po rozcieficzeniu prob w wodzie MilliQ
dodawano odczynnik Folina—Ciocalteu 1 roztwor Na.COs, a nastgpnie inkubowano
30 min w temp. pokojowej. Absorbancj¢ mierzono przy 750 nm. Zawartos$¢ fenoli
wyrazono jako mg GAE/100 mL na podstawie krzywej wzorcowej (R* = 0,999).

Wykonano osiem powtorzen biologicznych.

39



Zdolnos$¢ antyoksydacyjng metabolitow bakteryjnych oznaczano z wykorzystaniem
metod redukcji kationu rodnikowego ABTSe+ oraz rodnika DPPH. Roztwor ABTSe+
przygotowywano zgodnie z procedurg standardowg i rozcienczano do uzyskania
absorbancji 0,7 przy dlugosci fali 734 nm. Nastgpnie roztwdr ten mieszano
z odpowiednio rozcienczonymi probami w stosunku objetosciowym 1:1, a po 6-
minutowej inkubacji mierzono absorbancje przy 734 nm. Redukcj¢ rodnika DPPH
do formy DPPH-H oceniano po 30-minutowej inkubacji mieszaniny prob
z roztworem DPPH o absorbancji 1,1 przy 517 nm, wykonujagc pomiar absorbancji
przy 517 nm. W obu metodach wyniki wyrazano jako rownowaznik kwasu
askorbinowego (VCEAC) na podstawie krzywych wzorcowych o wysokiej
liniowosci (R? = 0,998). Oznaczenia przeprowadzono w o$miu powtdrzeniach
biologicznych.

Odczyn pH preparatéw bakteryjnych oznaczano przy uzyciu pH-metru Orion Star™
A211. Natomiast w przypadku modelowego surowego wyrobu migsnego z dodatkiem
mieszanin metabolitow bakteryjnych proby migsa o masie 10 g homogenizowano
z 50 mL wody destylowanej przez 1 min, po czym pomiar pH wykonywano pH-
metrem Mettler Delta 350 wyposazonym w automatyczng kompensacje temperatury
oraz elektrode szklano-kalomelowa.

Potencjal oksydacyjno-redukcyjny (ORP) modelowego surowego wyrobu migsnego
z dodatkiem mieszanin metabolitow bakteryjnych proby przeprowadzono przy
uzyciu pH-metru Mettler Delta 350 wyposazonego w elektrod¢ redoks InLab Redox
Pro. Uzyskane wartosci przeliczano na potencjat elektrochemiczny EH poprzez
dodanie wartos$ci elektrody odniesienia, wynoszacej 207 mV.

Barwe¢ modelowego surowego wyrobu migsnego z dodatkiem mieszanin metabolitow
bakteryjnych mierzono przy uzyciu spektrofotometru CR-300 w systemie CIE Lab*,
przy standardowym o$wietleniu D65 oraz obserwatorze 2°. Dla kazdego powtorzenia
wykonano sze$¢ niezaleznych pomiardw.

Liczbe kwasowg w probach modelowego wyrobu migsnego oznaczano metoda
miareczkowa zgodnie z norma PN-EN ISO 660:2021-03, pkt 9.3. Wyniki wyrazano
jako mg KOH przypadajace na 1 g produktu, w zakresie pomiarowym 0,05-30,00 mg
KOH/g.
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Liczbe nadtlenkowa oznaczano metoda miareczkowa zgodnie z normg PN-EN ISO
3960:2017-03. Wyniki wyrazano jako milirdwnowazniki tlenu na kilogram produktu
(meq O2/kg).
Utlenianie lipidéw w modelowym surowym wyrobie migsnym z dodatkiem
mieszanin metabolitow bakteryjnych oznaczano metoda TBARS. Préby migsa
o masie 10 g homogenizowano przez 1 min z 4% kwasem nadchlorowym 1 0,01%
BHT w etanolu, nastepnie filtrowano, a 1 mL filtratu inkubowano z 1 mL roztworu
0,02 M TBA w temperaturze 100 °C przez 60 min. Absorbancj¢ mierzono przy 532
nm, a wyniki wyrazano jako mg malondialdehydu (MDA )/kg préby.
Zawarto$¢ cholesterolu okreslano przy uzyciu chromatografii gazowej z detektorem
FID (HP/Agilent 6890 II) zgodnie z procedurg IBPRS-PIB, a wyniki podawano
w mg/100 g produktu.
Sktad kwasow ttuszczowych analizowano metoda chromatografii gazowej (HP 6890
II-FID, kolumna BPX 70) z uzyciem standardu wewng¢trznego C21:0. Identyfikacje
kwasow tluszczowych przeprowadzano poprzez poréwnanie czasOw retencji
z wzorcem Supelco 37-Component FAME Mix, a wyniki podawano w g/100 g
catkowitej zawartosci kwasow thuszczowych.

Badania genetyczne

Genomy szczepoéw B1 1 024 sekwencjonowano w GenXone SA (Ztotniki, Polska)

metoda Nanopore (platforma GridION X5). Po izolacji DNA przygotowano biblioteki

Rapid Barcoding Kit, odczyty przetwarzano w Guppy, a genomy skladano w Flye

1annotowano w Prokka, Bakta oraz z uzyciem RefSeq. Analizy obejmowaty

identyfikacj¢ gendéw opornosci (RGI), przewidywanie HGT (Alien_hunter), wykrywanie
elementéw mobilnych (mobileOG-db), systeméw CRISPR-Cas (CRISPRCas-Finder),

regionow profagowych (VirSorter, Phigaro) oraz genow bakteriocyn (BAGEL4).

Badania proteomiczne
Stabilno$¢  supernatantéw LAB  wobec  czynnikow  fizykochemicznych
1 enzymatycznych badano oceniajac wptyw wysokiej temperatury (20 min w 60, 80,
100 lub 121 °C), szerokiego zakresu pH (2—11, regulowanego 1 M NaOH/HCI) oraz
enzymoOw proteolitycznych (trypsyna, pepsyna, proteinaza K w stezeniu 1 mg/mL,
rozpuszczone w 0,05 M buforze Tris). Przygotowane czynniki inkubowano z CFS
w temperaturze 37 °C przez 2 h, a nastgpnie oceniano aktywno$¢

przeciwdrobnoustrojowa metoda dyfuzyjng wobec L. monocytogenes, S. aureus
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1 S. Enteritidis, wyrazajac wyniki jako utrate strefy zahamowania wzrostu wzgledem
kontroli.

Analize spektroskopowa FT-IR przeprowadzono badajac grupy funkcyjne 1 sktadniki
aktywne w supernatantach CFS oraz w supernatantach po inaktywacji cieplnej
hodowli (80 °C, 5, 15, 30 min). Preparaty suszono, prasowano z KBr i analizowano
w zakresie 4000400 cm™ przy uzyciu spektrofotometru Nicolet 6700.

Czesciowe oczyszczenie 1 frakcjonowanie bialek z supernatantow LAB prowadzono
przez stracanie siarczanem amonu (80%). Po 24 h mieszania w temp. 4°C osady
odwirowywano, rozpuszczano w buforze PBS i dializowano przez 24 h w kasetach
Slide-A-Lyzer™ (pr6ég 2 kDa), a nastgpnie przechowywano w temp. —20 °C.
Aktywnos¢ przeciwdrobnoustrojowa oznaczano metoda mikrorozcienczen wobec
E. coli O157:H7 i wyrazano w AU/mL, a zawarto$¢ biatka okreslano zestawem Qubit
Protein Assay Kit.

Szacowanie masy czasteczkowej biatek przeprowadzono metoda SDS-PAGE przy
uzyciu zeli SurePAGE™ 8-16% oraz wzorca PageRuler Plus (10-250 kDa).
Elektroforeze prowadzono przy 120 V przez 1,5 h, po czym pasma barwiono blekitem
Coomassiego 1 wycigte fragmenty przekazywano do dalszej analizy LC-MS/MS
w Laboratorium Spektrometrii Mas w Instytucie Biochemii i Biofizyki Polskiej
Akademii Nauk (Warszawa, Polska). Do trawienia biatek stosowano sekwencje
odbarwiania w 50% acetonitrylu w 50 mM NHsHCOs, suszenia w 100% ACN,
redukcji cystein DTT (10 mM, 30 min, 57 °C) i alkilacji jodoacetamidem (0,5 M, 45
min, temperatura pokojowa). Trawienie trypsyng (10 ng/uL) prowadzono przez 16—
18 h w temperaturze 37 °C, a uzyskane peptydy ekstrahowano w roztworze 0,1% TFA
12% ACN.

Analiz¢ spektrometrii masowej (LC-MS/MS) przeprowadzono przy uzyciu systemu
Evosep One potaczonego z Orbitrap Exploris 480, wykorzystujac kolumne Evotips
C18 1 gradient 44-minutowy przy przeptywie 500 nL/min. Parametry pomiaru: MS1
—rozdzielczos$¢ 60 000, MS2 — 15 000, dynamiczna ekskluzja 20 s, fragmentacja HCD
przy 32%, temperatura kapilary 275 °C, napiecie 2,1 kV. Dane MS wstepnie
przetworzono przy uzyciu programu Mascot Distiller v2.8.5, a identyfikacj¢ biatek
przeprowadzono na serwerze Mascot v2.8.3.

Identyfikacje bialek przeprowadzono z wykorzystaniem dwoch najczescie)

stosowanych baz danych: SwissProt oraz UniProt/Lactobacillales (v06 2024),
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uzupetionej o bazg zanieczyszczen CRAP. W wyniku analizy wygenerowano raport
z Mascot, zawierajacy listy zidentyfikowanych biatek w kazdym prazku. Dodatkowo,
tam gdzie bylo to mozliwe, uzyskano szczegdélowe informacje na temat
zidentyfikowanych peptydow oraz alternatywnych bialek odpowiadajacych tym
samym zestawom peptydéw. W trakcie analizy utrzymano wskaznik FDR ponizej
5%, zapewniajac wysokg wiarygodnos¢ wynikow.

Analizy statystyczne

W II etapie badan do oceny jednorodnos$ci wariancji zastosowano test Browna-
Forsythe’a, natomiast do weryfikacji normalnosci rozktadu danych uzyto testu Shapiro—
Wilka. Przeprowadzono jednoczynnikowa analize wariancji (ANOVA), a test Tukeya
postuzyt do identyfikacji istotnych réznic pomiedzy zestawami danych (p<0,05).
Wykorzystano oprogramowanie Statistica v13.1.

W 1III etapie badan pomiary wykonano w dniach 0, 3., 6. i 9. Wyniki
przedstawiono jako mediany 1 zakresy migdzykwartylowe. Wplyw czasu
przechowywania oceniano testem Friedmana, a efekt zabiegoéw — testem Kruskala-
Wallisa (o= 0,05). Pordwnania par median wykonano testem Durbin-Conovera z korekta
Dunn-Sidak. Do analizy wielowymiarowej zastosowano eksploracyjng analize
czynnikowg (EFA) z faktoryzacja osi gtdwnych i rotacjg Oblimin, przy liczbie czynnikow
okreslonej na podstawie wartos$ci wtasnych >1 1 tadunkach czynnikowych >0,50 (analiza
dla dni 0 1 9.). Zmiany parametrow w czasie analizowano funkcjonalng analiza
sktadowych glownych (FPCA). Obliczenia wykonano w Jamovi (v. 2.6.26) 1 RStudio
2024.12.1-563.
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5. OMOWIENIE WYNIKOW
5.1 Ocena  synergistycznego efektu polaczenia roznych  barier
mikrobiologicznych w ksztaltowaniu bezpieczenstwa i trwaloSci miesa
i jego wyrobow — studium literaturowe
5.1.1 Analiza wynikow badan w oparciu o systematyczny przeglad
literatury [P1]

W 1 etapie badan, w oparciu o analize¢ dostgpnej literatury naukowe;,
przeprowadzono ocen¢ synergistycznego efektu wynikajgcego z zastosowania roznych
barier mikrobiologicznych w biokonserwacji migsa i jego wyrobow.

Szczegdlowa analiza 45 zakwalifikowanych do systematycznego przegladu
oryginalnych prac badawczych wykazata, ze zdecydowana wigkszo$¢ aplikacji polegata
na dodaniu kultur starterowych bezposrednio do produktéw migsnych w trakcie procesu
fermentacji [P1 — tab. 1]. Innym czgsto stosowanym rozwigzaniem byto laczenie roznych
niestarterowych kultur ochronnych o dziataniu przeciwdrobnoustrojowym [P1 — tab. 2].
W tym przypadku badane produkty migsne nie byly fermentowane, lecz stanowity
produkty $wieze, takie jak migso mielone czy produkty gotowe do spozycia (ready-to-
eat). W obu grupach przypadkéw mieszaniny czynnikow przeciwdrobnoustrojowych
dodawano w postaci $wiezej, liofilizowanej lub w formie supernatantéw uzyskanych
w wyniku wirowania hodowli bakteryjnych. W innych badaniach oceniano potencjalne
zastosowanie metabolitow oraz oczyszczonych lub czgsciowo oczyszczonych zwigzkoéw
biologicznie czynnych pochodzenia mikrobiologicznego, w tym dziatanie synergiczne
bakteriocyn z innymi bakteriocynami, substancjami o dziataniu bakteriocynopodobnym
— BLIS (ang. bacteriocin-like inhibitory substances), reuteryng oraz biatkami warstwy
powierzchniowej (ang. S-layer) [P1 — tab. 3, 4, 5, 6, 7]. W jednym z badan zastosowano
kombinacje biatka przeciwgrzybiczego PgAFP z kulturami ochronnymi [P1 — tab. 8].

Na podstawie dostepnych danych literaturowych mozna stwierdzi¢, ze preparaty
bakteryjne stosowane w badaniach wilaczonych do przegladu systematycznego
w zdecydowanej wigkszo$ci opieraty sie substancjach pozyskanych ze szczepdw bakterii
fermentacji mlekowej. Najcze$ciej wykorzystywano przedstawicieli rodzajow
Leuconostoc, Pediococcus, Lactococcus, Enterococcus oraz bakterie zaliczane wczesniej
do rodzaju Lactobacillus, ktére dominujag w fermentowanych produktach migsnych
ze wzgledu na swoje wlasciwosci technologiczne 1 przeciwdrobnoustrojowe. Rzadziej
w badaniach stosowano preparaty mieszane taczace LAB z koagulazo-ujemnymi

gronkowcami, gtownie Staphylococcus xylosus 1 Staphylococcus carnosus, ktérych
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obecno$¢ miata na celu poprawe cech sensorycznych oraz stabilno$ci produktu.
Najrzadziej wykorzystywano kombinacje LAB z drozdzami, takimi jak Debaryomyces
spp. czy Candida spp., ze wzgledu na ich potencjal w ksztattowaniu aromatu i barwy oraz
udziat w procesach dojrzewania.

Zestawione dane wskazuja, ze odpowiednio dobrane potaczenia
mikrobiologicznych barier moga (1) zwigksza¢ skuteczno$¢ konserwacji, (2) poszerzad
spektrum dziatania przeciwdrobnoustrojowego, (3) ogranicza¢ ryzyko ponownego
wzrostu patogenéw oraz (4) umozliwia¢ redukcje dawek stosowanych dodatkow,
zardwno mikrobiologicznych, jak i chemicznych. Przyczynia si¢ to do poprawy jakosci
1 bezpieczenstwa produktéw migsnych, a jednocze$nie zmniejsza koszty i obcigzenie

srodowiskowe procesoéw technologicznych.

5.1.2 Identyfikacja luki badawczej i selekcja szczepow LAB i AAB
do badan eksperymentalnych

W trakcie realizacji etapu I badan, obejmujacego systematyczny przeglad
literatury naukowej, zidentyfikowano istotng luk¢ badawcza polegajaca na braku danych
dotyczacych synergistycznego zastosowania preparatow bakteryjnych zawierajacych
jednoczes$nie szczepy bakterii fermentacji mlekowej (LAB) oraz bakterii kwasu
octowego (AAB), w szczegolno$ci w kontekscie ich potencjalnego wykorzystania
w biokonserwacji Zywnosci.

W odpowiedzi na zidentyfikowana luke badawczg zaprojektowano kolejne etapy
badan (Il oraz III), ktorych celem byta eksperymentalna ocena synergistycznego dziatania
wyselekcjonowanych szczepéw LAB 1 AAB pochodzacych z naturalnych, tradycyjnych
produktow  fermentowanych, charakteryzujacych ~ si¢  udokumentowanymi
wlasciwo$ciami funkcjonalnymi i technologicznymi. Dobor szczepow byt konsekwencja
przyjetej koncepcji badawczej oraz analizy wynikow wczesniejszych badan zespolowych
realizowanych w Katedrze Technologii Gastronomicznej i Higieny Zywnoéci SGGW
w Warszawie, w ramach ktorych liczne szczepy LAB i AAB wstepnie oceniano pod
katem  aktywno$ci  przeciwdrobnoustrojowej,  potencjalu  probiotycznego /
postbiotycznego oraz zdolno$ci do wytwarzania bioaktywnych metabolitoéw. Na tej
podstawie do dalszych badan wybrano szczepy wykazujace najbardziej obiecujace
wlasciwosci  funkcjonalne: dwa  szczepy  bakterii  fermentacji  mlekowe;:

Lacticaseibacillus paracasei B1 1 Lactiplantibacillus plantarum 024 oraz dwa szczepy
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bakterii kwasu octowego Gluconobacter oxydans KNS32 1 Komagataeibacter

saccharivorans KOMI.

5.2 Ocena efektu antymikrobiologicznego i biokonserwujacego in vitro oraz
in situ polaczenia metabolitow LAB i AAB
5.2.1 Ocena wlasciwosci  fizykochemicznych, przeciwdrobno-
ustrojowych i przeciwutleniajagcych metabolitow LAB i AAB [P2],
[P3]

W niniejszej pracy przyjeto precyzyjng definicje materialu badawczego opartego
na bezkomorkowych frakcjach pohodowlanych bakterii fermentacji mlekowej oraz
bakterii kwasu octowego. Zamiennie stosowane okreslenia ,,supernatanty”, ,,metabolity”
oraz ,preparaty”, uzupeliane przymiotnikami ,,pohodowlane”;, ,bezkomoérkowe”
lub ,,bakteryjne”, odnosza si¢ do frakcji zawierajacych pozakomodrkowe metabolity
badanych szczepdw 1 pozbawionych komorek bakteryjnych. Zrdznicowanie
terminologiczne wynika z kontekstu prowadzonych analiz i etapu badan oraz nie oznacza
réznic w sposobie otrzymywania ani w sktadzie stosowanych preparatow.

W pierwszej kolejnosci oceniono aktywno$¢ przeciwdrobnoustrojowa
uzyskanych preparatow metabolitow bakteryjnych wzgledem szczepow wskaznikowych,
ktoére stanowity zardwno bakterie Gram-dodatnie jak 1 Gram-ujemne (rys. 4). Preparaty
te, poddane ocenie przy uzyciu metody polegajacej na dyfuzji w zelu agarowym,
wykazaty zrdznicowang aktywnos$¢ antagonistyczng wobec szczepdw wskaznikowych,
co odzwierciedlajg strefy zahamowania wzrostu oraz towarzyszace im wartosci pH [P2 —
tab. 4; P3 — tab. 5].

Supernatant (CFS) szczepu L. paracasei B1 wykazywatl najsilniejsza aktywno$¢
wobec L. monocytogenes ATCC 19111 oraz E. coli O157:H7, przy $rednicach stref
zahamowania wzrostu wynoszacych odpowiednio 12,2 £ 1,0 mm 1 12,7 = 1,9 mm [P3 -
tab. 5]. Porownanie preparatow L. paracasei B1 w formie CFS 1 nCFS wobec szczepow
wskaznikowych wykazalo istotne statystycznie roznice (p<0,05), przy czym CFS
wykazywat silniejsze dziatanie przeciwdrobnoustrojowe. Podobng aktywno$¢ wobec obu
patogenow zaobserwowano w przypadku CFS szczepu L. plantarum O24 [P3 — tab. 5].
Zastosowanie hkCFS réowniez skutkowalo silniejszym dziataniem inhibicyjnym wobec

drobnoustrojéw wskaznikowych niz forma nCFS [P2 — tab. 4].
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Rysunek 4. Przyktadowe wyniki badan przeciwdrobnoustrojowych metoda dyfuzji
w podtozu agarowym, ilustrujace aktywnos$¢ przeciwdrobnoustrojowg preparatow LAB
(CFS 1 nCFS) wobec wybranych szczepéw wskaznikowych. A — $rednice zahamowania
wzrostu szczepu wskaznikowego E. coli O157:H7 przez dwa wybrane preparaty szczepu
L. plantarum O24; B — $rednice zahamowania wzrostu szczepu wskaznikowego E. coli
O157:H7 przez dwa wybrane preparaty szczepu L. paracasei Bl; C — S$rednice
zahamowania wzrostu szczepu wskaznikowego L. monocytogenes przez dwa wybrane
preparaty szczepu L. plantarum O24; D — Srednice zahamowania wzrostu szczepu
wskaznikowego L. monocytogenes przez dwa wybrane preparaty szczepu L. paracasei
B1. Zrédto: materiaty wlasne.

W przypadku poroéwnania efektow supernatantow pozyskanych z kultur LAB
1 AAB stwierdzono, ze preparaty AAB wykazywaty silniejsze wlasciwosci hamujace
wzrost wybranych drobnoustrojow niz preparaty LAB. Najbardziej opornym szczepem
w badaniach okazal si¢ Enterococcus faecalis, wykazujac najmniejsza wrazliwos¢
na dzialanie analizowanych metabolitow bakteryjnych [P2 — tab. 4]. Przy jednoczesnym

zastosowaniu preparatow z LAB 1 AAB jako mieszaniny supernatantow, cechowaty
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si¢ istotnie wyzsza skuteczno$cig inhibicji wzrostu drobnoustrojéw w poréwnaniu
do pojedynczo zastosowanych metabolitow (p<0,05) w szczeg6lnosci wobec
L. monocytogenes oraz Bacillus spizizenii [P2 — tab. 4].

W nastepnej kolejnosci, oznaczono minimalne st¢zenia hamujace wzrost (MIC)
[P2 — tab. 5, S1, S2] oraz indeksy frakcyjne (FICI), co pozwolito na iloSciowa ocene
interakcji migdzy preparatami. Uzyskane wyniki wskazywaly na zrdznicowany charakter
interakcji pomiedzy preparatami LAB i AAB, obejmujacy synergizm, efekt addytywny
lub brak interakcji, w zaleznosci od zastosowanej kombinacji oraz drobnoustroju
wskaznikowego. Efekt synergistyczny (FICI < 0,5) zaobserwowano m.in. dla polaczen
B1 hkCFE z supernatantami AAB wobec L. monocytogenes 1 S. Enteritidis oraz 024
hkCFE z KOM1 CFE wobec S. Enteritidis. Interakcje addytywne (FICI > 0,5-1,0)
wystepowaty najczesciej, zwlaszcza wobec E. faecalis 1 E. coli, natomiast brak interakcji
(FICI > 1,0-4,0) odnotowano gtownie w przypadku S. aureus i B. spizizenii.
Nie stwierdzono efektow antagonistycznych (FICI > 4,0) [P2 — tab. 6]. Najwicksza liczbe
przypadkdéw synergizmu zaobserwowano wobec S. Enteritidis, co uzasadniato dalsze
wykorzystanie tego szczepu w badaniach modelowych.

Nastegpnie zaplanowano oceng zawartosci wybranych kwaséw organicznych oraz
glukozy w analizowanych supernatantach. W preparatach LAB zaobserwowano
obnizenie stezen glukozy i kwasu cytrynowego, natomiast zwigkszenie stezenia kwasu
mlekowego w porodwnaniu do czystej pozywki MRS (p<0,05) (rys. 5), [P2 — tab. 2].
Stezenia kwasu mlekowego w supernatantach LAB wahaty si¢ od 19,9 do 21,9 mg/mL.
Dodatkowo, supernatanty uzyskane z inaktywowanych termicznie kultur LAB (hkCFS)
zawieraly istotnie statystycznie wyzsze st¢zenia kwasu propionowego, ale nizsze
poziomy kwasu glukonowego, mlekowego i1 octowego w porownaniu do CFS
pochodzacych z zywych kultur bakteryjnych. W przypadku preparatéw AAB, bakterie
znaczgco zuzywaly kwas cytrynowy 1 glukoz¢ podczas wzrostu, poniewaz ich st¢zenia
byly istotnie statystycznie wyzsze w kontrolnej pozywce HS niz w uzyskanych
supernatantach (p<0,05). Ponadto, supernatanty AAB zawieraly dwa charakterystyczne
kwasy organiczne: kwas glukonowy 1 kwas octowy. Najwyzsze st¢zenie kwasu
glukonowego (15,4 mg/mL) zaobserwowano w preparacie ze szczepu G. oxydans.
Stezenia kwasu octowego wahaty sie od 1,9 do 2,4 mg/mL we wszystkich supernatantach
AAB, przy czym najwyzsze réwniez odnotowano w preparacie z G. oxydans (p<0,05)

(rys. 5), [P2 — tab. 2].
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Rysunek 5. Stgzenie cukrow 1 kwasow organicznych w preparatach AAB (A) 1 LAB (B)
oraz w pozywkach, w ktorych hodowano szczepy. Warto$ci przedstawiono jako $rednia
+ odchylenie standardowe. Srednie oznaczone rdznymi literami (a—c) réznia
si¢ statystycznie istotnie (p<0,05). Zrodto: opracowanie wiasne.
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Z kolei zawarto$¢ polifenoli w badanych preparatach miescila si¢ w zakresie
0od 27,7 do 120,0 pg GAE/mL, przy czym najwyzsze stezenia odnotowano
w supernatantach L. paracasei B1 (120,0 ug GAE/mL) oraz L. plantarum 024 (118,6 pg
GAE/mL). Preparaty LAB charakteryzowaly si¢ istotnie statystycznie wyzszg catkowitg
zawarto$cig zwigzkow fenolowych w poréwnaniu z preparatami AAB (p<0,05) (rys. 6),
[P2 — tab. 3]. Aktywnos$¢ antyoksydacyjna, okreslona na podstawie zdolno$ci zmiatania
wolnych rodnikow ABTSe" i DPPH, wahata si¢ odpowiednio od 1,2 do 6,0 pg
VCEAC/mL oraz od 0,1 do 1,0 mg VCEAC/mL. Sposréd analizowanych preparatow
najwyzsza aktywno$¢ zmiatania rodnika DPPH wykazat CFS L. paracasei B1, osiagajac
wartosci istotnie wyzsze niz w przypadku preparatow AAB (p<0,05). Podobng tendencje
odnotowano w przypadku zmiatania rodnika ABTSe*, gdzie preparaty LAB przewyzszaty
aktywnoscia preparaty AAB. Na szczegdlng uwage zastuguje fakt, ze hkCFS uzyskany
z L. plantarum 024 charakteryzowal si¢ najwyzsza zdolno$cig zmiatania rodnika
ABTSe*, istotnie przewyzszajaca wartosci uzyskane dla supernatantu z hodowli
G. oxydans KNS32 (p<0,05) (rys. 6), [P2 — tab. 3]. Uzyskane dane wskazuja na istotny
potencjat antyoksydacyjny preparatow bakteryjnych, ze szczegdlnym uwzglednieniem

kultur zywych oraz termicznie inaktywowanych szczepdw L. paracasei i L. plantarum.

5.2.2 Analiza  determinantow  genetycznych oraz  analiza
proteomiczna zwiazkow bioaktywnych obecnych w CFS szczepow
Lacticaseibacillus paracasei B1 i Lactiplantibacillus plantarum 024
[P3]

W nastgpnej kolejnosci przeprowadzono identyfikacje 1 szczegdtowa
charakterystyke zwiazkow bioaktywnych wytwarzanych przez L. paracasei Bl
1 L. plantarum 024, wykorzystujac analizy genomowe 1 proteomiczne, w celu
wyjasnienia mechanizmow ich dziatania przeciwdrobnoustrojowego.

W pierwszym kroku przeprowadzono sekwencjonowanie catego genomu
wybranych szczepéw LAB. Wykazano, ze genom L. paracasei B1 obejmuje chromosom
(3,11 Mb; 46,24% G+C) i plazmid (26,9 kb). W chromosomie wykryto klaster vanT
(wrodzona oporno$¢ na wankomycyng), 62 zdarzenia HGT, 159 MGE (45 fagowych),
elementy koniugacyjne 1 kompletny system CRISPR-Cas typu II-A. Zidentyfikowano
cztery regiony profagowe. Plazmid nie zawierat gendw opornosci ani profagow, lecz miat

jedno zdarzenie HGT i krétkg matryce CRISPR bez cas [P3 — tab. S2; rys. S1].
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Rysunek 6. Catkowita zawarto$¢ polifenoli (A), aktywnos$¢ zmiatania rodnika ABTSe"
(B) oraz aktywnos$¢ zmiatania rodnika DPPH (C) w preparatach AAB i LAB. Wartosci
przedstawiono jako $rednia + odchylenie standardowe; Srednie oznaczone rdéznymi
literami (a—c) r6znia si¢ istotnie statystycznie (p<0,05). Zrodto: opracowanie whasne.
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Z kolei genom L. plantarum 024 sklada si¢ z chromosomu (3,13 Mb; 44,71%
G+C) 1 08miu plazmidow. W chromosomie obecne sg geny vanH/vanY, 61 zdarzen HGT,
125 MGE (41 fagowych), pojedyncza matryca CRISPR bez cas oraz trzy zdegenerowane
regiony profagowe. Sposrod plazmidéw jedynie pLplO24 7 zawiera fragmenty
profagowe [P3 — tab. S3-S4; rys. S2].

Analiza genomu L. paracasei B1 (RefSeq v6.7, BAGEL4) ujawnita 12 regiondw
genowych zwigzanych z biosynteza bakteriocyn, w tym dwa giéwne klastry (AOI 1 —24
245 pz, AOI 2 — 20 180 pz) zawierajace odpowiednio siedem i jeden peptyd rdzeniowy.
W klastrach zidentyfikowano geny kodujace biatka opornos$ci, regulatory transkrypcji,
oksydoreduktazy oraz transportery metali. W AOI 1 zidentyfikowano geny kodujace
peptydy podobne do laktokocyn, bakteriocyn typu ComC, enterocyny X i1 karnocyny
(klasa IIa). W AOI 2 stwierdzono obecno$¢ genu kodujacego enterolizyng A.
Przewidywane masy czasteczkowe peptydow wynosily 5—12 kDa, natomiast enterolizyny
A ok. 35 kDa [P3 —rys. 1, 3; tab. 2]. Analiza genomu szczepu L. plantarum 024 réwniez
wykazata obecno$¢ gendw zwigzanych z syntezg bakteriocyn. W chromosomie
zidentyfikowano 13 regiondw genowych, natomiast na plazmidzie pLplO24 7 — 2
regiony (m.in. geny kodujace bakteriocyng¢ z rodziny garwicyny Q oraz biatko opornos$ci
na laktokokcyng). Predykcja przy uzyciu BAGEL4 wskazata dwa klastry genow
odpowiedzialnych za biosynteze substancji antybakteryjnych, jeden w chromosomie,
a drugi na plazmidzie. Chromosomalny klaster (AOI 1, 29,5 kb) zawierat 64 ORF-y,
w tym sze$¢ rdzeniowych peptydow bakteriocynowych, natomiast plazmidowy klaster
(AOI 1, 17,6 kb) obejmowat 47 ORF-6w z jednym rdzeniowym peptydem. W klastrze
chromosomalnym zidentyfikowano peptydy zwigzane z plantarycyng, m.in. plantarycyny
E,F, A, N, J1K, atakze geny kodujace biatka opornosci, czynniki transkrypcyjne, kinazy
histydynowe oraz transportery ABC. Plazmidowy klaster zawieral podobne elementy
funkcjonalne, w tym biatka opornosci, enzymy redoks 1 transpozazy [P3 — rys. 2, 4; tab.
3,4].

W dalszej czg$ci oceniono wptyw wysokiej temperatury, zroznicowanego pH oraz
enzymoOw proteolitycznych na aktywnos$¢ przeciwdrobnoustrojowa CFS uzyskanych
ze szczepOw L. paracasei Bl oraz L. plantarum O24. Wszystkie badane supernatanty
wykazaty dobrg stabilno$¢ termiczng, zachowujac okoto 70% pierwotnej aktywnos$ci
przeciwdrobnoustrojowej po ogrzewaniu w temperaturze 100 °C przez 20 minut.
Jednakze zaobserwowano wyrazne obnizenie aktywnosci po sterylizacji w 121 °C przez

20 minut [P3 — tab. 6]. Analizowane supernatanty LAB wykazywatly aktywnos¢
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przeciwdrobnoustrojowg w szerokim zakresie pH, od 2 do 7, wobec wszystkich
analizowanych szczepow wskaznikowych. Zachowana aktywno$¢ miescita sie
w przedziale od 121,9% do 38,8% w porownaniu do aktywnos$ci pierwotnej. Wyjatek
stanowita inhibicja wzrostu L. monocytogenes, wobec ktorej oba preparaty, rOwniez przy
pH 8, nadal wykazywaly zdolno$¢ hamowania wzrostu patogenu, cho¢ ze zmniejszong
aktywnoscig przeciwdrobnoustrojowg [P3 — tab. 6]. Dalsze potwierdzenie biatkowego
charakteru aktywnych metabolitow uzyskano poprzez zastosowanie enzymow
proteolitycznych — trypsyny, pepsyny oraz proteinazy K, ktére calkowicie znosily
aktywno$¢ przeciwdrobnoustrojowg badanych preparatow [P3 — tab. 6].

Jako kolejny etap badan proteomicznych, ukierunkowany na potwierdzenie
biatkowej natury substancji obecnych w supernatantach oraz identyfikacje
charakterystycznych grup funkcyjnych, zastosowano spektroskopi¢ FT-IR. Analiza
pozwolita na oceng¢ wptywu obrobki cieplnej na ewentualne zmiany konformacyjne
substancji przeciwdrobnoustrojowych. Widma rejestrowano w zakresie 4000—400 cm™
1 obejmowaty zardwno surowy CFS, jak i préby poddane obrobce cieplnej przez 5, 15
130 minut. Zastosowanie FT-IR wykazato charakterystyczne piki wskazujace
na obecno$¢ grup funkcyjnych i struktur biatkowych w CFS obu szczepow.
W L. paracasei Bl zaobserwowano pasma w zakresie 3400,41-3386,34 cm!,
aw L. plantarum 024 — 3381,37-3373,69 cm™!, zwigzane z wigzaniami wodorowymi
1 grupami —OH, —NH oraz —COOH. Dodatkowo, piki przy 1612,15-1608,41 cm™ (B1)
11648,14-1645,92 cm™ (024) odpowiadaly drganiom C=0O w grupach amidowych
(pasmo amidu I). Pasmo okoto 2950 cm™ wskazywato na grupy alkilowe C-H.
Poréwnanie widm FT-IR przed i po obrébce cieplnej wykazalo zmiany w potozeniu
1 intensywno$ci pasm absorpcyjnych. W zakresie okolo 3400 cm™ odnotowano
przesuni¢cia pikdw po zastosowaniu ogrzewania. W probach L. plantarum 024
w niepodgrzewanym CFS nie stwierdzono obecnos$ci piku odpowiadajacego grupie C=0.
Po obrobcee cieplnej zarejestrowano pojawienie si¢ pasm przy 1648,14 cm™ po 5 min,
1645,92 cm™ po 15 min oraz 1647,67 cm™ po 30 min ogrzewania [P3 —rys. S3, S4].

Kontynuujac badania, przeprowadzono proces oczyszczania substancji
przeciwdrobnoustrojowych obecnych w supernatantach bakteryjnych. Supernatanty
pochodzace od szczepéw L. paracasei Bl oraz L. plantarum 024 zostaty poddane
precypitacji siarczanem amonu, w wyniku czego uzyskano surowe ekstrakty
o wydajnosci odpowiednio 4,00% i 3,14% oraz aktywnoS$ci swoistej wynoszacej 251,47

AU/mg1 167,36 AU/mg. Nastgpnie ekstrakty te zostaty poddane dalszemu oczyszczaniu
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metoda dializy, co pozwolito uzyska¢ preparaty o aktywnosci przeciwdrobnoustrojowe;j
rownej odpowiednio 402,67 AU/mg oraz 387,94 AU/mg 1 wydajnosci 3,20% 1 3,64%.
Odpowiada to wzrostowi aktywnos$ci oczyszczonej substancji 3,38- 1 4,06-krotnie
w porownaniu do pierwotnych supernatantéw dla odpowiednio L. paracasei Bl
1 L. plantarum O24 [P3 — tab. 7]. W wyniku zastosowanej procedury uzyskano wstepnie
oczyszczone frakcje zawierajace substancje o aktywnos$ci przeciwdrobnoustrojowej,
o charakterze biatkowym, potencjalnie bakteriocynopodobnym.

Masa czgsteczkowa potencjalnych bakteriocyn zostala oszacowana za pomoca
elektroforezy SDS-PAGE. Zabarwione zele zawierajace preparaty pochodzace
od L. paracasei B1 1 L. plantarum 024 wykazaly odpowiednio obecno$¢ pojedynczych
prazkéw o masie okoto 14—15 kDa oraz 10-11 kDa [P3 — rys. 5]. Dwa zidentyfikowane
charakterystyczne prazki zostaly nastgpnie wyciete i poddane analizie spektrometrii
masowej. Na podstawie kompleksowej analizy danych wyselekcjonowano potencjalne
biatka do dalszych badan [P3 — tab. 8].

Oszacowane masy czasteczkowe potencjalnych bakteriocyn lub substancji
o dziataniu bakteriocynopodobnym, syntetyzowanych przez szczepy L. paracasei Bl
i L. plantarum O24 i poddanych analizie LC-MS/MS, wynosity odpowiednio 15 079 Da
oraz 10 815 Da, co bylo zgodne z wynikami elektroforezy SDS-PAGE. Zaobserwowane
pokrycie sekwencji biatkowej wynosito 34% dla prazka pochodzacego od szczepu
L. plantarum 024 oraz 43% dla szczepu L. paracasei B1, przy teoretycznych punktach
1zoelektrycznych (pl) odpowiednio 10,09 1 4,66 [P3 — tab. 8; rys. 6].

5.2.3 Weryfikacja skutecznosci biokonserwacyjnej metabolitow
LAB i AAB w warunkach modelowych [P2]

W ramach badania oceniono og6lng liczbe drobnoustrojéw tlenowych oraz wzrost
Salmonella Enteritidis pod wplywem zastosowanych preparatow
przeciwdrobnoustrojowych na powierzchni migsa drobiowego. Zastosowano tacznie
12 wariantOw mieszanin preparatow oraz trzy proby kontrolne (bulion MRS, HS oraz
woda destylowana). Warianty te opracowano poprzez polaczenie trzech rodzajow
preparatow LAB pochodzacych z dwoch analizowanych szczepow bakterii B1 oraz 024
(CFS, hkCFS oraz nCFS) z dwoma preparatami AAB — CFS KOM1 oraz CFS KNS32.
Wyniki wskazuja, Ze zastosowane preparaty byly skuteczne w redukowaniu liczby
drobnoustrojéw na powierzchni migsa drobiowego w poréwnaniu do prob kontrolnych.

Po 24 godzinach inkubacji w temperaturze 37 °C, proby kontrolne traktowane wodg
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destylowana, pozywka MRS lub pozywka HS wykazywatly wyzsza ogdlng liczbe bakterii
tlenowych, osiagajac $rednio odpowiednio okoto 5,67, 6,25 i 5,97 log jtk/mL. Dla
porownania, w probach traktowanych kombinacjami preparatow takimi jak B1 CFS +
KOMI1 CFS oraz Bl hkCFS + KOMI1 CFS stwierdzono znacznie nizszg liczebno$¢
bakterii, w zakresie od okoto 4,00 do 4,96 log jtk/mL, przy czym podobne obnizenie
odnotowano réwniez dla wariantéw z udzialem supernatantu pozyskanego ze szczepu
KNS32. Po 7 dniach przechowywania w temperaturze 4 °C w probach kontrolnych nadal
utrzymywata si¢ stosunkowo wysoka liczebno$¢ bakterii (okoto 3,87 do 4,19 log jtk/mL),
podczas gdy w probach traktowanych preparatami przeciwdrobnoustrojowymi
zaobserwowano dalsze obnizenie ogoélnej liczby drobnoustrojéw — w niektérych
przypadkach do poziomu ponizej granicy wykrywalnosci 1 nieprzekraczajacego okoto
3,46 log jtk/mL. Po 24 godzinach inkubacji w temp. 37 °C, w probach kontrolnych
liczebnos¢ S. Enteritidis wynosita $rednio okoto 5,21-5,44 log jtk/mL, natomiast
zastosowanie preparatow B1 CFS + KOM1 CFS oraz B1 hkCFS + KOM1 CFS obnizyto
te wartosci do zakresu okoto <3,92 log jtk/mL. Co istotne, po 7 dniach przechowywania
w temperaturze 4 °C w zadnej z prob traktowanych preparatami
przeciwdrobnoustrojowymi nie wykryto zywych komorek S. Enteritidis, podczas gdy
w probach kontrolnych utrzymywaty si¢ one na poziomie srednio okoto 4,03—4,19 log

jtk/mL [P2 —rys. 1].

5.24 Wybodr preparatéow metabolitow LAB i AAB do dalszych
badan i okreslenie warunkow ich zastosowania
Na podstawie wynikow badan in vitro oraz in situ w modelu migsa drobiowego
do dalszych analiz wytypowano nastgpujace kombinacje preparatow LAB 1 AAB:

o hkCFS Lacticaseibacillus paracasei B1 + CFS Komagataeibacter saccharivorans
KOMI,

o hkCFS Lactiplantibacillus plantarum 024 + CFS Gluconobacter oxydans
KNS32.

W badaniach in vitro obie kombinacje charakteryzowaly si¢ wysoka aktywnos$cig

przeciwdrobnoustrojowg 1 nalezaty do wariantow o najwyzszym oraz najbardziej

powtarzalnym efekcie hamowania wzrostu badanych drobnoustrojéw. W badaniach

in situ w modelu migsa drobiowego potwierdzono ich skuteczno$¢, obserwujac obnizenie

liczby drobnoustrojéw po 24 godzinach inkubacji oraz efekt bakteriobdjczy po 7 dniach

przechowywania w temp. 4°C.
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5.3 Ocena jakosci i trwaloSci wyrobow migsnych surowych poddanych
biokonserwacji preparatami metabolitow LAB i AAB - badania
aplikacyjne w skali péltechnicznej
5.3.1 Ocena wplywu mieszaniny metabolitow LAB i AAB na jako$¢

mikrobiologiczng i trwalos¢ modelowego wyrobu mig¢snego surowego
podczas przechowywania [P4]

Ocena jakos$ci mikrobiologicznej modelowego surowego wyrobu migsnego
wykazata  zrdznicowanie liczebnosci  drobnoustrojow  pomigdzy  wariantami
traktowanymi preparatami LAB i AAB a préba kontrolng w trakcie przechowywania.
We wszystkich wariantach odnotowano stopniowy wzrost ogdlnej liczby drobnoustrojow
(OLD) wraz z czasem przechowywania. W wariantach zawierajacych mieszaniny hkCFS
B1 + CFS KOM1 oraz hkCFS 024 + CFS KNS32 warto$ci OLD byty istotnie nizsze niz
w probie kontrolnej we wszystkich punktach czasowych analizy (p<0,05). Po 9 dniach
przechowywania, w probie kontrolnej liczba drobnoustrojow osiggneta poziom 4,55 log
jtk/g, natomiast w wariantach z dodatkiem mieszanin metabolitow pozostawata ponizej
3,2 log jtk/g. Liczebno$¢ bakterii fermentacji mlekowej wykazywala analogiczna
tendencje. W 9. dniu przechowywania w probie kontrolnej odnotowano istotny
statystycznie wzrost liczby LAB do poziomu 4,26 log jtk/g (p<0,05), podczas gdy
w wariantach traktowanych mieszaninami metabolitow wartosci te pozostawaly ponizej
2,5 log jtk/g. Mikroorganizmy z rodziny Enterobacteriaceae réwniez wykazywaly wzrost
liczebno$ci wraz z czasem przechowywania we wszystkich wariantach. Jednak w probie
kontrolnej wartosci te byly wyzsze niz w wariantach traktowanych mieszaninami
metabolitow, szczegdlnie w 9. dniu przechowywania. W wariantach z dodatkiem
preparatow LAB i AAB liczba Enterobacteriaceae nie przekroczyta 3,01 log jtk/g,
natomiast E. coli pozostawala ponizej progu wykrywalnosci wynoszacego 2 log jtk/g.
Liczebnos¢ gronkowcow koagulazo-dodatnich we wszystkich wariantach 1 punktach
czasowych pozostawata ponizej granicy wykrywalnosci wynoszacej 2 log jtk/g.
W Zadnym =z analizowanych wariantéw, w calym okresie przechowywania,
nie stwierdzono obecnosci Listeria monocytogenes ani Salmonella spp. [P4 — tab. 3; rys.

S1, S2].
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5.3.2 Ocena wplywu mieszaniny metabolitow LAB i AAB
na stabilno$¢ oksydacyjna modelowego wyrobu mig¢snego surowego
podczas przechowywania [P4]

Oceng intensywnos$ci peroksydacji lipidow przeprowadzono z wykorzystaniem
testu TBARS. Juz w 3. dniu przechowywania odnotowano istotny wzrost wartosci
TBARS (p<0,05) we wszystkich prébach, co wskazuje na rozpoczecie proceséw
oksydacyjnych. W okresie od 3. do 9. dnia przechowywania wartosci TBARS ulegly
istotnemu statystycznie obnizeniu (p<0,05). Jednocze$nie w 9. dniu w prébie kontrolne;j
odnotowano nieznaczny wzrost wartosci tego parametru. W zadnym z analizowanych
punktéw czasowych nie stwierdzono istotnych statystycznie roznic pomigdzy badanymi
proébami (p>0,05) [P4 — tab. 4].

W zakresie stabilno$ci lipidow wszystkie proby wykazaly istotne obnizenie
zawarto$ci cholesterolu po 9. dniach przechowywania (p<0,05). Najmniejsza redukcje
zawartosci cholesterolu odnotowano w probie kontrolnej (43,50 = 1,11 mg/100 g),
wieksza w probie z dodatkiem hkCFS B1 + CFS KOM1 (41,80 + 0,40 mg/100 g),
a najwyrazniejsza w probie traktowanej kombinacja hkCFS 024 + CFS KNS32 (40,22 +
0,04 mg/100 g) [P4 — tab. 4].

Liczba nadtlenkowa (PV), wskaznik pierwotnego utleniania, ulegta zwigkszeniu
we wszystkich probach (p<0,05). Najwyzszy poziom odnotowano po 9. dniach
przechowywania w wariancie z dodatkiem hkCFS B1 + CFS KOM1 (5,10 + 0,41 meq
02/kg), nastepnie w hkCFS 024 + CFS KNS32 (2,35 + 0,32 meq O2/kg), a najnizszy
w préobie kontrolnej (1,29 + 0,24 meq O2/kg). Z kolei liczba kwasowa (AV), okreslajaca
stopien hydrolizy lipidow, w wariancie hkCFS 024 + CFS KNS32 ulegta obnizeniu
w trakcie przechowywania (9. dzien w porownaniu do dnia 0), podczas gdy w probie
kontrolnej oraz w wariancie hkCFS B1 + CFS KOMI1 odnotowano wzrost warto$ci AV
w tym samym okresie, przy czym nie stwierdzono statystycznie istotnych rdznic
pomiedzy wariantami (p>0,05) [P4 — tab. 4].

Kolejnym etapem badan byta analiza profilu kwasoéw ttuszczowych. W badanych
wariantach zidentyfikowano trzy gtéwne grupy kwasow thuszczowych: nasycone (SFA),
jednonienasycone (MUFA) oraz wielonienasycone (PUFA). Najwyzszy udziat stanowity
kwasy nasycone, w szczeg6dlnosci kwas palmitynowy (C16:0, 23,35-23,58 g/100 g) oraz
stearynowy (C18:0, 12,52-12,83 g/100 g). Ich zawartos¢ pozostawata wzglednie stabilna
we wszystkich probach, przy niewielkim wzro$cie odnotowanym po 9 dniach

przechowywania. Nie stwierdzono istotnych statystycznie rdéznic pomigdzy
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analizowanymi wariantami (p>0,05). W grupie MUFA dominujacym kwasem byt kwas
oleinowy (C18:1cis9), ktérego udziat w dniu 0 wynosit okoto 39 g/100g. W trakcie
przechowywania jego zawarto§¢ pozostawata stabilna lub ulegata nieznacznemu
obnizeniu w probach traktowanych mieszaninami metabolitow bakteryjnych, natomiast
w probie kontrolnej odnotowano jego niewielki wzrost (p<0,05). W przypadku kwasow
thuszczowych wielonienasyconych (PUFA), w tym kwasu linolowego (C18:2) oraz a-
linolenowego (C18:3n3), zaobserwowano nieznaczng tendencje spadkowg w czasie
przechowywania, bardziej wyrazng w probie kontrolnej oraz w probie z dodatkiem
hkCFS 024 + CFS KNS32. Po 9 dniach zawartos¢ kwasu linolowego obnizyta si¢ o okoto
0,5% we wszystkich wariantach, jednak nie obserwowano istotnych statystycznie roznic
pomiegdzy probami (p>0,05). Zawartos¢ kwasu a-linolenowego pozostawala wzglednie
stabilna w probach poddanych dziataniu preparatow metabolitéw, podczas gdy w probie

kontrolnej odnotowano jego istotne statystycznie obnizenie (p<0,05) [P4 — tab. 5].

5.3.3 Okreslenie wplywu mieszaniny metabolitow LAB i AAB
na wybrane parametry fizykochemiczne modelowego wyrobu
miesnego surowego podczas przechowywania [P4]

Jednym z parametrow technologicznych, ktére poddano analizie po zastosowaniu
preparatow LAB 1 AAB, byta wartos$¢ pH migsa. W badaniu stwierdzono, Ze poczatkowe
warto$ci pH w dniu 0 byly bardzo zblizone we wszystkich grupach — zarowno w probach
kontrolnych, jak 1 w probach z dodatkiem preparatow, co sugeruje brak
natychmiastowego, istotnego zakwaszenia migsa po aplikacji mieszaniny metabolitow.
W kolejnych dniach przechowywania obserwowano stopniowe obnizenie wartosci pH,
najbardziej wyrazne do 6. dnia, jednak nadal umiarkowane. Minimalne warto$ci wynosity
srednio 5,38 w przypadku proby stanowigcej potaczenie preparatoéw hkCFS 024 oraz
CFS KNS32. W dalszym okresie przechowywania, do 9. dnia, zaobserwowano
nieznaczng tendencj¢ wzrostowa wartosci pH, jednak pozostawaty one ponizej poziomu
odnotowanego w 3. dniu przechowywania. W 9. dniu przechowywania nie stwierdzono
istotnych statystycznie réznic pomigdzy probami (p>0,05) [P4 — tab. 1].

Analiza ORP wykazata, ze od dnia 0 do 6. nastgpowal wzrost potencjatu
oksydacyjno-redukcyjnego. W obu probach traktowanych mieszaning metabolitow
bakteryjnych wartosci ORP osiagnety maksimum w dniu 6., a nastgpnie odnotowano ich
istotne statystycznie obnizenie do dnia 9 (p<0.05). W probie kontrolnej odnotowano

istotny statystycznie wzrost wartosci potencjatu oksydoredukcyjnego w 9. dniu
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przechowywania (p<0,05), przy czym osiagni¢ta warto$¢ stanowita najwyzsza mediang
sposrod wszystkich analizowanych prob (374,5 mV) [P4 — tab. 1].

Analiza parametrow barwy L* a* 1 b* wykazala, ze obserwowane zmiany byty
zwigzane przede wszystkim z czasem przechowywania prob, natomiast nie stwierdzono
istotnego wplywu rodzaju zastosowanego preparatu. W trakcie przechowywania wartosci
L* dla wszystkich analizowanych prob wykazywaty niewielka tendencj¢ wzrostowa
(p<0,05). Istotng statystycznie réznice (p<0,05) stwierdzono wylacznie w 6. dniu
przechowywania dla prob z dodatkiem hkCFS Bl oraz CFS KOM1 w poréwnaniu
z proba kontrolng. Parametr a* wzrastal w poczatkowym okresie przechowywania,
po czym ulegat stabilizacji lub nieznacznemu obnizeniu w dalszym czasie. W probie
z dodatkiem mieszaniny hkCFS 024 oraz CFS KNS32 w9.dniu odnotowano
nieznacznie nizsze warto$ci parametru a* wzgledem pozostatych wariantéw, jednak
roéznice te nie byty istotne statystycznie (p>0,05). Wartosci parametru b* wykazywaty
nieznaczng tendencje wzrostowa do 6. dnia przechowywania. W 9. dniu przechowywania
w probach z dodatkiem mieszaniny preparatow bakteryjnych odnotowano obnizenie
warto$ci parametru b* (w zakresie 9,87-10,06), podczas gdy w prébie kontrolnej
parametr ten nadal wykazywal tendencje wzrostowa. Pomimo tych obserwacji nie
stwierdzono istotnych statystycznie rdéznic pomigdzy analizowanymi wariantami
(p>0,05) [P4 — tab. 2].

Ostatnim etapem badan zrealizowanych w etapie III byla analiza wplywu czasu
przechowywania oraz zastosowanych mieszanin preparatow LAB 1 AAB na wybrane
parametry jakosciowe migsa. W tym celu przeprowadzono analize czynnikowg
(ang. Exploratory Factor Analysis, EFA), ktora umozliwila wyodrebnienie struktur
opisujacych zmienno$¢ pomigdzy badanymi parametrami jako$ci mig¢sa w probach
poddanych dzialaniu mieszanin preparatow przeciwdrobnoustrojowych w dniu 0 oraz 9
przechowywania. Nastepnie przeprowadzono funkcjonalng analize gltownych
sktadowych (FPCA), ktora pozwolila zidentyfikowa¢ zmiany warto$ci pH, potencjatu
oksydo-redukcyjnego (ORP), barwy oraz parametréw mikrobiologicznych w kolejnych
dniach przechowywania (0, 3., 6. 1 9.) i oceni¢ ich wptyw na jako$¢ oraz stabilno$¢
produktu.

W przypadku analizy czynnikowej w dniu 0 wyodrebniono trzy czynniki, ktore
tacznie wyjasniaty 75,38% catkowitej zmienno$ci. Pierwszy czynnik, ,,Mikrobiologia”
(32,88%), obejmowal ENT, OLD, LAB, EC, parametr b* oraz STA, odzwierciedlajac

aktywnos$¢ drobnoustrojow 1 powigzane z nig zmiany w zottosci barwy. Drugi czynnik,
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,Utlenianie—Barwa” (27,58%), obejmowat ORP, TBARS, a*, L* b* oraz pH, wskazujac
na powigzania miedzy procesami oksydacyjnymi a cechami barwy. Trzeci czynnik,
,»Lipidy” (14,92%), obejmowat cholesterol, liczbe kwasowa oraz liczbe nadtlenkowa,
co odnosi si¢ do degradacji lipidow. Stwierdzono stabg korelacj¢ ujemng miedzy
parametrami mikrobiologicznymi a czynnikiem ,,Utlenianie—Barwa” (r = —0,025) oraz
dodatnie korelacje pomiedzy degradacja lipidow a zaré6wno parametrami
mikrobiologicznymi (r = 0,147), jak i czynnikiem ,,Utlenianie-Barwa” (r = 0,167).
Podobng strukture czynnikow uzyskano w dniu 9., przy czym wyjasniaty one 80,17%
catkowitej zmienno$ci. Czynnik ,,Mikrobiologia” (39,79%) obejmowat OLD, LAB,
ENT, EC i STA, ,, Barwa—Utlenianie” (28,62%) zawieral pH, TBARS, ORP, L* a* oraz
b* mnatomiast parametr ,,Lipidy” (11,77%) obejmowal cholesterol, liczbe kwasowa
1 liczbe nadtlenkowa. W dniu 9. stwierdzono dodatnig korelacj¢ pomiedzy obcigzeniem
mikrobiologicznym a czynnikiem ,,Barwa—Utlenianie” (r = 0,139) oraz stabe korelacje
ujemne pomiedzy degradacja lipidow a zaréwno obcigzeniem mikrobiologicznym (r = —
0,039), jak i czynnikiem ,,Barwa—Utlenianie” (r = —0,128) [P4 — rys. 2].

Analiza FPCA wskazala na dwie gtowne skladowe, ktore wyjasniaty lacznie
okoto 95,90% catkowitej zmiennosci (PC1 —92,44%, PC2 — 3,46%). Pierwsza sktadowa
(PC1) odzwierciedlala $rednie poziomy badanych parametrow w calym okresie
przechowywania, poniewaz wyzsze wartoSci PC1 odpowiadaty bardziej korzystnym
wlasciwos$ciom jakosSciowym i byly obserwowane miedzy 4. a 6. dniem. Najwyzsze
wartosci PC1 uzyskaly proby z dodatkiem mieszaniny preparatow hkCFS B1 + CFS
KOM1 oraz hkCFS 024 + CFS KNS32, natomiast najnizsze proba kontrolna,
co wskazuje na szybsza utrat¢ jakosci w jej przypadku. Druga sktadowa (PC2)
réznicowala proby w zalezno$ci od momentu osiggniecia maksymalnych warto$ci
parametréw, poniewaz warto$ci dodatnie wskazywaly na proby po szczycie jakosci,
a ujemne na proby bedace w fazie najwyzszej jakosci. Wykres dwuwymiarowy (biplot)
potwierdzil, ze proby z dodatkiem mieszaniny metabolitow utrzymywaty lepsze
parametry jako$ciowe przez dluzszy czas niz proba kontrolna. Wérod badanych uktadow
doswiadczalnych szczego6lng skuteczno$¢ w spowalnianiu proceséw psucia wyrobu
migsnego wykazat wariant z dodatkiem hkCFS 024 + CFS KNS32, nastepnie hkCFS B1
+ CFS KOM1, podczas gdy préba kontrolna ulegla najszybszej degradacji [P4 — rys. 3].
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6. DYSKUSJA WYNIKOW

Migso i przetwory migsne nalezg do grupy zywnosci o szczegdlnie wysokim
ryzyku mikrobiologicznym, co wynika z ich skladu chemicznego oraz wysokiej
aktywnosci  wody, sprzyjajacych  rozwojowi  drobnoustrojow  patogennych
1 mikroorganizméw powodujacych psucie. Jednoczesnie obserwuje si¢ narastajgce
ograniczenia dotyczace stosowania syntetycznych konserwantow oraz wzrost oczekiwan
konsumentéw wobec zywnos$ci bezpiecznej, naturalnej i zgodnej z koncepcja ,,czystej
etykiety”. W odpowiedzi na te wyzwania coraz wigksze znaczenie zyskuja biologiczne
strategie utrwalania zywnos$ci, w szczegdlnosci biokonserwacja oparta na wykorzystaniu
mikroorganizméw 1 ich metabolitow o wiasciwosciach przeciwdrobnoustrojowych.
Rozwigzania te wpisuja si¢ w koncepcje zrownowazonego rozwoju i technologii
»plotkow”, umozliwiajac ograniczenie wzrostu niepozadanych drobnoustrojow
bez negatywnego wplywu na jako$¢ sensoryczng produktow miesnych. Bakterie
fermentacji mlekowej oraz bakterie kwasu octowego stanowig wazne zrodto zwigzkoéw
bioaktywnych, takich jak kwasy organiczne, bakteriocyny czy inne niskoczasteczkowe
metabolity, wykazujacych potencjal przeciwdrobnoustrojowy. Pomimo szerokiego
zainteresowania ich zastosowaniem w biokonserwacji, dostepne dane wskazuja na istotne
zréznicowanie skutecznosci dziatania tych zwigzkow, zalezne od ich budowy,
mechanizmow oddzialywania oraz wiasciwos$ci matrycy zywnosciowej [20-25].

Przeprowadzony systematyczny przeglad literatury, stanowiacy I etap pracy,
potwierdzil, ze laczenie r6znych barier mikrobiologicznych jest jednym z kluczowych
podejs¢ w biokonserwacji migsa 1 jego wyrobow. W analizowanych badaniach
dominowato zastosowanie kultur starterowych oraz niestarterowych kultur ochronnych,
zarowno w produktach fermentowanych, jak 1 w migsie §wiezym oraz wyrobach typu
ready-to-eat. Takie podejscie wpisuje si¢ w koncepcje technologii ,,plotkow”,
zakladajaca wzajemne uzupelnianie si¢ mechanizméw przeciwdrobnoustrojowych w celu
zwigkszenia bezpieczenstwa mikrobiologicznego bez intensyfikowania pojedynczych
czynnikéw konserwujacych. Nalezy zauwazy¢, ze w wyniku przeszukiwania 1 analizy
literatury nie znaleziono doniesien o antagonistycznym oddziatywaniu tgczonych
czynnikow przeciwdrobnoustrojowych, co potwierdza zasadno$¢ ich stosowania
w uktadach ztozonych. Kombinacje mikrobiologicznych barier moga poszerzac spektrum
dziatania przeciwdrobnoustrojowego oraz ogranicza¢ ryzyko wtornego wzrostu
patogendow, co ma istotne znaczenie w kontek$cie podatno$ci migsa na psucie

mikrobiologiczne [11,14,15].
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Analiza piSmiennictwa wskazuje, Ze preparaty bakteryjne stosowane w badaniach
objetych przegladem systematycznym w zdecydowanej wigkszosci opieraty
si¢ na substancjach pochodzacych ze szczepow bakterii fermentacji mlekowe;j, gtownie
przedstawicieli rodzajow Leuconostoc, Pediococcus, Lactococcus, Enterococcus oraz
bakterii wczesniej zaliczanych do rodzaju Lactobacillus. Tendencja ta wskazuje
na wyrazng dominacj¢ LAB jako kluczowego elementu stosowanych uktadow
biologicznych w badaniach nad fermentacjg i biokonserwacja produktéw migsnych,
obejmujgcych zardwno kultury starterowe i ochronne, jak i1 zroédia bakteriocyn oraz
innych czynnikéw przeciwdrobnoustrojowych.

Jednocze$nie analiza danych ujawnila istotne ograniczenia interpretacyjne,
wynikajace z faktu, ze w wielu badaniach nie porownywano skuteczno$ci kombinacji
barier z dzialaniem poszczegdlnych czynnikéw stosowanych oddzielnie. Utrudnia
to jednoznaczng ocen¢ wystepowania synergizmu w S$cistym znaczeniu, mimo
ze obserwowano wzmocnienie aktywnosci przeciwdrobnoustrojowej. Skuteczno$¢
badanych ukladéw byta ponadto silnie zalezna od wtasciwosci matrycy migsnej oraz
interakcji metabolitéw z jej sktadnikami, co potwierdzaja doniesienia Liu 1 in. (2022),
wskazujace na ograniczong aktywnos$¢ bakteriocyn i innych zwigzkow w ztozonych
uktadach zywno$ciowych [15]. Z tego wzgledu podkresla si¢ znaczenie odpowiedniej
formy aplikacji barier biologicznych oraz konieczno§¢ dalszych badan nad
mechanizmami ich wzajemnych interakcji.

Powyzsze ograniczenia mogg wynikac¢ nie tylko z wlasciwosci matrycy migsnej,
lecz takze z zalozen metodologicznych analizowanych badan. Wysoki odsetek publikacji
odnalezionych na etapie uzupetniajacego przeszukiwania mogl wynika¢ z faktu,
iz w wielu przypadkach synergizm pomiedzy czynnikami przeciwdrobnoustrojowymi
nie stanowit gtownego celu badan. Autorzy niekiedy nie uzywali w stowach kluczowych
poje¢ takich jak ,,synergism”, ,,combination” czy ,additivity”, a efekt synergistyczny
uzyskiwano niejako przypadkowo

W efekcie analizy danych literaturowych zidentyfikowano luke badawcza
dotyczaca wspdlnego zastosowania LAB 1 AAB, szczegélnie w kontek$cie
oddziatywania ich metabolitow pozakomorkowych, co wskazuje na niedostateczne
rozpoznanie potencjalnych efektow synergistycznych pomiedzy tymi grupami
mikroorganizméw. Pomimo licznych doniesien dotyczacych indywidualnej aktywnos$ci
przeciwdrobnoustrojowej LAB i AAB [18,74,75], dotychczas nie opublikowano badan

analizujacych jednoczesne dziatanie LAB i AAB ani potencjalny efekt synergistyczny.
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W tym kontek$cie narracja niniejszej dyskusji pozostaje spojna z zatozeniami
hipotezy [H1], zakladajacej synergistyczne dziatanie metabolitow LAB i AAB
stosowanych w mieszaninach, oraz hipotezy [H3], odnoszacej si¢ do poprawy jakosci
mikrobiologicznej 1 wydluzenia trwatosci przechowalniczej mig¢sa surowego w wyniku
aplikacji wybranych metabolitow bakteryjnych. Przeprowadzony systematyczny
przeglad literatury stanowit zatem uzasadniong podstawe do dalszych etapéw badan
eksperymentalnych, ukierunkowanych na weryfikacje tych zalozen w warunkach
modelowych 1 aplikacyjnych. Tym samym, niniejsza praca jako jedna z pierwszych
koncentruje si¢ na synergizmie metabolitow LAB i AAB, a nie pojedynczych kultur
bakteryjnych.

Celem II etapu badan byla kompleksowa ocena  potencjatu
antymikrobiologicznego i biokonserwujacego preparatow LAB i1 AAB, obejmujaca
charakterystyke ich wtasciwosci biologicznych oraz weryfikacje¢ skutecznosci dziatania
w warunkach modelowych.

W  wyniku  badan  wykazano  wyraznie @ wyzsza  skutecznos$¢
przeciwdrobnoustrojowg wybranych mieszanin metabolitéw LAB i AAB w pordwnaniu
do preparatoéw stosowanych pojedynczo. Zjawisko to wskazuje na wystepowanie efektow
synergistycznych i addytywnych, co znajduje potwierdzenie w analizach interakcji
ilosciowych oraz w doniesieniach literaturowych opisujacych ,,wielosktadnikowe”
mechanizmy inhibicji wzrostu drobnoustrojow [15,76]. Szczegélnie istotne z punktu
widzenia aplikacyjnego jest rozszerzenie spektrum dzialania mieszanin wobec bakterii
Gram-dodatnich 1 Gram-ujemnych, co znaczaco zwigksza ich potencjal jako
uniwersalnych $rodkéw biokonserwujacych w roznych typach produktow. Takie
podejscie moze pozwala¢ na jednoczesne oddziatywanie na kilka kluczowych struktur
1 szlakow metabolicznych komorki bakteryjnej, w tym blone cytoplazmatyczng, gradient
protonowy oraz mechanizmy regulacji pH 1 potencjatu oksydacyjno-redukcyjnego,
co zostato wskazane w przegladzie systematycznym Ju i in. (2024) [77].

Uzyskane wyniki sugeruja, ze synergiczne taczenie preparatéw LAB i AAB
umozliwia  osiagnigcie  wysokiej skuteczno$ci  przeciwdrobnoustrojowe]  przy
zastosowaniu nizszych dawek poszczegolnych sktadnikow, co ma istotne znaczenie
praktyczne. Redukcja stezen substancji aktywnych moze nie tylko ogranicza¢ potencjalny
wpltyw dodatkéw na cechy sensoryczne produktu, ale rowniez zmniejszaé presje
selekcyjng wywierang na mikroorganizmy, a tym samym obniza¢ ryzyko rozwoju

opornos$ci drobnoustrojow na czynniki przeciwdrobnoustrojowe. Znaczenie ograniczania
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presji selekcyjnej w konteks$cie bezpieczenstwa zywnosci i zdrowia publicznego zostato
jednoznacznie podkre$lone przez Brepoels i1 in. (2025) [78], ktérzy wskazuja,
ze dlugotrwate oddziatywanie subletalnych stezen zwigzkéw przeciwdrobnoustrojowych
sprzyja selekcji szczepdw opornych. Z kolei Concei¢ao i in. (2023) [79], analizujac
problem opornosci przeciwdrobnoustrojowej bakterii izolowanych z migsa i produktow
migsnych w ujeciu koncepcji One Health, podkreslaja, ze stosowanie strategii
umozliwiajgcych ograniczenie dawek $rodkow przeciwdrobnoustrojowych, w tym
podej$¢ opartych na synergizmie biologicznych metabolitow, moze stanowi¢ istotny
element dzialan prewencyjnych w tancuchu zywnos$ciowym.

Wykonane w ramach niniejszej pracy analizy genomowe i proteomiczne
umozliwily wstgpna identyfikacje mechanizméw odpowiedzialnych za aktywnos¢
przeciwdrobnoustrojowa  szczepdw  Lacticaseibacillus  paracasei Bl  oraz
Lactiplantibacillus ~ plantarum O24. Analizy genomowe wykazaly obecnosé
rozbudowanych klastrow genowych odpowiedzialnych za biosyntezg bakteriocyn, w tym
plantarycyn, enterocyn oraz karnocyn, co pozostaje zgodne z wcze$niejszymi
doniesieniami dotyczacymi szczepdw L. plantarum 1 L. paracasei i1zolowanych
z zywno$ci fermentowanej [80-87]. Zrdznicowanie liczby 1 rodzaju regionow
bakteriocynowych, a takze ich lokalizacja zar6wno w chromosomie, jak i w plazmidach,
wskazuja na wysoki potencjat adaptacyjny badanych szczepdéw, wynikajacy m.in.
z mechanizméw horyzontalnego transferu genéw [86,88]. Jednoczes$nie brak ruchomych
elementéw genetycznych niosgcych opornos¢ na antybiotyki oraz obecno$¢ systemow
CRISPR-Cas potwierdzaja bezpieczenstwo aplikacyjne analizowanych kultur,
co ma istotne znaczenie z punktu widzenia technologii Zywnosci.

Wyniki analiz proteomicznych dostarczyly dodatkowych argumentow
dotyczacych biatkowego charakteru cze$ci aktywnych metabolitow obecnych
w supernatantach  bezkomoérkowych LAB. Przeprowadzone analizy wykazaly,
ze aktywnos$¢ przeciwdrobnoustrojowa CFS szczepow L. paracasei B1 1 L. plantarum
024 bytla stabilna przy ogrzewaniu do 100 °C, natomiast ulegata istotnemu obnizeniu
po sterylizacji. Podobne wyniki uzyskali Xue i in. (2024) [89] oraz Heredia-Castro i in.
(2015) [90], gdzie preparaty bakteryjne pochodzace od srodowiskowych szczepow LAB
(w tym L. casei, L. fermentum, L. pentosus oraz L. paracasei subsp. tolerans) rdwniez
zachowywaly ponad 70% aktywnos$ci po ogrzewaniu w temp. 100 °C przez 30 minut,
natomiast ulegaly inaktywacji po sterylizacji. Obserwacje te sugeruja obecnos$¢ zwigzkow

o charakterze biatkowym, takich jak bakteriocyny lub substancje bakteriocynopodobne,
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ktore wykazuja wzgledng opornos¢ na wysoka temperature i ulegaja inaktywacji
w warunkach sterylizacji [15]. Z kolei, zastosowanie enzyméw proteolitycznych
catkowicie znosito aktywnos$¢ przeciwdrobnoustrojowa badanych preparatow. Podobne
wyniki przedstawili Ghanbari i in. (2013) [91], gdzie aktywno$¢ supernatantow L. casei
AP8 oraz L. plantarum H5 byla eliminowana przez dzialanie enzymow takich
jak trypsyna, papaina, proteinaza K, pronaza E oraz a-amylaza, co rowniez wskazywato
na obecnos¢ zwigzkoéw bakteriocynopodobnych o charakterze biatkowym. W celu dalszej
weryfikacji bialkowego charakteru aktywnych metabolitow przeprowadzono analize
spektroskopowa  FT-IR, pozwalajaca na identyfikacje¢ grup funkcyjnych
i charakterystycznych wigzan chemicznych. Technika ta umozliwia nieinwazyjne
okreslenie struktury chemicznej substancji oraz ewentualnych zmian konformacyjnych
pod wptywem czynnikow zewnetrznych, takich jak obrobka cieplna. Analiza FT-IR
potwierdzita obecno$¢ struktur biatkowych w CFS obu szczepdéw, a obserwowane
zmiany po obrobce cieplnej wskazuja na modyfikacje wigzan wodorowych
ireorganizacje struktury biatek, co jest zgodne z wczedniejszymi doniesieniami
dotyczacymi wptywu temperatury na konformacje¢ biatek i peptydow [92-97].

Proces oczyszczania i wstepnej charakterystyki substancji
przeciwdrobnoustrojowych z supernatantoéw szczepoéw L. paracasei B1 1 L. plantarum
024 wykazal, ze zawieraja one biatka o masie czasteczkowej zgodnej z potencjalnymi
bakteriocynami, ktorych aktywnos$¢ przeciwdrobnoustrojowa wzrosta po oczyszczaniu
1 zostala potwierdzona zaro6wno elektroforeza SDS-PAGE, jak i1 analizg LC-MS/MS.
Zidentyfikowane biatka wykazaly czeSciowa homologie z wczesniej opisanymi
bakteriocynami, co sugeruje, ze moga one reprezentowaé nowe bakteriocyny
lub substancje o dziataniu bakteriocynopodobnym. Zaobserwowane wskazniki pokrycia
sekwencji biatkowych mieszcza si¢ w oczekiwanym zakresie dla analiz proteomicznych
opartych na spektrometrii mas 1 sg uzaleznione od dobrze udokumentowanych
czynnikéw, takich jak wilasciwosci peptydow, efektywno$¢ trawienia enzymatycznego
oraz ilo§¢ danego biatka [98,99]. Modyfikacje potranslacyjne moga réwniez wptywaé
na obnizenie poziomu pokrycia sekwencji, jesli nie zostang uwzglednione podczas
analizy. Podobne wartosci pokrycia zostaly odnotowane w literaturze, m.in. 43%
dla bakteriocyny pozyskanej z Bacillus cereus B4264 [100] oraz 52,4% w analizie
bakteriocyny BM 1829, bakteriocyny klasy Il wytwarzanej przez Lactobacillus crustorum
MNO047 [101].
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Masa czasteczkowa bakteriocyn i substancji o dzialaniu bakteriocynopodobnym
syntetyzowanych na ogo6l przez szczepy L. paracasei oraz L. plantarum wykazuje
znaczng zmienno$¢. Bakteriocyna wytwarzana przez szczep L. paracasei F9-02, wedtug
doniesien Duraisamy 1 in. (2022) [102], charakteryzowata si¢ masa czasteczkowa
wynoszaca okoto 28 kDa. Natomiast szczep L. paracasei CNCM [-5369 wytwarzal pigc¢
réznych bakteriocyn o masach czasteczkowych w zakresie od 5035,80 do 14 088,07 Da
[103]. Bakteriocyny wytwarzane przez szczepy L. plantarum wykazuja zazwyczaj nizsza
mase czasteczkowa, zwykle mieszczaca si¢ w zakresie od 1 do 10 kDa. Przyktadowo,
doniesienia literaturowe opisuja bakteriocyny o masach <10 kDa [104] oraz 6,73 kDa
[105]. Niemniej jednak odnotowano takze wyjatki od tej reguly. W badaniu Makhlouf'i in.
(2024) [106], analiza SDS-PAGE oczyszczonego preparatu wykazala obecno$¢ biatka
o masie okoto 12 kDa, zidentyfikowanego jako bakteriocyna syntetyzowana przez
L. plantarum. Z kolei Han i in. (2023) [107] opisali plantarycyn¢ Z057 o masie
czasteczkowej 1272,61 Da. Poza tym, szczep L. plantarum BP102 wytwarzat
plantarycyne o masie okoto 15,9 kDa, wykazujaca aktywno$¢ wobec Bacillus cereus
1 E. coli [108]. Natomiast w badaniu Jiang 1 in. (2022) [109] opisano nowa bakteriocyng
LFXO01 produkowang przez L. plantarum LF-8, wyizolowang z jelita tilapii, o masie
1049,56 Da, charakteryzujaca si¢ stabilno$cig termiczng oraz zdolno$cia do hamowania
wzrostu 1 tworzenia biofilmu przez Shigella flexneri. Analiza literatury oraz badan
wlasnych wskazuje na znaczng zmienno$¢ mas czasteczkowych bakteriocyn
wytwarzanych przez poszczegdlne szczepy, co odzwierciedla ich strukturalng
1 funkcjonalng réznorodno$¢. Uzyskane wyniki badan wlasnych pozostaja w zgodzie
z przedstawionymi doniesieniami literaturowymi.

Pomimo szczegdélowych prognoz genomowych, zaobserwowano niewielkie
rozbiezno$ci pomigdzy bakteriocynami kodowanymi przez geny obecne w genomach
badanych szczepow a biatkami rzeczywiscie oczyszczonymi 1 zidentyfikowanymi
eksperymentalnie metoda SDS-PAGE oraz LC-MS/MS. Roéznice te mogg wynikaé
z szeregu czynnikéw charakterystycznych dla badanych szczepoéw. Dla przyktadu,
ekspresja gendw zwigzanych z biosynteza bakteriocyn jest czesto regulowana przez
sygnaty srodowiskowe lub stresowe, ktore moga nie by¢ odtworzone w standardowych
warunkach hodowli in vitro [110]. Dotyczy to szczegOlnie szczepdw L. plantarum,
w ktorych biosynteza plantarycyn kontrolowana jest przez zloZzone operony regulacyjne
reagujace na quorum sensing i bodzce srodowiskowe [84]. Modyfikacje potranslacyjne,

powszechne w przypadku bakteriocyn klasy I oraz zmodyfikowanych bakteriocyn klasy
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II, moga wptywac¢ na pozorng mas¢ czasteczkows i utrudnia¢ ich detekcje [111]. Proces
oczyszczania moze réwniez preferencyjnie selekcjonowac biatka bardziej stabilne lub
obecne w wiekszej ilosci, co prowadzi do niedoszacowania mniej licznych bakteriocyn
przewidzianych na podstawie analizy genomu [112]. Techniczne ograniczenia metod
SDS-PAGE i LC-MS/MS, takie jak niepelne odzyskiwanie bialek lub efekt thumienia
jonow, moga dodatkowo wptywac na selektywna detekcje [113].

Zintegrowanie analiz genomowych i proteomicznych uwidacznia zlozono$¢
procesu biosyntezy bakteriocyn przez szczepy L. paracasei B1 1 L. plantarum 024. Cho¢
analiza BAGEL4 wykazata potencjat genetyczny badanych szczepdw bakterii do syntezy
wielu bakteriocyn, wyniki eksperymentalne sugeruja, ze jedynie ich podzbior ulega
ekspresji lub jest mozliwy do wykrycia w zastosowanych warunkach. Identyfikacja
bialek o cze$ciowej homologii z dobrze scharakteryzowanymi peptydami
przeciwdrobnoustrojowymi potwierdza zasadno$¢ dalszych badan nad tymi szczepami
jako obiecujagcymi kandydatami do zastosowan w przemysle spozywczym

Interpretujac te obserwacje, nalezy podkresli¢ komplementarny charakter
metabolizmu obu grup mikroorganizméw LAB i AAB. W przypadku LAB kluczowym
metabolitem byl kwas mlekowy, odpowiedzialny za obnizanie pH s$rodowiska
i hamowanie wzrostu mikroorganizmow patogennych, co potwierdza utrwalone
w literaturze mechanizmy dzialania bakterii fermentacji mlekowej [114,115]. Profil
aktywnosci biologicznej kwaséw organicznych, polegajacy przede wszystkim
na zakldcaniu homeostazy, zostat dobrze poznany [116]. Mechanizm ten polega
na przenikaniu niezjonizowanych kwasow przez blony komorkowe drobnoustrojow 1 ich
dysocjacji w cytoplazmie [117]. Wyniki badan innych autoréw oraz badan witasnych
wskazuja jednak, Zze aktywno$¢ LAB nie ogranicza si¢ wylacznie do wlasciwosci
zakwaszajacych. Obecno$¢ bakteriocyn oraz innych metabolitow bioaktywnych, zgodnie
z doniesieniami o egzopolisacharydach, peptydach czy enzymach antyoksydacyjnych
[118], wskazuje na wielowymiarowy charakter ich oddzialywania. Ponadto supernatanty
badanych LAB charakteryzowaty si¢ wysoka zawarto$cig fenoli, zgodnie z licznymi
doniesieniami, ze fermentacja mlekowa intensyfikuje produkcje lub uwalnianie
zwigzkow fenolowych 1 flawonoidow [119,120]. Potwierdzone w badaniu wlasnym silne
zdolnosci do neutralizacji wolnych rodnikow ABTSe* 1 DPPH byly zgodne
z wczesniejszymi obserwacjami dotyczacymi fermentowanych napojoéw oraz preparatow
LAB [74]. AAB natomiast, dzi¢ki peryplazmatycznemu utlenianiu cukréw, wytwarzaty

przede wszystkim kwas octowy oraz kwas glukonowy, zwigzki o silnym potencjale
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hamowania rozwoju drobnoustrojow. Wysoka tolerancja na kwasowos$¢ przedstawicieli
rodzaju Komagataeibacter 1 ich zdolnos¢ do syntezy zwigzkow wielkoczasteczkowych
dodatkowo stabilizuje $rodowisko hodowli [121,122], natomiast czeSciowe utlenianie
substratow charakterystyczne dla Gluconobacter sprzyja akumulacji produktow
metabolizmu wtornego [123]. Co istotne, AAB wykazuja takze zdolno$¢ do modyfikacji
oraz sprzg¢gania fenoli, zwigkszajac ich biodostgpnos¢ i stabilno$¢, a takze wspierajac
ochron¢ przed procesami oksydacyjnymi [58,74,122-124]. Tym samym, nawet jesli ich
wlasna aktywno$¢ antyoksydacyjna byta nizsza niz LAB, mogg stanowi¢ istotny element
systemu chronigcego produkty spozywcze przed utlenianiem.

Przeprowadzone badania in vitro, obejmujace oceng¢  wlasciwosci
fizykochemicznych, przeciwdrobnoustrojowych i przeciwutleniajacych preparatow LAB
1 AAB, wpisuja sie¢ w aktualny nurt poszukiwan naturalnych rozwigzan
biokonserwacyjnych opartych na wykorzystaniu metabolitéw drobnoustrojow jako
alternatywy dla syntetycznych dodatkow do zywnos$ci. Uzyskane wyniki potwierdzity
wieloczynnikowy charakter aktywnos$ci przeciwdrobnoustrojowej metabolitow
bakteryjnych, zaleznej zaré6wno od profilu wytwarzanych metabolitow, jak 1 ich
wzajemnych interakcji, co jest zgodne z doniesieniami literaturowymi [125,126].
Wykazano, iz kluczowa rolg¢ w hamowaniu wzrostu drobnoustrojow odgrywaja kwasy
organiczne, gdyz neutralizacja pH supernatantow LAB prowadzila do istotnego
ostabienia efektu antagonistycznego. Jednocze$nie utrzymujaca si¢, cho¢ ograniczona
aktywno$¢ neutralizowanych supernatantow LAB wskazuje na udziat dodatkowych
zwigzkow  bioaktywnych, potencjalnie o charakterze bakteriocynowym lub
bakteriocynopodobnym [125]. Zachowanie, a miejscami nawet wzrost aktywnoS$ci
po obrobcee cieplnej potwierdza stabilno$¢ wybranych metabolitoéw oraz ich potencjal
aplikacyjny, szczegodlnie w systemach niewymagajacych obecnosci zywych komorek
bakterii [127,128]. Calos¢ obserwacji wskazuje, ze metabolity LAB 1 AAB tworza
funkcjonalnie  zintegrowany uklad bioaktywny, ktérego dzialanie wpisuje
sie w koncepcje technologii ,,ptotkow” 1 wspodiczesne podejscie do projektowania
naturalnych barier przeciwdrobnoustrojowych.

W kontekscie postawionych hipotez badawczych cato$¢ uzyskanych obserwacji
dotyczacych etapu II badan pozytywnie weryfikuje hipotez¢ [H1], wskazujac
na zasadno$¢ stosowania mieszanin metabolitow LAB i AAB w celu uzyskania
wzmocnionego, synergistycznego i addytywnego efektu przeciwdrobnoustrojowego

wobec bakterii patogennych 1 psujacych migso. Jednoczesnie wyniki analiz
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mikrobiologicznych, fizykochemicznych, genomowych i proteomicznych potwierdzaja
hipoteze [H2], zgodnie z ktora efekt antagonistyczny wynika z komplementarnego
dziatania kwasOéw organicznych, zwigzkow o charakterze peptydowym, w tym
potencjalnie bakteriocyn, oraz innych metabolitéw bioaktywnych. Charakter uzyskanych
obserwacji, w polaczeniu ze stabilno$cig oraz szerokim spektrum dziatania badanych
mieszanin metabolitow LAB i AAB, uzasadnia dalsze badania aplikacyjne w matrycy
miegsnej, dotyczace poprawy jakosci mikrobiologicznej oraz wydtuzenia trwatosci
przechowalniczej surowych wyrobéw migsnych.

Wyniki badan modelowych wykazaly ponadto, Zze zastosowane mieszaniny
preparatéow skutecznie hamowaly rozwoéj patogenu S. Enteritidis w miesie z piersi
kurczaka juz po 24 godzinach inkubacji. Co istotne, wszystkie wybrane kombinacje
wykazywaly dzialanie bakteriobdjcze po 7 dniach przechowywania w warunkach
chlodniczych. Zaobserwowano réwniez wyrazng zalezno$¢ pomigdzy dlugoscia
ekspozycji migsa na preparaty a nasileniem efektu przeciwdrobnoustrojowego, przy
czym dhuzszy czas kontaktu skutkowatl wigksza redukcja liczebnosci drobnoustrojow.
Zgodnie z doniesieniami literaturowymi, liczne preparaty na bazie bakterii fermentacji
mlekowej, stosowane w formie bezkomorkowych supernatantéw, wykazuja skutecznosé
w hamowaniu lub eliminowaniu niepozadanych mikroorganizméw w migsie oraz
posiadaja witasciwosci umozliwiajace ich zastosowanie w biokonserwacji zywnosci,
co zostalo wykazane m.in. w badaniach Wang 1 in. (2024), Abouloifa i in. (2022) oraz
Segli 1 in. (2021) [22,129-131]. Z kolei metabolity bakterii kwasu octowego (AAB)
sa wykorzystywane gltownie jako $rodki bakteriobojcze, sposrod ktorych najczescie)
stosowanym zwigzkiem jest kwas octowy [132]. Wyniki badan wlasnych potwierdzaja
skuteczno$¢ preparatow pochodzenia LAB 1 AAB w ograniczaniu skazenia mig¢sa przez
S. Enteritidis, co potwierdza stuszno$¢ hipotez [H1] oraz [H2].

Wybor konkretnych kombinacji szczepow LAB 1 AAB do dalszych badan
aplikacyjnych w skali poltechnicznej opierat si¢ zarowno na skuteczno$ci in vitro, jak 1 in
situ w modelu migsa drobiowego. Zarowno hkCFS z Lacticaseibacillus paracasei Bl
w potaczeniu z CFS Komagataeibacter saccharivorans KOMI1, jak 1 hkCFS
z Lactiplantibacillus plantarum 024 z CFS Gluconobacter oxydans KNS32, wykazaty
szybki efekt hamujacy wzrost drobnoustrojéw oraz dziatanie bakteriobojcze po 7 dniach
przechowywania, co stanowilo podstawg ich wyboru do dalszych badan aplikacyjnych
nad modelem surowego wyrobu migsnego. Optymalizacja st¢zenia preparatow w modelu

surowego migsa okazata si¢ kluczowa dla uzyskania rownowagi migdzy skutecznos$cia
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przeciwdrobnoustrojowg a zachowaniem wlasciwosci sensorycznych produktu.
W eksperymencie przechowalniczym planowano zastosowanie preparatow bakteryjnych
w postaci mieszanin jako czynnikow o potencjalnym znaczeniu technologicznym,
analogicznie do rozwigzan stosowanych w wyrobach migsnych surowych
przeznaczonych do spozycia po obrobce cieplnej. Zgodnie z definicja Rozporzadzenia
(WE) nr 853/2004, do surowych wyrobow migsnych, w tym wytworzonych z migsa
rozdrobnionego typu mig¢so garmazeryjne, dopuszcza si¢ dodatek srodkow spozywczych,
przypraw lub innych substancji, o ile proces przetwarzania nie prowadzi do istotnej
modyfikacji struktury widkien migsniowych [166]. Jednocze$nie nalezy podkreslic,
ze zakres dopuszczalnych dodatkéw do surowych wyrobéw migsnych jest obecnie
ograniczony do substancji okreslonych w Rozporzadzeniu (UE) nr 1129/2011,
obejmujacych m.in. wybrane kwasy spozywcze [167]. W aktualnym stanie prawnym brak
jest jednoznacznych regulacji dopuszczajacych stosowanie supernatantow w surowych
wyrobach migsnych. Ich wykorzystanie w niniejszej pracy miato wylacznie charakter
badan naukowych, ukierunkowanych na ocen¢ bezpieczenstwa oraz potencjatu
aplikacyjnego. W praktyce przemystowej niewielki dodatek wody, rzgdu 5%, do migsa
przeznaczonego do produkcji wyrobdéw garmazeryjnych jest stosowany w celu utatwienia
roéwnomiernego rozprowadzenia pozostatych sktadnikow, w tym soli i przypraw, podczas
procesu mieszania oraz wytwarzania farszow migsnych. Na tej podstawie opracowano
warianty, w ktérych bezkomoérkowe supernatanty stanowily tacznie 2,5% (v/v),
a pozostale 2,5% (v/v) uzupetniono woda. W badaniach wstepnych analizowano rézne
warianty dozowania CFS, co pozwolito na wstepng ocene ich wptywu na wiasciwosci
produktu. Badania wykazaty, ze wyzsze st¢zenia dodatku pogarszaly cechy sensoryczne
wyrobu, natomiast wariant 2,5% + 2,5% okazat si¢ optymalny, poniewaz nie powodowat
zmian w zapachu ani barwie, a jednocze$nie wykazywal wyrazne dziatanie
przeciwdrobnoustrojowe. Zblizone poziomy stezen, jak te przyjete w niniejszych
badaniach, wykazaty skuteczno$¢ roéwniez w innych pracach dotyczacych zastosowania
supernatantow bakteryjnych w matrycach migsnych [133-136]. Wyniki te potwierdzaja
zasadno$¢ doboru zastosowanych stezen oraz ich potencjat technologiczny
1 przeciwdrobnoustrojowy.

W 1III etapie badah oceniono wplyw zastosowania wyselekcjonowanych
preparatow bakteryjnych LAB 1 AAB na podstawowe parametry jakos$ciowe
modelowego wyrobu migsnego surowego, typu migso garmazeryjne. Badania nad

migsem surowym w konteks$cie zastosowania bakterii fermentacji mlekowej prowadzone
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sa od wielu lat, jednak w niniejszej pracy nowoscia byto jednoczesne zastosowanie
preparatoéw z LAB 1 AAB, co pozwolilo oceni¢ ich wptyw na jako$¢ mikrobiologiczna,
a nastgpnie na stabilno$¢ lipidow, profil kwaséw thuszczowych, odczyn pH, potencjat
oksydacyjno-redukcyjny (ORP), czy barwg. Ponadto zbadano wplyw czasu
przechowywania na parametry jako$ciowe migsa przy uzyciu analiz statystycznych.

Ocena wptywu preparatow LAB i AAB na jako$¢ mikrobiologiczng oraz trwato$¢
modelowego, surowego wyrobu migsnego potwierdzita ich silny potencjat
przeciwdrobnoustrojowy. Zaobserwowane zmiany odpowiadaty typowemu zachowaniu
drobnoustrojéw  $rodowiskowych w migsie przechowywanym w warunkach
chlodniczych, gdzie stopniowy wzrost ich liczebnosci jest powszechnie opisywany
w literaturze [137]. Jednocze$nie istotne ograniczenie rozwoju drobnoustrojow w probach
traktowanych mieszaninami metabolitow LAB 1 AAB wskazuje, Zze zastosowane
substancje  skutecznie = modulowaly = dynamike¢  wzrostu = mikroorganizméw
odpowiedzialnych za psucie migsa. Szczegodlnie istotne z punktu widzenia technologii
1 bezpieczenstwa zywno$ci bylo ograniczenie rozwoju Dbakterii z rodziny
Enterobacteriaceae oraz E. coli, ktore sa uznawane za wskazniki higieny procesu
i $wiezosci surowca. Obserwowany efekt potwierdza szerokie spektrum dziatania
metabolitow LAB i AAB, obejmujace zar6wno mikroorganizmy Gram-dodatnie, jak
1 Gram-ujemne. Brak obecnosci patogendw takich jak L. monocytogenes i Salmonella
spp. w calym okresie przechowywania potwierdza wysoki poziom bezpieczenstwa
mikrobiologicznego analizowanego modelu oraz sugeruje, ze warunki przechowywania
w polaczeniu z zastosowanymi preparatami ograniczaly rozwdj drobnoustrojow
chorobotworczych.

W S$wietle uzyskanych wynikow potwierdzono zasadno$¢ przyjetych hipotez
badawczych [H1] oraz [H3]. Synergiczne zastosowanie metabolitow LAB i AAB
wykazato wyrazng skuteczno$¢ w ograniczaniu rozwoju drobnoustrojow oraz w poprawie
jakosci mikrobiologicznej surowego wyrobu migsnego, co przekltada si¢ na wydtuzenie
jego trwatosci przechowalniczej. Uzyskane dane potwierdzaja, ze metabolity LAB
1 AAB, szczegdlnie stosowane w postaci mieszanin, moga stanowi¢ efektywne
1 funkcjonalne narzedzie biokonserwacji surowych produktow migsnych.

Procesy utleniania lipidow stanowig jeden z kluczowych czynnikéw
determinujacych jako$§¢ migsa, prowadzac m.in. do powstawania zjelczalych nut
smakowo-zapachowych oraz innych niepozadanych zmian sensorycznych [138]. Zmiany

intensywnos$ci peroksydacji lipidow, oceniane metoda TBARS, odzwierciedlaja
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dynamike reakcji oksydacyjnych zachodzacych w trakcie przechowywania migsa
1 s powszechnie opisywane w literaturze jako zjawisko inicjowane we wczesnych
etapach przechowywania, zgodnie z obserwacjami Kaczmarek i in. (2021) [139]
1 Abouloifa 1 in. (2022) [140]. Obserwowane w pdzniejszym okresie obnizenie wartosci
TBARS moze wynika¢ z degradacji dialdehydu malonowego (MDA) lub jego wigzania
z biatkowymi komponentami migsa, co potwierdzaja rowniez Wazir i in. (2021) [141].
Istotne znaczenie aplikacyjne ma fakt, ze proby traktowane mieszaninami metabolitow
bakteryjnych charakteryzowaty si¢ nizszg intensywnos$cig peroksydacji lipidow
w poréwnaniu do proby kontrolnej, co sugeruje potencjalne dziatanie przeciwutleniajace
zastosowanych preparatow. Podobne wlasciwosci ochronne metabolitow pochodzenia
mikrobiologicznego w matrycach migsnych opisali Stadnik 1 in. [142].

Z kolei zmiany obserwowane w zakresie stabilnosci lipidow wskazuja,
ze zastosowanie mieszanin metabolitow LAB i AAB moglo modulowaé przebieg
procesow utleniania 1 hydrolizy lipidow w migsie podczas przechowywania.
Zaobserwowane obnizenie zawartosci cholesterolu w probach traktowanych preparatami
moze wskazywac na ich potencjalny wplyw na stabilnos$¢ lipidow, zwigzany z modulacja
proceséw utleniania cholesterolu. Analiza liczby nadtlenkowej (PV), jako wskaznika
wczesnych etapéw utleniania lipidow, sugeruje, ze wyzsze wartosci tego parametru
w probach  traktowanych nie  musza  wyklucza¢  pdzniejszego  dzialania
antyoksydacyjnego preparatow, lecz moga wynika¢ z przejSciowej akumulacji
pierwotnych produktow utleniania [143]. Z kolei zmiany liczby kwasowej (AV),
odzwierciedlajace stopien hydrolizy lipidow, wskazuja, ze kombinacje metabolitow
mogly skuteczniej ogranicza¢ procesy hydrolityczne, co jest zgodne z obserwacjami
Arriojaiin. (2020) [133]. Jednoczesna analiza PV 1 AV potwierdza, Zze w mig¢sie zachodza
réwnolegle procesy oksydacyjne i hydrolityczne, ktérych intensywno$¢ moze by¢
modyfikowana przez zastosowanie biokonserwantow [144].

Interpretacja sktadu kwasow thuszczowych wskazuje, ze zastosowanie mieszanin
metabolitow bakteryjnych nie powodowato niekorzystnych zmian w gtéwnych frakcjach
lipidowych. Stabilno$¢ kwasow tluszczowych nasyconych (SFA) obserwowana w trakcie
przechowywania jest zgodna z doniesieniami Coombs i in. (2018) [145], ktérzy wykazali
ograniczong podatno$¢ tej frakcji na utlenianie. W przypadku jednonienasyconych
kwasow tluszczowych (MUFA), w szczeg6lnosci kwasu oleinowego, zachowanie
wzglednej stabilno$ci w probach traktowanych preparatami potwierdza wczesniejsze

obserwacje Horbanczuka i in. (2019) [146], wskazujace na mozliwos¢ ograniczenia ich
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degradacji w warunkach chtodniczych. Najbardziej podatng na zmiany frakcja
pozostawaty wielonienasycone kwasy ttuszczowe (PUFA), jednak mniejsza skala ich
degradacji w probach z dodatkiem mieszanin metabolitow sugeruje tagodne dziatanie
ochronne zastosowanych preparatow wobec procesow oksydacyjnych [147]. Podobne
efekty ochronne w odniesieniu do PUFA, wynikajace z zastosowania naturalnych
srodkéw przeciwdrobnoustrojowych, w tym bakterii kwasu octowego, opisali Okon i in.
(2024) [571.

Analizy fizykochemiczne wykazaly, ze aplikacja mieszanin metabolitow LAB
1 AAB nie powodowata zmian kwasowo$ci migsa w odniesieniu do proby kontrolne;.
Z perspektywy technologii przetworstwa migsa jest to korzystne, poniewaz pozwala
utrzymac¢ punkt izoelektryczny biatek, zachowa¢ zdolnos¢ wigzania wody i unikngé
nadmiernych strat w trakcie obrobki cieplnej [148]. Zblizony przebieg zmian pH
w probach kontrolnych i traktowanych mieszaninami metabolitow wskazuje, ze ich
dzialanie przeciwdrobnoustrojowe nie zaburzato naturalnych proceséw zachodzacych
w migsie. Po 6. dniu pH nieznacznie wzroslto, co, wedtug Kumara i Tanwara (2011),
jest zjawiskiem typowym i1 wynika z proteolizy oraz aktywno$ci enzymow uwalnianych
przez drobnoustroje [149]. Zjawisko to nie neguje skuteczno$ci zastosowanych
preparatéw, lecz potwierdza, ze ich dziatanie przeciwdrobnoustrojowe realizowane byto
bez istotnej ingerencji w podstawowe parametry fizykochemiczne migsa.

Natomiast wartosci ORP w poczatkowym okresie przechowywania
odzwierciedlaly narastajagcy stres oksydacyjny zwigzany z dostepnoscig tlenu
1 aktywnos$cig enzymdéw prooksydacyjnych, typowy dla proceséw zachodzacych
w migsie podczas przechowywania w warunkach chiodniczych, jak podaja Dominguez
1in. (2021) [150]. Odmienny przebieg zmian ORP w prébach traktowanych mieszaning
metabolitow bakteryjnych wskazuje na modulujacy wplyw preparatow i sugeruje ich
potencjalne dzialanie antyoksydacyjne w migsie [151]. W przeciwienstwie do prob
traktowanych mieszaning metabolitoéw, dalszy wzrost ORP obserwowany w probie
kontrolnej nalezy interpretowac jako objaw postepujacych procesow degradacyjnych,
co moze wskazywac¢ na wyzszy poziom stresu oksydacyjnego i intensyfikacje procesow
psucia, jak wykazat Estévez 1 in. (2011) [152].

W odniesieniu do analizy parametrow barwy, brak istotnych réznic pomigdzy
probami traktowanymi mieszaning metabolitow i kontrolnymi, sugeruje, Ze supernatanty
LAB i AAB nie pogarszaly barwy migsa, a aspekt ten, jak wskazuja Cardona i in. (2023)

oraz Feuz 1 in. (2020), ma kluczowe znaczenie dla akceptacji produktu przez
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konsumentow [153,154]. Wyniki te sg zgodne z obserwacjami innych badaczy, m.in.
Stadnik 1 in. (2022) [142] wykazali, ze zwigzki bioaktywne z kultur bakteryjnych
nie wptywaty negatywnie na barwe mig¢sa, natomiast Yang in in. (2023) [155] odnotowali,
ze steki wotowe traktowane Latilactobacillus sakei RS-25 wykazywaty poprawe jasnosci
1 opozniong degradacje koloru bez negatywnego wptywu na og6élne parametry jako$ciowe
produktu.

Zastosowanie wielowymiarowych metod analizy danych, takich jak
eksploracyjna analiza czynnikowa (EFA) oraz funkcjonalna analiza gltownych
sktadowych (FPCA), umozliwito kompleksowa interpretacje wzajemnych zaleznoS$ci
pomigdzy parametrami mikrobiologicznymi, fizykochemicznymi i barwy migsa w trakcie
przechowywania. Uzyskane zalezno$ci potwierdzaja, ze jako$¢ surowego migsa jest
ksztalttowana przez wspotwystepowanie procesoOw mikrobiologicznych, oksydacyjnych
oraz degradacji lipidéw, ktorych znaczenie zmienia si¢ wraz z czasem przechowywania.
Dominujaca rola czynnika mikrobiologicznego jako gldwnego determinanty zmian
jako$ci miegsa jest zgodna z obserwacjami Ercoliniego i in. (2006), ktorzy wskazali,
ze rozw0] mikroorganizméw stanowi kluczowy element inicjujacy procesy psucia migsa
podczas przechowywania [156]. Wzrost znaczenia tego czynnika wraz z czasem
przechowywania potwierdza, ze kontrola rozwoju drobnoustrojow stanowi podstawowy
element strategii wydluzania trwatosci surowych produktow migsnych. Jednoczesnie
wyodrebnienie czynnika tgczacego parametry oksydacyjne i cechy barwy wskazuje
na $ciste powigzania pomi¢dzy procesami utleniania lipidow 1 barwy migsa a percepcja
jakosci przez konsumenta. Zaleznos$ci pomiedzy nasileniem procesow utleniania lipidow
a aktywnoscig drobnoustrojow obserwowane w pozniejszych etapach przechowywania
sa spojne z doniesieniami Papuc i in. (2017) [157], ktérzy wykazali, Zze metabolizm
mikroorganizméw moze przyspiesza¢ degradacj¢ lipidow oraz sktadnikow
odpowiedzialnych za barwe migsa. W tym kontekscie zastosowanie metabolitow LAB
1 AAB mogto posrednio ogranicza¢ tempo tych zmian poprzez hamowanie aktywnosci
metaboliczne] populacji drobnoustrojow obecnych w migsie. Zalezno$¢ pomigdzy
obnizong liczebnos$cig drobnoustrojow a ograniczeniem peroksydacji lipidéw zostala
szeroko opisana w przegladach literaturowych Domingueza 1 in. (2019) [147] oraz Wu
1in. (2022) [158], co wskazuje na mozliwy mechanizm synergiczny sprzyjajacy
zwigkszeniu stabilno$ci oksydacyjnej migsa. Jednoczesne ograniczenie wzrostu
drobnoustrojéw oraz intensywno$ci procesOw utleniania lipidow potwierdza

wielofunkcyjny charakter metabolitow LAB 1 AAB jako biokonserwantow, co pozostaje

74



w zgodzie z wnioskami plynacymi z przegladow literaturowych Papadochristopoulosa
iin. (2021) [159] oraz Yuiin. (2021) [160], opisujacych tzw. ,podwojny efekt”
naturalnych dodatkow o dziataniu przeciwdrobnoustrojowym i antyoksydacyjnym [161].

Zastosowanie FPCA pozwolito uchwyci¢ dynamik¢ zmian jako$ci migsa
w czasie, co stanowi istotne uzupehlnienie klasycznych analiz PCA stosowanych
wczesniej w badaniach migsa, m.in. Hu i in. (2007) oraz Cafieque i in. (2007) [162,163].
Analiza ta potwierdzita, ze mi¢so traktowane mieszaninami metabolitow LAB 1 AAB
dtuzej utrzymywato korzystne parametry jako$ciowe w porownaniu do proby kontrolnej,
co wskazuje na spowolnienie proceséw degradacyjnych zachodzacych w trakcie
przechowywania. Wyniki FPCA jednoznacznie wskazaly najwyzsza skuteczno$¢
mieszaniny hkCFS 024 + CFS KNS32, a w dalszej kolejnosci hkCFS B1 + CFS KOM1,
podczas gdy proba kontrolna ulegata najszybszej degradacji w trakcie przechowywania.

Wyniki analiz wielowymiarowych potwierdzaja hipoteze [H1], wskazujac
na skuteczne dzialanie przeciwdrobnoustrojowe mieszanin metabolitow LAB i AAB.
Jednocze$nie obserwowane rdznicowanie parametréw jakosciowych migsa wspiera
hipotez¢ [H2], sugerujac, ze komplementarne oddziatywanie kwaséw organicznych,
bakteriocyn i innych zwigzkéw bioaktywnych moze przyczynia¢ si¢ do poprawy jakosci
mikrobiologicznej i opdznienia psucia migsa. Najpelniejsze potwierdzenie uzyskano
dla hipotezy [H3], poniewaz zastosowane mieszaniny umozliwialy utrzymanie
pozadanych wlasciwosci jakoSciowych surowego wyrobu migsnego przez -caly
analizowany okres przechowywania, tj. do 9. Dnia w temp. 4°C, co wigzato si¢
z wydluzeniem jego trwaltosci przechowalniczej. Catosciowo wyniki te wskazuja,
ze metabolity LAB i AAB, stosowane w postaci mieszanin, mogg stanowi¢ efektywna

1 wielokierunkowg strategie biologicznej konserwacji migsa i wyrobow miesnych.
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7. STWIERDZENIA I WNIOSKI

Na podstawie wynikow uzyskanych w toku przeprowadzonych badan

sformutowano ponizsze stwierdzenia:

1.

Metabolity wybranych bakterii fermentacji mlekowej (LAB) oraz bakterii kwasu
octowego (AAB) wykazuja  synergistyczne 1 addytywne  dzialanie
przeciwdrobnoustrojowe in vitro oraz in situ wobec bakterii patogennych i psujacych
migso oraz jego wyroby, w szczego6lnosci wzgledem L. monocytogenes i Salmonella
spp. Skuteczno$¢ t¢ potwierdzono zaréwno w warunkach laboratoryjnych, jak

1 w modelowym uktadzie z wykorzystaniem migsa garmazeryjnego.

Zidentyfikowane w genomach szczepdw L. paracasei B1 oraz L. plantarum 024 geny
odpowiedzialne za kodowanie bakteriocyn, a takze potwierdzony biatkowy charakter
aktywnych zwigzkéw przeciwdrobnoustrojowych, wskazuja na istotng role
bioaktywnych peptydow w mechanizmie przeciwdrobnoustrojowego dziatania

zastosowanych metabolitow.

. Preparaty zawierajagce metabolity bakterii L. paracasei B1 i L. plantarum 024

w polaczeniu z G. oxydans KNS32 oraz K. saccharivorans KOM1 wykazaty
wiasciwosci antyoksydacyjne, co wptyneto na spowolnienie peroksydacji lipidow,
ograniczenie degradacji cholesterolu 1 ochron¢ wielonienasyconych kwaséw

thuszczowych (PUFA) w migsie podczas chlodniczego przechowywania.

Zastosowanie mieszaniny metabolitow bakterii L. paracasei B1, L. plantarum 024
oraz G. oxydans KNS32 1 K. saccharivorans KOMI1 nie spowodowato pogorszenia
podstawowych parametrow fizykochemicznych migsa garmazeryjnego, takich jak
pH, ORP czy barwa, co potwierdza bezpieczenstwo aplikacyjne preparatow i brak ich

negatywnego wptywu na jakos$¢ produktu.

. Najwiekszg skuteczno$¢ przeciwdrobnoustrojowa 1 stabilizujaca  jako$¢

mikrobiologiczng migsa sposrod badanych wariantow wykazala mieszanina
zawierajaca: 1,25% (v/v) hkCFS L. plantarum 024 oraz 1,25% (v/v) CFS G. oxydans
KNS32, co wskazuje, ze wlasnie to polaczenie metabolitow LAB i AAB jest

najbardziej obiecujacym preparatem do biokonserwacji migsa i jego wyrobow.
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W oparciu o uzyskane rezultaty oraz ich interpretacj¢ przedstawiono réwniez

nastgpujace wnioski:

1.

Metabolity L. paracasei Bl, L. plantarum 024, G. oxydans KNS32 oraz
K. saccharivorans KOM1 mogg stanowi¢ skuteczny element strategii biokonserwacji
migsa, przyczyniajac si¢ do wydluzenia jego trwaloSci przechowalniczej,

co potwierdza hipotezy [H1] oraz [H3].

Potencjalny synergistyczny 1 addytywny mechanizm dzialania metabolitow LAB
1 AAB wynika prawdopodobnie z komplementarnego oddziatywania kwasow
organicznych, bakteriocyn, zwigzkéw fenolowych 1 innych bioaktywnych
metabolitow obecnych w mieszaninach badanych preparatow, co pozytywnie

weryfikuje hipoteze [H2].

. Zidentyfikowane metabolity LAB i AAB, wykazujac synergistyczne i1 addytywne

dzialanie = przeciwdrobnoustrojowe  wobec  drobnoustrojow  patogennych
i powodujacych psucie, stwarzaja realng mozliwos¢ ich zastosowania jako

naturalnych czynnikdw biologicznego utrwalania migsa i jego przetworow.
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Wyzszego z dnia 5 stycznia 2024 r. (wedlug roku publikacji).

81



SGGW. Tematyka: Badanie skuteczno$ci bakteriofagdéw w biokontroli szczepow
referencyjnych E. coli (ECOR); Charakterystyka chemiczna i identyfikacja
metabolitow srodowiskowych szczepow LAB. Opiekun naukowy: Dongyan Niu,
PhD MSc

Szkota Gtowna Handlowa w Warszawie. Warszawa, Polska. Kurs doksztalcajacy:
Statystyka z programem Excel, 03-04.2022. Opiekun naukowy: dr Irena

Kasperowicz-Ruka

Udzial w konferencjach (chronologicznie)

1.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Okon A.,
Laszkiewicz B., Szymanski P., Zielinska D. XLVII Sesja Naukowa Komitetu
Nauk o Zywnosci i Zywieniu PAN potgczona z Jubileuszem 80-lecia Wydziatu
Nauki o Zywnoéci ,,Doskonalenie zywnosci i zywienia dla zachowania komfortu
zycia cztowieka” Olsztyn, 03-04.07.2025. Wystapienie: ,,Nowe zastosowanie
preparatoéw bakterii fermentacji mlekowej 1 bakterii kwasu octowego
w ksztattowaniu  jako$ci  technologicznej 1  mikrobiologicznej migsa
garmazeryjnego”.

Konferencja stacjonarna, poster, j. angielski, Karbowiak M., Hyun J-E, Niu Y-
D., Zielinska D., 15" CASEE Conference, ”Green transitions in agriculture,
forestry, veterinary medicine and food systems under a changing climate” (25-
27.06.2025, Nowy Sad, Serbia). Poster: “Genomic insights and functional
characterization of novel antimicrobial compounds from food-origin strains of

lactic acid bacteria”.

. Konferencja stacjonarna, poster, j. polski, Karbowiak M., Zielinska D., VIII

Narodowy Kongres Zywieniowy ,,Partnerstwo instytucjonalne w trosce o zdrowie
dzieci 1 mlodziezy” (19.09.2024, Centrum Wodne SGGW, Warszawa). Poster:
»Azotany 1 azotyny w diecie dzieci: przeglad literatury dotyczacy spozycia
1 konsekwencji zdrowotnych”.

Konferencja stacjonarna, poster, j. angielski, Karbowiak M., Hyun J-E, Kruk M.,
Niu Y-D., Zielifiska D., 14" CASEE Conference,” The Role of the Life Sciences
Universities in the Green Transition of Central and Eastern Europe” (19-
21.06.2024, Kluz-Napoka, Rumunia). Poster: “Characterization of the chemical
composition of the postbiotics obtained from environmental strains of lactic acid

bacteria to serve as promising food biopreservatives”.
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10.

Konferencja stacjonarna, prezentacja, j. polski. Ke¢ska P., Stadnik J., Zielinska D.,
Karbowiak M., Kruk M. XXVIII Sesja Naukowa Sekcji Mtodej Kadry
Naukowej PTTZ, Politechnika Gdanska, 16-17.05.2024. Wystapienie: ,,Wplyw
dawki liofilizowanych ptynéw pohodowlanych na wybrane wyrdzniki jako$ci
kietbas parzonych”.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Kruk M.,
Szymanski P., Zielinska D. Krokusowe XIV Sympozjum Naukowe ,,Probiotyki
1 prebiotyki w zywnos$ci” Kiry pod Zakopanem, 17-19.04.2024. Wystapienie:
»Ocena aktywno$ci przeciwdrobnoustrojowej mieszaniny postbiotykoéw
pochodzacych z bakterii fermentacji mlekowej i bakterii kwasu octowego w
modelu migsnym”.

Konferencja on-line, prezentacja, j. angielski. Karbowiak M., Hyun J-E,
Zielinska D., Niu Y-D. V Konferencja Doktorantow ,Cztery Zywioly —
wspotczesne problemy w naukach o zyciu” Warszawa-Lublin, 14.12.2024.
Wystapienie: “Does Efficacy of Individual Lactic Acid Bacteria Preparations
Predict Efficacy of Cocktails of Preparations for Control of Escherichia coli
O157:H7?.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Zielinska D.
XXVII Konferencja Sekcji Miodej Kadry Naukowej PTTZ ,,Rozwdj Nauk
o Zywnosci.  Zrownowazona  przyszto$¢? ~ Warszawa,  11-12.05.2023.
Wystapienie: ,,Potwierdzenie obecnosci sekwencji gendéw kodujacych brewicyny
u bakteriocynogennych bakterii fermentacji mlekowej Levilactobacillus brevis —
badania molekularne”.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Szymanski P.,
Zielinska D. Krokusowe XIII Sympozjum Naukowe ,,Probiotyki i prebiotyki
w zywnosci” Kiry pod Zakopanem, 19-21.04.2023. Wystapienie: ,,Aktywnos¢
przeciwdrobnoustrojowa mieszaniny postbiotykow bakterii fermentacji mlekowej
1 bakterii kwasu octowego wobec enteropatogendéw przenoszonych przez
zywnos$¢ 1 bakterii powodujacych psucie — badania in vitro”.

Konferencja on-line, prezentacja, j. polski. Karbowiak M., Zielinska D. V
Konferencja Doktorantow ,,Cztery Zywioty - wspdtczesne problemy w naukach
o zyciu” Warszawa-Lublin, 14.12.2022. Wystapienie: ,,Weryfikacja biatkowego
charakteru substancji przeciwdrobnoustrojowych syntetyzowanych przez szczepy

bakterii fermentacji mlekowej — Levilactobacillus brevis O24 oraz B1”.
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11.

12.

13.

14.

15.

16.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Brzezicka A.,
Zielinska D. IX Ogolnopolska Konferencja Naukowa z cyklu ZYWNOSC —
ZYWIENIE — DIETETYKA na temat: Zywienie dzieci w/po pandemii
Czestochowa, 17-18.11.2022. Wystapienie: ,,Wptyw pro(—psycho)biotykoterapii
na zdrowie psychiczne i dobrostan dzieci, miodziezy 1 mtodych dorostych
w kontek$cie pandemii COVID-19 — aktualny stan wiedzy”.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Pawlak M.,
Zielinska D. XX VI Konferencja Sekcji Mtodej Kadry Naukowej PTTZ ,,Zywno$é
dzisiaj — lokalna czy globalna? Tradycyjna czy innowacyjna? Poznan, 19-
20.05.2022. Wystapienie: ,,Wplyw stopnia inaktywacji cieplnej komorek
Lactobacillus spp. na ich hydrofobowos$¢ oraz zdolnosci do autoagregacji
1 adhezji”.

Konferencja on-line, prezentacja, j. polski. Karbowiak M., Galek M., Zielinska
D. VI Sympozjum Naukowe ,,Drobnoustroje i ich metabolity — produkcja
zywnosci 1 biotechnologia” Warszawa, 17-18.05.2022. Wystapienie: ,,Wplyw
stopnia inaktywacji cieplnej komorek Lactobacillus spp. na ich zdolnosé
do hamowania agregacji i adhezji innych mikroorganizméw”.

Konferencja stacjonarna, prezentacja, j. polski. Karbowiak M., Kurpiewski J.,
Zielinska D. Krokusowe XII Sympozjum Naukowe ,,Probiotyki i prebiotyki
w zywnosci” Kiry pod Zakopanem, 28-29.04.2022. Wystapienie: ,,Optymalizacja
wlasciwosci przeciwdrobnoustrojowych bakterii Levilactobacillus brevis 024”.
Konferencja on-line, prezentacja, j. polski. Karbowiak M., Rozek A., Zielinska
D. IV Konferencja Doktorantéw ,,Cztery Zywioly — wspolczesne problemy
w naukach o zyciu” Warszawa-Lublin, 14.12.2021. Wystapienie: ,,Psychobiotyki
— mechanizm dziatania oraz ocena skutecznosci na podstawie najnowszych
danych naukowych (przeglad systematyczny z metaanalizg”.

Konferencja on-line, prezentacja, j. polski. Karbowiak M., Mosiej W., Zielinska
D. II Ogdlnopolska Konferencja Naukowa ,,Zywno$¢, Zywienie, Rynek.
Innowacje w nauce i praktyce” Warszawa, 18.11.2021. Wystgpienie: ,,Wplyw
dodatku blonnika 1 B-glukanu na przezywalno$¢ bakterii probiotycznych

w mlecznych napojach fermentowanych”.

Sekwencje DNA zdeponowane i zarejestrowane w banku genow GenBank

l.

Genome assembly ASM4080320v1
NCBI RefSeq assembly GCF_040803205.1
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Submitted GenBank assembly GCA 040803205.1
Lacticaseibacillus paracasei Strain Bl
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF 040803205.1/
Genome assembly ASM4011274v1

NCBI RefSeq assembly GCF_040112745.1

Submitted GenBank assembly GCA 040112745.1
Lactiplantibacillus plantarum Strain 024
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF 040112745.1/

Nagrody i wyroznienia

1.

Otrzymanie finansowania w ramach Systemu Wsparcia Finansowego dla
Naukowcow SGGW. Numer uczelniany zadania S25005. Warszawa, 30.06.2025
Nagroda zespotowa (dyplom) II stopnia JM Rektora SGGW za osiggnigcia
naukowe. Warszawa, 30.09.2024

Otrzymanie finansowania w ramach Wtasnego Funduszu Stypendialnego SGGW.
Decyzja BWM/24/2023. Warszawa, 24.04.2023

I miejsce, nagroda Komisji Naukowej w kategorii referat. Wplyw stopnia
inaktywacji cieplnej komorek Lactobacillus spp. na ich hydrofobowos¢ oraz
zdolnosci do autoagregacji i adhezji”. XXVI Konferencja Sekcji Mtodej Kadry
Naukowej PTTZ ,,Zywnos$¢ dzisiaj — lokalna czy globalna? Tradycyjna czy
innowacyjna?”. Poznan, 19-20.05.2022

Wyrdznienie za wystgpienie na konferencji on-line. Weryfikacja biatkowego
charakteru substancji przeciwdrobnoustrojowych syntetyzowanych przez szczepy
bakterii fermentacji mlekowej — Levilactobacillus brevis 024 oraz Bl. V
Konferencja Doktorantow ,,Cztery Zywioty — wspdtczesne problemy w naukach
o zyciu”. Warszawa, 14.12.2022

Wyré6znienie za wystgpienie na konferencji on-line. Psychobiotyki — mechanizm
dziatania oraz ocena skutecznosci na podstawie najnowszych danych naukowych.
IV Konferencja Doktorantow ,,Cztery Zywioty — wspolczesne problemy
w naukach o zyciu”. Lublin, 14.12.2021

Wyrdznienie, najlepsza publikacja przegladowa opublikowana w 2020
w czasopis$mie ZNTJ. Postbiotyki — wilasciwosci, zastosowanie i wplyw na
zdrowie czlowieka. Karbowiak M., Zielinska D., ZYWNOSC - Nauka
Technologia Jakos$¢, 2020, vol. 27, nr 2, s. 22-37. Wroctaw, 14.09.2021
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Projekty i inne aktywnosci

1.

Cztonkini Polskiego Towarzystwa Technologéw Zywnosci, Oddzial Warszawski —
od 2021 roku.

Odpowiedzialna za strategi¢ komunikacji i prowadzenie mediow spotecznosciowych
Polskiego Towarzystwa Technologow Zywnosci — od 2021 roku; dziatania

te wspieraja popularyzacj¢ osiggni¢¢ naukowych oraz dziatalnosci Towarzystwa.

. Czlonkini komitetow organizacyjnych konferencji naukowych organizowanych przez

SGGW; aktywny udziat w wydarzeniach popularyzujacych nauke, w tym corocznie
w Dniach SGGW.

Recenzentka artykuldéw naukowych dla czasopisma Foods, Fermentation,
Microogranism (wydawnictwo MDPI) oraz Cogent Food & Agriculture

(wydawnictwo Taylor & Francis).
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Abstract: The control of spoilage microorganisms and foodborne pathogens in meat and meat
products is a challenge for food producers, which potentially can be overcome through the combined
use of biopreservatives, in the form of a mix of various microbial hurdles. The objective of this work
is to systematically review the available knowledge to reveal whether various microbial hurdles
applied in combination can pose an effective decontamination strategy for meat and meat products.
PubMed, Web of Science, and Scopus were utilized to identify and evaluate studies through February
2023. Search results yielded 45 articles that met the inclusion criteria. The most common meat
biopreservatives were combinations of various starter cultures (24 studies), and the use of mixtures of
non-starter protective cultures (13 studies). In addition, studies evaluating antimicrobial combinations
of bacteriocins with other bacteriocins, BLIS (bacteriocin-like inhibitory substance), non-starter
protective cultures, reuterin, and S-layer protein were included in the review (7 studies). In one
study, a biopreservative mixture comprised antifungal protein PgAFP and protective cultures. The
literature search revealed a positive effect, in most of the included studies, of the combination of
various bacterial antimicrobials in inhibiting the growth of pathogenic and spoilage bacteria in meat
products. The main advantages of the synergistic effect achieved were: (1) the induction of a stronger
antimicrobial effect, (2) the extension of the spectrum of antibacterial action, and (3) the prevention of
the regrowth of undesirable microorganisms. Although further research is required in this area, the
combination of various microbial hurdles can pose a green and valuable biopreservation approach
for maintaining the safety and quality of meat products.

Keywords: synergism; compounds; meat safety; shelf life extension; bacterial-derived antimicrobials;
decontamination strategies; foodborne pathogens

1. Introduction

Foodborne pathogens are a threat to international public health and safety. A majority
of zoonosis cases reported at the European Union level in 2021 were campylobacteriosis,
with 127,840 confirmed cases, followed by salmonellosis, Shiga toxin-producing Escherichia
coli (STEC) infections, yersiniosis, and listeriosis with 60,050, 6789, 6084 and 2183 confirmed
cases, respectively [1]. On the other hand, multistate outbreaks were most frequently
caused by Salmonella (83 outbreaks, 64%), followed by STEC (29 outbreaks, 22%), and then
Listeria (18 outbreaks, 14%) [2]. Meat and meat products were the main carriers of these
pathogens, in both the European Union and the United States [1,2]. In the United States,
during the period 2017-2020, beef consumption was associated with 900 hospitalizations
due to E. coli, Salmonella, or Listeria contamination. At the same time, the consumption of
contaminated chicken was linked to 679 cases and pork to 126 cases [2]. In the European
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Union, chicken meat (broilers) is considered to be the most important foodborne source of
both campylobacteriosis and salmonellosis, which are the two most frequently reported
foodborne human diseases [1]. While meat and meat products are still among the best
sources of nutrients for humans due to their high protein content, essential amino acids,
vitamin B groups, and minerals [3], their high water activity and nutrient composition also
contribute to the development of foodborne pathogens, as well as spoilage microorgan-
isms, including Pseudomonas, Staphylococcus, Brochothrix, some lactic acid bacteria (LAB)
species, and different strains of Enterobacteriaceae [4,5]. There are also several metabolites
secreted by spoilage microorganisms that can negatively impact meat quality and pose
health risks, including biogenic amines (histamine, putrescine, cadaverine, spermine, and
spermidine), as well as toxins (botulinum and staphylococcus toxin) [6]. Development of
these bacteria in meat leads to the reduction of nutritional compounds, primarily proteins,
amino acids, and vitamins (mostly B complex vitamins), as well as degradation of lipids,
which are more susceptible to oxidation in these environments [4]. Additionally, important
sensory characteristics such as color, texture, and odor are altered, making the meat unfit
for consumption.

To ensure the quality and safety of products, and in response to increasing pressure
from consumers for safe-to-eat and high-quality clean-label food products, interest in
the meat industry is now focused on novel biopreservation strategies. Biopreservation
involves using natural or primary and/or secondary metabolites or antimicrobials, from
such sources as bacteria, fungi, plants, and animals, as a means to minimize lipid oxi-
dation, reduce color loss, or extend product shelf life [7]. According to this approach,
biopreservatives are defined as compounds, derived from natural sources or made from
food ingredients, which are capable of preventing or retarding spoilage related to chemical
or biological deterioration and combating foodborne pathogens [8]. In practice, it is more
common for authors to define the concept of ‘biopreservation’” with reference merely to
the use of microorganisms and/or their metabolites in order to extend shelf life and en-
hance food safety [9]. Lactic acid bacteria (LAB) possess the biggest potential for use in
biopreservation, being used as a starter or protective culture due to the wide spectrum of
their activity against the development of unfavorable microbiota. Their antagonistic effect
is due to different mechanisms, such as competition for nutrients and production of organic
acids, hydrogen peroxide, enzymes, antimicrobial peptides, or bacteriocins [8]. Bacteria
of the former genus Lactobacillus, which has recently been reclassified into twenty-five
new species [10], Bifidobacterium, and other microorganisms such as Enterococcus faecium,
E. faecalis, Streptococcus salivarius ssp. thermophilus, Lactococcus lactis subsp. lactis, Leuconos-
toc mesenteroides, and Pediococcus acidilactici are of especial interest in the biopreservation
of meat and meat products [11]. The vast majority of LAB and their metabolites have
the status ‘Generally Recognized As Safe’ (GRAS) according to the U.S. Food and Drug
Administration (FDA) [12]. The European Food Safety Authority (EFSA) has also given
the rank of ‘Qualified Presumption of Safety’ (QPS) to many LAB species, included in the
genera Carnobacterium, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus and
the former Lactobacillus genus [13]. To conclude, an ideal biopreservation agent should be
able to exhibit specific antimicrobial activity to combat microorganisms that cause a food
safety risk and should not cause adverse effects on the human intestinal microbiome.

Alternatively, biopreservatives might also be used in combination with other strategies
as part of a hurdle technology approach to decontaminate food. A hurdle concept is
the combination of different preservation techniques as a conservation strategy, and has
been used successfully in many countries for years [14]. The combined use of multiple
preservation methods may include physical (e.g., heat treatment), chemical (chemical
preservatives such as EDTA, organic acid, etc.), and biological (microorganisms and their
metabolites) factors [15]. A combination of these approaches is rationalized by the belief
that synergism may occur by exposing undesired microorganisms to a series of obstacles
to their growth and survival. Furthermore, if synergism occurs, preservative doses or
technological treatment intensities may be reduced [15]. Using hurdle technology in the
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meat industry is a successful method of obtaining mildly processed meat products that are
both safe and appealing to consumers [16]. However, foodborne disease outbreaks linked to
meat products continue to occur despite promising evidence that these interventions result
in safer products. Up to this date, several reviews have been published, where an attempt
was made to collect available data on meat biopreservation strategies, some belonging to
the category of hurdle technology [9,15,17-24]. According to a preliminary literature search,
there has not yet been a review of the combination of bacterially derived antimicrobials to
achieve a synergistic effect in the decontamination of meat and meat products.

In light of the above, as outbreaks of foodborne diseases related to meat products
continue to be reported, and based on the numerous positive reports describing the antimi-
crobial and potentially synergistic effects of preservatives of microbial origin, the purpose
of this study was to review systematically the current knowledge about the combined
antimicrobial effect of a variety of microbial hurdles to control the growth of undesirable
microorganisms in meat and meat products.

2. Materials and Methods

To the best of the authors” knowledge, until today there is no published or regis-
tered protocol concerning this topic or a similar review of the literature. The review was
registered with the PROCEED prospective register of evidence syntheses in the environ-
mental sector (registration number PROCEED-23-00084), available at the following address:
https:/ /www.proceedevidence.info/protocol /view?id=84 (accessed on 28 February 2023).
Guidelines and Standards for Evidence Synthesis in Environmental Management Version
5.1 were strictly followed in this systematic review [25].

2.1. Focus Question

What is the impact of the mixture of bacterial-origin antimicrobials on the growth of
foodborne pathogens and spoilage bacteria in the food system? Can this biopreservative
effect be accomplished by using specific mechanisms and/or compounds? Is there a way
to utilize these combined bacterial antimicrobials in the meat industry?

2.2. Protocol and Selection Criteria

The population, intervention, control, outcome (PICO) design methodology was
applied in this case [26]. “Population” constituted meat and meat products, “interven-
tion” pertained to the combination of a variety of antimicrobial agents of bacterial origin,
“comparator” constituted no combination used, single antimicrobial or other agents, and
“outcome” referred to decontamination strategies and effects. Studies were qualified to be
included if they met the following criteria: published since 2000, comprising experimental
in vitro research, and referring to the synergistic antibacterial effect of diverse microor-
ganisms or microbial origin metabolites applied in combination to enhance food safety or
extend the shelf life of contaminated meat and meat products. Studies were excluded when
related to animal or in vivo research, to human trials, and when lacking sufficient details
on either the antimicrobial agents or their utilization in the meat system. Unpublished or
duplicate data, reviews, letters, case reports and editorials were also excluded.

No restrictions were placed regarding the use of control samples, in order to include a
wide range of potential studies. To that end, studies without a comparator, e.g., without
comparing to antimicrobial agents used separately, were also included.

A combination of microbial hurdles with organic acids and their derivative salts was
excluded at the research selection stage as having no certainty as to the microbial origin of
the chemicals. It should be noted that lactic acid, citric acid, propionic acid, acetic acid, and
other organic acids are chemical compounds that can be produced by microbial activity;
however, chemical synthesis and enzymatic production processes are also possible ways to
obtain these antimicrobials [27]. Thus, they are typically classified as chemical additives for
controlling microorganism growth, improving sensory attributes, and extending the shelf
life of various food products, including meat [15].
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2.3. Search Methods

The following databases were searched in February 2023: PubMed, Scopus, and Web
of Science, with the search restricted to the English language. Following the methodology
of Bramer et al. (2018) [28], keywords were carefully selected and tested in order to provide
a broad screening of the available and relevant literature. Search queries were tailored to
each database’s structure. The specific search terms combined with the Boolean operators,
as well as details on the customization of the query to each database, are provided in the
PROCEED protocol. Additionally, titles and abstracts of the literature were screened for
duplication across search engines.

2.4. Selection of Articles

The title and abstract of each article were independently reviewed by two researchers
to ensure they met the eligibility criteria. Full texts of articles were then retrieved, and
two researchers independently screened them for inclusion. Disagreements were settled
through discussion between the two researchers. The PRISMA diagram [29] was used to
guide the review process (Figure 1). Citations were exported to the citation generator.

| Identification of studies via databases and registers
'R
g Records identified from: Records removed before
= PubMed (n=134) > the screening:
= Scopus (n=452) Duplicate records removed
] Web of Science (n=721) (n=452)
o
: }
-~
S Records excluded based
Records ;‘;;ee”e" > on title/abstract
(n=855) (n=748)
@
=
: }
[ 1]
e
3 Full-text articles assessed Articles excluded after full-text
for eligibility > analysis
(n=10T7) (n=82)
. v
— '
g Studies included in the review
- (n=25)
° Studies included from other sources
= (n=20)
Total (n=45)

Figure 1. PRISMA flowchart illustrating the identification of studies for inclusion.

2.5. Risk of Bias Assessment

The Guidelines for Systematic Review and Evidence Synthesis in Environmental
Management Version 5.1 2022 [25], Collaboration for Environmental Evidence Critical
Appraisal Tool Version 0.3 (Prototype) was utilized for a critical appraisal of included
studies that met the eligibility criteria. This tool is intended for use in environmental
management research, including pathogen control, which is one of the research topics of
this review. Criteria for avoiding systematic biases which may pose a threat to the study’s
internal validity are described in detail in the PROCEED protocol.
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2.6. Search for Heterogeneity

Given the high heterogeneity among the studies, meta-analyses could not be per-
formed because similar comparisons could not be made between outcomes that differed
between the studies.

3. Results
3.1. Study Selection

A total of 1307 papers were identified, 134 in the PubMed database, 452 in Scopus, and
721 in the Web of Sciences. These three lists were compared identifying 452 duplications
or triplicates. The title and abstract screening allowed exclusion of 748 articles since they
lacked relevance to the topic. Among the 107 articles subjected to full-text review, 82 articles
were excluded as not complying with the inclusion criteria. An additional twenty relevant
studies were identified by checking the references from included studies or searching the
Internet and were added to the final analysis. In total, forty-five unique studies were
selected for data analysis. The large number of studies that were identified additionally,
rather than through a systematic search, may be because the studies” main objectives were
not to investigate synergism between antimicrobial agents. It is possible that the authors did
not use such keywords as “synergism”, “combination” or “additivity”, and the synergistic
effect was obtained somewhat accidentally.

The selection strategy employed in the qualitative analysis is summarized in Figure 1.
To examine the topic deeply, a content analysis of all articles found was conducted. The data
extracted from the studies included in the systematic review are expressed in Tables 1-8.

3.2. Risk of Bias

All forty-five studies included in this review were considered to be moderately bi-
ased. A detailed description of the scoring results of individual studies will be provided
upon request.

3.3. Main Findings

Evaluation and in-depth examination of the articles included in this review showed
that the vast majority of interventions were the addition of starter cultures directly to meat
products during the fermentation process. Another common mixture of antimicrobial
agents was a combination of non-starter protective cultures. In this case, the target meat
products were not fermented but fresh, such as minced meat or ready-to-eat products.
In both cases, the mix of agents was added fresh or lyophilized, or in the form of the
supernatants obtained by centrifugation of bacterial cultures. In other cases, the potential
use of secondary metabolites and purified or semipurified biologically active compounds
of microbial origin, such as bacteriocins, bacteriocin-like substances, surface layer proteins,
and reuterin were assessed in different variations, as a part of the decontamination strategies
for meat. Often, combined physical or chemical hurdles technology approaches and active
packaging techniques were applied simultaneously.

Therefore, it was decided to use these categories in the rest of the study. To determine
whether microbial hurdle technology has an advantage over microbial biopreservatives
used alone, the articles included in the review were considered according to their function,
namely, whether they were added into the meat as a mixture of starter cultures, or used as
bioprotective non-starter cultures. Other combinations of microbial secondary metabolites
were considered separately.

The most popular microbial hurdles in the studies included in this review were
combined starter cultures applied to meat [30-53]. The use of a mixture of non-starter
protective cultures to inhibit spoilage bacteria or/and foodborne pathogens was also
assessed [54—66]. Gao et al. (2015) [67] investigated the antimicrobial properties of the
non-starter protective culture of Latilactobacillus sakei C2 in combination with bacteriocin
sakacin C2 prepared from the cell-free supernatant of L. sakei C2. In the study of de Souza de
Azevedo et al. (2019) [68], nisin and bacteriocin-like inhibitory substance (BLIS) produced
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by Pediococcus pentosaceus ATCC 43,200 were tested together to preserve pork meat samples
after artificial contamination by Lactobacillus sakei ATCC 15521. Interestingly, in the Delgado
et al. study (2018) [69], non-starter protective cultures were combined with protein PgAFP
from Penicillium chrysogenum in order to investigate their combined antifungal capacity
against A. parasiticus in dry-fermented sausage. In turn, the biopreservation of meat by
using a combination of bacteriocins was evaluated by Castellano et al. (2018) [70] and
Vignolo et al. (2000) [71]. In other similar studies, combinations of nisin with bacteriocin-
like-substance (BLIS) against Listeria monocytogenes [72] and with surface layer protein
(SLP) against Staphylococcus saprophyticus P2 [73] were appraised. The inhibitory activity of
synergetic antimicrobial consortia of, inter alia, reuterin and microcin 25 against Salmonella
enterica on broiler chicken carcasses was also evaluated [74].

4. Discussion

4.1. Combination of Various Microbial Hurdles against Foodborne Pathogens and Spoilage
Microorganisms in Meat and Meat Products

4.1.1. Combination of Starter Cultures

Starter cultures refer to preparations that contain a large number of cells, whether of
a single type or a mixture of two or more microorganisms, that are added to food to gain
benefits from their metabolism and enzyme activity [75]. Across the meat industry, starter
cultures are widely used, primarily in the preparation of sausages. Fermentation is the
oldest known method of preserving meat, obtaining a microbiologically stable product with
special sensory properties that can be stored for months. Habitually, the fermentation pro-
cess of meat products has been conducted by the natural microbiota present in the meat [76].
The use of starter cultures in the manufacture of meat products has received considerable
attention in recent years. A variety of strains are used in different products based on tech-
nological requirements and consumer preferences [77]. In fermented meat products, the
LAB are usually facultative anaerobes and belong primarily to the genera Leuconostoc, Pe-
diococcus, Lactococcus, Enterococcus, and the former Lactobacillus. Among coagulase-negative
staphylococci, Staphylococcus xylosus and S. carnosus are the most commonly used faculta-
tive anaerobes in the fermentation of meat products [19]. Yeasts commonly used as meat
starters are Debaryomyces spp. and Candida spp. which can exhibit either an aerobic or
a facultatively anaerobic metabolism [78]. The main objective of using the combinations
of various strains within a starter culture is to obtain potent synergistic activity in terms
of antimicrobial effect enhancement, sensory quality improvement, reduction of usage,
avoiding resistance, saving energy, and the extension of meat shelf-life which is beneficial
to the meat industry.

In the included studies, a starter culture composed of at least two LAB strains
was used by Lee et al. (2018) [39], Olaoye et al. (2010) [43], Olaoye et al. (2011) [44],
Olaoye et al. (2015) [45], Iacumin et al. (2020) [36], and Vatanyoopaisarn et al. (2011) [51]
(Table 1). In the study by lacumin et al. (2020) [36], two different bioprotective mixed
cultures consisting of lactic acid bacteria were used against L. monocytogenes bacteria that
were intentionally inoculated into cooked cubed ham, which was packaged in modified
atmosphere packaging (MAP). The use of two types of bioprotective mixed cultures, includ-
ing Lyocarni Sacco BOX-74 (Carnobacterium divergens, Carnobacterium maltaromaticum, and
Latilactobacillus sakei) and Lyocarni BOX-57 (C. divergens; C. maltaromaticum and L. sakei—
bacteriocin producer) eliminated or prevented the development of L. monocytogenes in the
meat products [36]. According to the authors, the activity of these bioprotective cultures
was mainly based on competition at the substrate level and also, in the case of BOX-57,
inclusion of a bacteriocin producer. As demonstrated in the experiment, the presence of
autochthonous (natural) LAB did not inhibit L. monocytogenes, and the mixed three-strain
starter cultures did [36].

In the remaining studies concerning the use of a combination of strains in a starter
culture, the LAB were combined also with coagulase-negative staphylococci (CNS), which
possess different properties. Due to their nitrate-reducing capabilities, coagulase-negative
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staphylococci contribute to limiting lipid oxidation and producing nitrosomyoglobin,
thus promoting the development of the typical red color of meat [79]. Staphylococcus
species, such as Staphylococcus xylosus, also contribute to aroma formation by performing
proteolytic and lipolytic activities. According to several recent studies, protein hydrolysis
is caused not only by endogenous meat enzymes but also by certain bacteria, including
Staphylococcus [80,81]. Interestingly, the success of Staphylococcus in proteolysis during
meat fermentation may depend directly on the presence of lactic acid bacteria [82], which
indicates collective interaction between those species. In the study by Chen et al. (2020) [33]
on the production of dry fermented sausage, the multi-strain starter of Staphylococcus
xylosus SX16 and Lactiplantibacillus plantarum CMRC6 was compared to the single-strain
starter culture of L. plantarum CMRC6 and a non-inoculated control. Besides acceleration
of acidification and proteolysis during ripening, the mixed culture starter improved the
microbiological safety of the meat sausages, dominating the microbial community by
suppressing Enterobacteriaceae growth which was not detected after 6 days of ripening. In
comparison, in sausages inoculated with the single culture starter, the Enterobacteariaceae
population decreased more slowly and was not detected after 14 days of ripening but no
information was given as to whether the difference was significant [33].

Similar results of improvement of the safety and biochemical and sensory charac-
teristics of the fermented meat products when using the combination of LAB and CNS
strains were obtained by Du et al. (2019) [64], Frece et al. (2014) [35], Pavli et al. (2020) [46],
Zhao et al. (2011) [53], Xiao et al. (2020) [52], Bonomo et al. (2011) [30], Casaburi et al. (2017) [31],
Mafra et al. (2020) [40], and Najjari et al. (2021) [42] (Table 1). It is worth mentioning that in
the study of Pavli et al. (2020) [46], a three-strain starter culture of Pediococcus pentosaceus,
Staphylococcus carnosus and Lactiplantibacillus plantarum L125 was compared with a two-
strain starter culture of P. pentosaceus and S. carnosus and applied separately to meat batter.
The use of the three-strain starter culture led to equal or better technological characteristics
of the produced sausages compared to the control sample. At the same time, the population
of staphylococci in meat samples inoculated with the mix of three strains decreased more
than in meat samples with the addition of the two-strain starter culture (p < 0.05) in the
initial stage of fermentation, probably due to the strong competition between LAB cultures.
Despite this fact, staphylococci levels were higher in meat samples incorporated with the
three-strain starter culture by the end of the storage period (182 days) compared to the meat
sample impoverished by the L. plantarum strain. Overall, the mix of three-starter cultures
was found to possess desirable technological characteristics, indicating its effectiveness
for use in fermented sausage manufacturing [46]. In the study by Mafra et al. (2020) [40],
the mixed starter culture composed of Latilactobacillus sakei, Staphylococcus xylosus, and
Staphylococcus carnosus was used in the fermentation of meat sausages and resulted in
improvement of the safety and shelf-life of products. According to the authors, the mixed
starter culture presented technological characteristics anticipated for application in the
maturation of sausages [40].

Nevertheless, the reason for using synergistic bacterial cultures may be wider than
obtaining antimicrobial action. Among the many hazards associated with meat prod-
ucts, nitrosamines, biogenic amines (BAs), polycyclic aromatic hydrocarbons (PAHs), and
mycotoxins are among the most significant [48-50].
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Table 1. The use of diverse combinations of starter cultures against different target microorganisms.

Mixture Meat System . Target. Synergism Occurrence References
Microorganism(s)
Starter cultures of Traditional fermented En t;ﬁk]jz,cgr\ilasc,eae Bonomo et al
Latilactobacillus sakei and sausages of Basilicata . " Yes ’
Staphylococeus equorim region gram-negative bacteria, (2011) [30]
molds, and yeasts
Starter cultures of Enterobacteriaceae,
Staphylococcus xylosus CVS11 or Fermented sausages Enterococci, molds, Yes Casaburi et al.
FVS21 with Latilactobacillus & yeast, LAB, and (2007) [31]
curvatus Micrococcaceae
Starter cultures of Pediococcus . . Yar1qus pathogens
e e Traditional Iberian (Listeria, Salmonella, E.
acidilactici (MC184, MS198, or drv-fermented coli, S. aureus) Yes Casquete, et al.
MS200) and Staphylococcus Y . e ! (2012) [32]
vitulis RS34 salchichén and chorizo  Enterobacteriaceae, and
Micrococcus
Starter cultures of Yes. but onl
Staphylococcus xylosus SX16 and Gourmet fermented LAB, CNS, and cor’1cernin Y Chen et al.
Lactiplantibacillus plantarum dry sausage Enterobacteriaceae '8 (2020) [33]
CMRC6 Enterobacteriaceae
Starter cultures of Pediococcus TVC, LAB, No significant Du et al. (2019)
entosaceus and Staphylococcus Xiangxi sausages Staphylococcus, and difference with the )
p pry g g pry [34]
xylosus Enterobacteriaceae control sample
Autochthonous starter culture ;;:;:Z% t(;(g ene;,
of Lactiplantibacillus plantarum Traditional Croatian aureus. E c}o)llzf ' Yes Frece et al.
1K and Staphylococcus carnosus dry sausages o (2014) [35]
AK1 Enterobacteriaceae,
yeasts, and molds
Two starter cultures of
Lyocarni BOX-74
(Carnobacterium divergens,
Carnobacterium maltaromaticum,
and Latilactobacillus sakei) and Cooked cubed pork LAB, L. monocytogenes, Yes Jacumin et al.
Lyocarni BOX-57 ham TVC (2020) [36]
(Carnobacterium divergens,
Carnobacterium maltaromaticum,
and Latilactobacillus sakei
bacteriocin producers)
Two starter cultures of the mix
of Pediococcus acidilactici, .
Latilactobacillus curvatus + Sucuk, Turkish iéfgse/tgst,aLhA]i;wNilch:g- Yes Kaban et al.
Staphylococcus dry-fermented sausage Enterob :; tZriaceae ! (2006) [37]
xylosus, and Latilactobacillus
sakei + Staphylococcus carnosus
Two starter cultures of the mix
of Staphylococcus xylosus DD-34,
Pediococcus acidilactici PA-2 + Escherichia coli O157:H7, Lahti et al.
Dry sausage Yes

Latilactobacillus bavaricus
MI-401, and S. carnosus MIII +
Latilactobacillus curvatus Lb3

Listeria monocytogenes

(2001) [38]

Starter cultures of Lactobacillus
spp., Leuconostoc spp.,
Lactococcus spp., Pediococcus
spp., and Weissella spp.

Fermented sausages

TVC, yeast mold, and
LAB

Yes, but no significant
difference with the
commercial LAB starter
culture used as a
control sample

Lee et al.
(2018) [39]
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Table 1. Cont.

Mixture

Meat System

Target
Microorganism(s)

Synergism Occurrence

References

Starter culture of
Latilactobacillus sakei,

Escherichia coli
ATCC25922, Salmonella
Enteritidis ATCC13076,
Vibrio parahaemolyticus,

Staphylococcus aureus

Mafra et al. (2020)

Staphylococcus xylosus, and Meat sausages ATCC43300, Yes [40]
Staphylococcus carnosus Enterococcus faecalis
ATCC29212, and
Listeria monocytogenes
CERELA
Starter culture of Pediococcus
pentosaceus and Staphylococcus
carnosus with co-cultures of Dr};jlelzr:e;ted Escherichia coli O157:H7 Yes Zﬁgﬁ?g{?{;ﬁ%
Limosilactobacillus reuteri and 8 y
Bifidobacterium longum
S. aureus, Salmonella
Starter culture of Tunisian spp., total coliforms,
Latilactobacillus sakei (23K, drv-fermented LAB, anaerobic Yes Najjari et al. (2021)
BMG 95, or BMG 37) and Y sulphate-reducing [42]
Staphyl 1 sausages bacteri t, and
aphylococcus xylosus acteria, yeast, an
molds
Enterobacteriaceae,
) Staphylococcus, yeasts
Starter culture of Pediococcus N ’
pentosaceus LIV 01 and P. Sliced fresh beef m;:;:ii’ I«;;S;srifn d Yes Olaoye EI;}L (2010)
acidilactici FLE 01 yrogeres,
Salmonella
Typhimurium
Enterobacteriaceae, Yes. but no sienificant
Starter culture of Pediococcus Staphylococcus, yeasts, di, fference V\t:;ith the
pentosaceus GOAT 01 and Goat meat molds, Listeria control sample Olaoye et al. (2011)
Lactiplantibacillus plantarum monocytogenes, and . p [44]
GOAT 012 Salmonella concerning yeast and
Typhimurium mold counts
Starter cultures of Lactococcus
lactis subsp. lactis 12?? (Llac01) Pork meat Brochothrix thermosphata Yes Olaoye et al. (2015)
and Lactococcus lactis subsp. [45]
hordinae E91 (Llac02)
Starter cultures of Pediococcus - Pseudomon'as PP~
Traditional Greek Brochothrix spp., .
pentosaceus and Staphylococcus d . Pavli et al. (2020)
. . o ry-fermented Enterobacteriaceae, Yes
carnosus with Lactiplantibacillus [46]
sausage yeasts, molds, and
plantarum 1125 Listeri
isteria monocytogenes
Commercial starter culture
(FloraCarn) consisting of a
mixture of Pediococcus Listeria monocytoeenes
pentosaceus and Staphylococcus . . cyrosen Pidcock et al. (2002)
. . . Hungarian salami and Escherichia coli Yes
xylosus in combination with a [47]
p o111
non-traditional meat starter
culture of dairy or human
intestinal origin
Starter culture of . TVC, LAB, and Yes, but iny Sun et al. (2016)
Staphylococcus xylosus and Harbin dry sausage . concerning
. o Enterobacteriaceae . [48]
Lactiplantibacillus plantarum Enterobacteriaceae
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Table 1. Cont.

Mixture Meat System . Target. Synergism Occurrence References
Microorganism(s)
Starter culture of . TVC, LAB, and Sun et al. (2019)
Staphylococcus xylosus and Harbin dry sausage . Yes
. . Enterobacteriaceae [49]
Lactiplantibacillus plantarum
Starter cultures of
Limosilactobacillus fermentum S8 ~ Canned minced pork TVC, LAB, Yes Szymanski et al.
and Staphylococcus carnosus meat Staphylococcus (2021) [50]
ATCC 51365
Starter cultures of diverse mix
of Lactiplantibacillus plantarum . LAB, E. coli, Salmonella, .
) Do Thai fermented sausage . Vatanyoopaisarn
CP1-15, Lactiplantibacillus S ai-Krok-Prew” total staphylococci, and Yes etal. (2011) [51]
plantarum CP2-11 and S. aureus ’ .
Pediococcus acidilactici CP7-3
) Sta‘rter. culture of Chinese dry fermented TVC, LAB, and Xiao et al. (2020)
Lactiplantibacillus plantarum R2 causages Staphulococeuss s Yes [52]
and Staphylococcus xylosus A2 & Py Pp-
Starter culture of
Lactiplantibacillus pentosus, Mutton sausages LAB, TVC, micrococci— Yes Zhao et al.
Pediococcus pentosaceus and & staphylococci (2011) [53]

Staphylococcus carnosus

4.1.2. Combination of Non-Starter Protective Cultures

A natural preservation technique for extending the shelf life of fresh meat by inhibiting
spoilage and/or pathogenic bacteria is the use of protective cultures. It is worth empha-
sizing that protective cultures do not change the technological and sensory properties of
food [66]. Usually, the bacterial species that serve as protective cultures have long been
used as starter cultures for fermented meat products and have the GRAS and/or QPS
status, including not only lactic acid bacteria (e.g., lactobacilli, streptococci, enterococci,
lactococci) and bifidobacteria but also E. coli and species of Bacillus, yeasts such as Saccha-
romyces, and molds such as Aspergillus [78]. The protective effect may result from several
mechanisms, including the production of bacteriocins and other antagonistic molecules
(e.g., organic acids, hydrogen peroxide, and enzymes) and the competition for nutrients.
There is also speculation that mixtures of protective cultures may be more effective than
single isolates [56].

The findings from most studies suggest that combinations of protective cultures have
the potential to control the growth of foodborne pathogens [54,55,57,58] and spoilage
bacteria [60,61,65,66], both of them [56,59], or EPS-producers [63,64] to extend the shelf-life
of fresh meat products (Table 2).

In the study of Xu et al. (2023) [66], the combination of two protective cultures
suppressed the growth of spoilage bacteria in premium (lean) beef mince, whereas this
inhibitory effect was not observed in standard (higher fat) beef mince [66]. The activity of
antimicrobial compounds produced by protective cultures can be reduced or lost due to
interaction with fat because some of these compounds contain lipophilic or hydrophobic
portions which interact with the cell membranes of bacteria [66].

According to Xu et al. (2021) [65], the greatest antimicrobial action was observed
when L. sakei was present in mixtures with either S. carnosus, or S. xylosus. The stronger
inhibitory effect induced by combined cultures may be attributed to the synergistic effects
between the staphylococci and L. sakei [65]. However, in the Gargi et al. (2021) [58] study,
the synergistic effect of protective bacterial cultures was not obtained. According to this
study [58], marination containing a single culture of L. casei and unripe grape and onion
juices was the most effective against pathogens inoculated on meat surfaces and also
met consumer expectations at a high level, in terms of flavor properties. The authors
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explained this by the effects of specific metabolites produced by the L. casei strain during
the marination process [58]. The results of this study are in line with [61], where the
combination of supernatants did not exceed the antimicrobial effectiveness of individual
supernatants [61]. In turn, Castellano et al. (2011) [55] reported the varied effectiveness
of protective cultures of L. curvatus CRL705 and L. lactis CRL1109 in combination with
NayEDTA on frozen ground-beef patties contaminated with Escherichia coli O157:H7. The
bioprotective cultures failed to inhibit E coli or coliforms in the absence of Na,EDTA, with
the pathogen reaching similar counts as with control samples [55]. This inhibitory effect
may be attributed to the chelating activity of Na,EDTA which binds trace metals valuable
for fastidious LAB growth while in the presence of E. coli. As compared with substrate
metallic trace elements, the chelator exhibits a higher affinity for the outer membrane
ions of Gram-negative strains [55]. In the study of Chaillou et al. (2014) [56], a L. sakei
cocktail of three strains showed an effect against S. Typhimurium and E. coli under vacuum
or modified atmosphere packaging. Real-time quantitative PCR showed that the three
inoculated L. sakei strains had different growth patterns and that the association of these
three strains indeed impaired the growth of pathogens [56].

Table 2. The use of diverse combinations of non-starter protective cultures against different target

microorganisms.
. T .
Mixture Meat System . arget. Synergism Occurrence References
Microorganism(s)
f Pedi oo P
Sup.er.nata.m‘ts rom etdzoc?occus No significant Amézquita &
acidilactici, Lacticaseibacillus Frankfurters and . .
L. monocytogenes difference with Brashears

casei, and Lacticaseibacillus
paracasei

cooked ham

the control sample (2002) [54]

Cultures of
bacteriocin-producing strains
of Latilactobacillus curvatus
CRL705 and Lactococcus lactis
CRL1109

Castellano et al.
(2011) [55]

Frozen ground-beef

patties Escherichia coli O157:H7

Yes

Salmonella enterica The growth of indicator

Six strain combinations Vacuum-packed or Typhimurium, strains was variable
.. . modified Escherichia coli O157:H7,  and depended on both Chaillou et al.
containing three different o
strains of Latilactobacillus sakei atmosphere-packed and ‘ the storage conditions (2014) [56]
ground beef Brochothrix and the amount of
thermosphacta indigenous microbiota
Neutralized cell-free
supernatants from
Latilactobacillus sakei Raw beef and poultry Listeria monocutoeenes Yes Dortu et al.
CWBI-B1365 and meat yrog (2008) [57]
Latilactobacillus curvatus
CWBI-B28
Cultures of Lactobacillus
acidophilus LAS5, L. monocytogenes, E. coli Garei et al
Lacticaseibacillus casei 01 and Marinated meat 0O157:H7, and S. No & ’
. . . (2021) [58]
Lacticaseibacillus rhamnosus Typhimurium
HNO001
Listeria monocytogenes,
Postbiotics from Salmonella Incili ot al
Latilactobacillus sakei and Chicken drumsticks Typhimurium, TVC, Yes (2022) [59]'
Staphylococcus xylosus psychrotrophic bacteria,
and LAB
Latilactobacillus sakei 27, 44 and General anaerobic Jones et al.
Lamb meat Yes

63 strains

bacteria

(2010) [60]




Foods 2023, 12, 1430

12 of 26

Table 2. Cont.

Mixture Meat System . Target. Synergism Occurrence References
Microorganism(s)
Enterobacteriaceae,
Latzlactobaczll@ sakei CECT Vacuum-packaged Pseudomonas spp- Katikou et al.
4808, and Latilactobacillus sliced beef Brochothrix No (2005) [61]
curvatus CECT 904T thermosphacta, yeasts
and molds, and LAB
Three LAB strains
(Lactiguard®)—La51
(Ligilactobacillus), M35 S, Koo et al.
(Lactobacillus amylovorus), and Frankfurters Listeria monocytogenes Yes (2012) [62]
D3 (Pediococcus acidilactici) in
combination with their CFS
Supernatants from Lactobacillus Latilactobacillus sakei
acidophilus CRL641 and Bovine meat discs CRL1407 Yes Segli et al.
Latilactobacillus curvatus (exopolysaccharide (2021a) [63]
CRL705 producer)
Supernatants from Lactobacillus Latilactobacillus sakei
acidophilus CRL641 and Bovine fresh lean CRL1407 No Segli et al.
Latilactobacillus curvatus meat (exopolysaccharide (2021b) [64]
CRL705 producer)
Lm’leactobaczllus sakei, Brochothrix
Pediococcus pentosaceus,
thermosphacta, Xu et al.
Staphylococcus xylosus, and Lamb meat Yes
. Pseudomonas spp., and (2021) [65]
Staphylococcus carnosus in .
: o Enterobacteriaceae
various combinations
Aerobic counts, LAB,
Mixed culture containing Enterobacteriaceae,
. Xu et al.
Staphylococcus carnosus and Beef mince Pseudomonas spp., Yes (2023) [66]
Latilactobacillus sakei Brochothrix
thermosphacta

Finally, Jones et al. (2010) [60] inoculated fresh commercial lamb meat with a cocktail
of three L. sakei strains and proved that the protective culture is capable of developing into
dominant components of stored meat bacterial flora under standard commercial chilled
storage conditions without reducing sensory acceptability [60].

Currently, bacteria are used in food in two different forms: (1) the incorporation of
living bacteria into the matrix of foods, as well as (2) the use of purified antimicrobials
obtained from major strains. There is no doubt that both methods have their strengths
and weaknesses, depending upon the type of food and the nature and characteristics of
each strain of bacterium [83]. Viable microorganisms cells can be used directly in food,
but there are limitations since their growth and survival are influenced by external factors
such as food type, temperature and pH. On the other hand, there are some limitations
to the use of bacteriocins. Proteins and lipids appear to interact with bacteriocins in
fresh meat and meat products. Bacteriocins and bacteriocin-like inhibitory substances
(BLIS) may be also inhibited by proteolytic enzymes [84]. There is also a high risk of
contamination of food by Gram-negative bacteria, which are naturally resistant to the
action of bacteriocins produced by Gram-positive bacteria, that are widely explored in
foods [85]. On the other hand, bacteriocins are costly substances due to the expensive and
laborious purification process [86]. The application of postbiotics can be an alternative to
reap the benefits of all these natural bacterial antimicrobials. The word “postbiotics” is
used to refer to the “preparation of inanimate microorganisms and/or their components
that confers a health benefit on the host” [87]. Practically, postbiotics are bioactive soluble
factors, products, or metabolites produced by food-grade microorganisms during their
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growth and fermentation in complex microbiological cultures. On that account, they are
sometimes called cell-free supernatant (CFS). Postbiotics are credited with exerting health
benefits to the host equivalent to probiotics [88]; however, in this context, there has been
discussion of the latest applications of postbiotics in terms of food safety. The inhibitory
effects exhibited by postbiotics include producing antimicrobial agents that fall into the
category of low molecular weight compounds (i.e., hydrogen peroxide, carbon dioxide,
and di-acetylene) or high molecular weight compounds (i.e., bacteriocins and bacteriocins-
like substances) [89]. According to recent studies, postbiotics derived from lactic acid
bacteria exhibit inhibitory properties toward different groups of microorganisms including
Listeria monocytogenes, Staphylococcus aureus, Escherichia coli, Salmonella spp., Yersinia spp.,
Aeromonas spp., Bacillus spp., viruses, yeast, and molds [83]. Nevertheless, most of those
studies have been conducted in vitro, whereas studies on food matrices are relatively
rare [84]. On the other hand, data on the use of postbiotic cocktail combinations for
the biopreservation of food, including meat and meat products, are limited. Six studies,
identified in the following review, aimed to apply antagonistic postbiotic combinations in
a meat model to inhibit meat potential spoilage or pathogens [54,57,59,61,63,64] (Table 2).
In the study of Segli et al. (2021a) [63], the effect of postbiotic extracts from L. acidophilus
CRL641 (BE-1) and L. curvatus CRL705 (BE-2) against the exopolysaccharide producer
L. sakei CRL1407 in vacuum-packaged meat discs was evaluated. The postbiotics mixture
led to a greater growth reduction of 3.31 log CFU/g compared to the control, while the
supernatants applied individually reduced bacterial growth by 2.11 and 1.35 log CFU/g,
respectively [63]. Interestingly, the inhibition of L. sakei CRL1407 was significantly higher
even at lower concentrations of each supernatant (MIC) in the postbiotics mixture than
those used on postbiotics added separately (2-fold MIC) [63]. Another study by Segli et al.
(2021b) [64] was conducted under aerobic conditions at 4 and 10 °C using the same strains
from which the postbiotics were obtained and the same spoilage strain contaminating the
meat. It was shown that the postbiotics from L. acidophilus completely inhibited the spoilage
strain, whereas the postbiotics from L. curvatus CRL705 and a combination of both extracts
exhibited a bacteriostatic effect [64]. Thus, a lack of synergistic interaction was found, since
there was a weaker inhibitory effect of the postbiotics mixture compared to the supernatant
obtained from L. acidophilus CRL641 used individually [64]. Similarly, in Amézquita and
Brashears (2002) [54] study, an antilisterial effect of the combined supernatants of three
LAB strains (Pediococcus acidilactici, L. casei, and L. paracasei) was observed in commercial
frankfurters and cooked ham under refrigeration (p > 0.05).

In a study by Incili et al. (2022) [59], the antimicrobial effect on the meat matrix of a
combination of postbiotics (mix of L. sakei and S. xylosus) was compared with postbiotics
obtained from Pediococcus acidilactici, instead of comparing to single postbiotics. The com-
bination of postbiotics was characterized by the lowest ability to reduce S. Typhimurium
relative to all tested antimicrobial agents (p < 0.05) [59]. Throughout the storage period,
L. monocytogenes counts in the postbiotics mixture and P. acidilactici postbiotics samples
were found lower than the control, while the difference from the control was found insignif-
icant (p > 0.05) in both cases [59]. In turn, the study by Dortu et al. (2008) [57] obtained
different results for L. monocytogenes growth inhibition depending on the meat matrix tested.
Neutralized cell-free supernatants from L. sakei and L. curvatus applied either separately
or in combination exhibited antilisterial activity in raw beef, whereas, in poultry meat,
the inhibition of L. monocytogenes could only be achieved by a combined application of
these bacteriocin-producing strains, probably due to the activity of proteases produced by
proteolytic spoilage strains present in chicken meat [57].

An interesting result was obtained by Koo et al. (2012) [62], who evaluated the an-
tilisterial activity of a combination of three LAB strains (L. animalis, L. amylovorus, and
P. acidilactici) in ready-to-eat (RTE) meat. In addition, an antimicrobial preparation consist-
ing of a mixture of the three strains was combined with their cell-free extract [62]. The
combination of the LAB was inhibitory to L. monocytogenes inoculated onto frankfurters
(0.6 log reduction compared to L. monocytogenes control after eight weeks of refrigerated
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storage), and when postbiotics were added to the LAB preparation even more inhibition
was obtained (1.2 log reduction compared with L. monocytogenes) [62]. The authors attribute
the increased antimicrobial activity after the addition of postbiotics to the supernatant
content of various biologically active substances that had a synergistic effect when used in
combination (potentially, the effect could be due to a bacteriocin—pediocin, secreted by
P. acidilactici) [62].

4.1.3. Combination of a Variety of Secondary Microbial Metabolites
Combination of Bacteriocins

One of the most widely described biopreservation methods involving bioprotection
focuses on bacteriocins. The term “bacteriocins” refers to ribosomally synthesized antimi-
crobial peptides produced by bacteria and capable of exhibiting a narrow spectrum of
activity (targeting members of the same species), while others display a broader spectrum
of activity (targeting other species and genera) [90]. Bacteriocins can inhibit the growth
of foodborne pathogens or spoilage organisms, and some of these compounds may serve
as biopreservatives in the food industry. The popularity of bacteriocins in the food sector
is mainly due to (1) their inhibitory properties against pathogenic bacteria C. perfringens,
E. coli, Salmonella enteritidis, B. cereus, and L. monocytogenes [91]; (2) non-resistance of most
foodborne pathogens and spoilage microorganisms to bacteriocins; (3) safety—since most
bacteriocins can be degraded by enzymes in the human body, they are safe for the human
microbiome, and they also inhibit only sensitive bacteria while leaving beneficial bacteria
intact [92]; (4) lack of effect on the nutritional and sensory properties of food.

However, there have only been a limited number of bacteriocins approved for com-
mercial use out of those discovered and preserved in the laboratory: (1) nisin A produced
by Lactococcus lactis—the most extensively studied bacteriocin and the only product ap-
proved as an additive to food by regulatory agencies (WHO, FDA, EFSA); (2) pediocin PA-1
produced by Pediococcus acidilactici—FDA-approved bacteriocin-containing metabolites;
(3) starter/protective cultures containing a mix of bacteriocin-producing strains—they
can improve both flavor and safety, providing fermentation and preservation simultane-
ously [93]. There are some difficulties in the wide dissemination of bacteriocins in food
technology. (1) Firstly, it is known that some bacteriocins have an antibacterial spectrum
that is relatively narrow; (2) cytolysin, a cytotoxic compound produced by some strains of
Enterococcus faecalis, is associated with acutely fatal outcomes in humans [94] and Gram-
negative bacteriocins may also produce some endotoxins that can have a deleterious effect,
thus requiring rigorous purification protocols; (3) there may be interactions between bac-
teriocins and other components of the food matrix (its pH, enzymes, etc.); (4) there are
some reports that strains of L. monocytogenes and S. aureus could become nisin-, plantaricin
C19- and sakacin A-resistant [95]; (5) finally, obtaining bacteriocins is associated with very
high costs.

There has been considerable interest in the hurdle technology approach, however,
involving use of bacteriocins to expand the antibacterial spectrum, reduce usage, enhance
the antibacterial effect, and avoid resistance. A synergistic effect between bacteriocins, alone
or in combination with other microbial hurdle technologies, may facilitate the adjustment
of bacteriocins to maximize the viability loss of the target bacteria and also minimize
the development of resistance. Among the microbial hurdles associated with the use
of bacteriocins are combinations with (1) other bacteriocins [70,71] (Table 3), (2) BLIS
(bacteriocin-like-substance) [72] (Table 4), (3) non-starter protective cultures [67,68] (Table 5),
(4) reuterin [74] (Table 6) and (5) the surface layer protein [73] (Table 7).

The lantibiotic nisin has been the subject of several antimicrobial combination studies
aimed at targeting L. monocytogenes, often connected with the consumption of ready-to-eat
(RTE) meat products; this notorious foodborne pathogen causes listeriosis and has the
potential to cause opportunistic infections, which may result in meningitis or sepsis in
severe cases [96]. It was found that a combination of more than one LAB bacteriocin
may be more effective in preventing the spontaneous emergence of bacteriocin-resistant
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Listeria in fresh lean meat than when used individually [71]. A significant antilisterial
effect was observed when bacteriocins from among lactocin 705, enterocin CRL35 (both
in the concentration of 17,000 AU/mL) and 5000 IU/mL of nisin were combined in pairs;
maximal inhibition was reached when nisin was involved [71]. Moreover, in a study by
Castellano et al. (2018) [70], it was shown that a significant reduction in L. monocytogenes
growth was observed when antimicrobials were combined in the dipping solution. A
combination of semi-purified bacteriocins (L. curvatus CRL705 (533 AU/mL) + L. sakei
CRL1862 (266 AU/mL)), organic acids, and nisin (2.500 IU/mL) has a 100% of anti-listeria
effect on frankfurters, from day 6 to the end of the storage [70]. The authors suggest that it
is more effective to prevent Listeria in foods by using a mixture of bacteriocins that belong to
different classes, such as nisin, lactocin, and enterocin, which are, respectively, lantibiotics
(class I), a two-peptide bacteriocin (class 1IB), and pediocin-, lactocin- or sakacin-like (class
ITIA). The effectiveness of separately used bacteriocins may be weakened by many factors
acting simultaneously (adsorption on meat components and/or degradation by proteolytic
enzymes) [71]. In contrast, the mixture would probably be bactericidal to more bacterial
cells since cells resistant to one bacteriocin would be killed by another [70].

Table 3. The use of diverse combinations of bacteriocins against different target microorganisms.

. Target Synergism
Mixture Meat System . set ynerg References
Microorganism(s) Occurrence
Bacteriocins from Latilactobacillus L. monocytogenes and
. . . e Castellano et al.
curvatus and Latilactobacillus sakei, Frankfurters psychrophilic Yes
. L s . . (2018) [70]
in combination with nisin microbiota

Bacteriocins nisin, lactocin 705,
and enterocin CRL35 in
combinations

Listeria monocytogenes Yes Vignolo et al. (2000)

Fresh lean meat FBUNT [71]

By combining bacteriocins, the antimicrobial effect is enhanced and reduced dosage is
practicable, lowering the cost of food preservation. Moreover, the bacteriocins will produce
synergistic effects if they act in different modes.

Combination of BLIS with Bacteriocin

All bacteria can produce antimicrobial peptides (AMPs), but not all of these peptides
are defined as bacteriocins. The non-ribosomally synthesized AMPs are known as BLIS,
bacteriocin-like inhibitory substances. BLIS are also defined as antimicrobial peptides that
have not been fully characterized in terms of their amino acid sequences and biochemical
properties [97]. BLIS have the potential for use as biopreservatives, acting as antagonistic
substances, with bactericidal or bacteriostatic potential against Gram-positive and/or
Gram-negative bacteria, as well as being innocuous to the producer strain [97].

Sant’Anna et al. (2013) [72] (Table 4) tested the ability of BLIS produced by Bacillus
sp. strain P34 in combination with nisin to control L. monocytogenes in chicken sausages.
Combining P34 with nisin (64 AU/g BLIS P34 + 6.5 ug/g nisin) reduced viable counts
of L. monocytogenes more effectively than P34 alone in an amount of 128 AU /g [72]. The
synergistic antimicrobial activity of the bacteriocin and BLIS is particularly important in the
context that the activity of bacteriocins can be reduced in a fatty environment, including
meat. The use of bacteriocins in the food matrix is ineffective with increasing fat content [98].
Bacteriocins usually contain a high concentration of hydrophobic amino acids [99]. In this
regard, binding by bacteriocins to charged and hydrophobic macromolecules in food is a
significant disadvantage when they are to be used as food biopreservatives [72].
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Table 4. The use of a combination of bacteriocin with BLIS against a target microorganism.
Mixture Meat System . Target. Synergism References
Microorganism(s) Occurrence
Bacteriocin-like substance (BLIS) Chicken sausage Listeria monocytogenes Yes Sant’Anna et al.

from Bacillus sp. strain P34 and

nisin (2013) [72]

Combination of Non-Starter Protective Cultures with Bacteriocins

Based on reports of a synergistic effect of antimicrobial substances when used in
combination, in two studies it was decided to check whether the antibacterial effect would
be enhanced when bacteriocins were combined with non-starter protective cultures in the
form of a cell-free supernatant [67,68] (Table 5).

Table 5. The use of diverse combinations of bacteriocins with non-starter protective cultures against
different target microorganisms.

Mixture Meat System . Target. Synergism References
Microorganism(s) Occurrence
Nisin with neutralized cell-free
. . . . de Souza de
supernatant obtained from Latilactobacillus sakei
. Pork meat No Azevedo et al.
Pediococcus pentosaceus ATCC 15521 (2019) [68]
ATCC 43,200
Latilactobacillus sakei C2 and Sliced cooked pork L. monocytogenes
sakacin C2 ham CMCC 54002 Yes Gaoetal. (2015) [67]

The combination of nisin with the neutralized cell-free supernatant, obtained from
Pediococcus pentosaceus ATCC 43,200 culture at the same concentration (50%, w/v), was
not superior to nisin alone in reducing pathogenic bacteria in a meat matrix, probably
due to a negative interaction that may have occurred between them as a result of the
environment [68]. The effectiveness of bacteriocins could be influenced by environmental
factors such as pH and temperature, interactions with food components, preparation,
inactivation, or uneven distribution of bacteriocin in the medium (e.g., agar medium,
liquid medium, food) [100]. In addition, there are considerable differences in sensitivity to
bacteriocins among Gram-positive bacteria, and the extent of inhibition appears to vary
according to the species, genus, and strain type [101]. All this could have contributed to
the lack of synergistic effect observed in this study [68].

On the other hand, Gao et al. (2015) [67] investigated the effect of cell-free supernatant
from L. sakei C2 (0.2 mL of culture) and partially-purified bacteriocin sakacin C2 (concen-
tration of 640 AU/mL), individually or in combination, on the growth of L. monocytogenes
during the storage of sliced cooked ham at refrigeration temperature for 60 days. When
L. sakei C2 and sakacin C2 were used in combination, the entire elimination of the cells of
L. monocytogenes was observed at 30 days of storage and the mixture had no negative effect
on the quality of the meat product [67].

Combination of Reuterin with Bacteriocin

The antimicrobial compound reuterin (8-hydroxypropionaldehyde) is produced by
certain strains of Limosilactobacillus reuteri during the anaerobic fermentation of glycerol.
It exhibits a wide spectrum of antimicrobial activity against foodborne pathogens and
spoilage bacteria. There have been several studies that demonstrate the antimicrobial
properties of reuterin solutions against Gram-positive and Gram-negative bacteria, yeasts,
and molds [102]. Reuterin is thought to cause depletion of free thiol groups in glutathione
(GSH), proteins, and enzymes, resulting in an imbalance of the cellular redox status; in
turn, this leads to the death of bacterial cells [103]. The efficacy of mixtures of antimicrobial
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compounds, namely reuterin (2 mM), microcin 25 (0.03 uM), and additionally lactic acid for
reducing the viability of Salmonella enterica serovar Enteritidis and total aerobes on broiler
chicken carcasses were evaluated [74] (Table 6). The results of in vitro study indicated that
the combination of reuterin + microcin J25 was synergic, making these compounds effective
at four times lower concentrations than those used alone. The mixture sprayed onto chilled
chicken carcasses reduced Salmonella spp. counts by 0.83 CFU/g (p < 0.05) and applied as a
post-chill spray, could contribute to food safety by decreasing Salmonella counts on chicken
carcasses while limiting the number of single metabolites used [74].

Table 6. The use of a combination of bacteriocin and BLIS against different target microorganisms.

Mixture Meat System Target ‘MICI'OOI'- Synergism References
ganism(s) Occurrence
. The mixture of
Reuterin
(produced b Salmonella
L%osilactobac};l— Enteritidis,
lus reuteri) and Chicken Salmonella Yes Zhang et al.
. . carcasses Heidelberg, (2021) [74]
microcin J25
Salmonella
(produced by E. Newport, and
coli MC4100) TVC

Combination of the Surface Layer Protein (S-Layer Protein/SLP) with Bacteriocin

Surface layer proteins belong to the group of microbial secondary metabolites. The
S-layer proteins are monomolecular crystalline arrays composed of a single homogeneous
protein or glycoprotein that ranges in size from 40 kDa to 200 kDa [104]. Lactic acid bacteria
S-layer proteins have poorly understood biological functions, but their presence can be
associated with probiotic-relevant properties such as promoting bacterial adhesion to host
cells or extracellular matrix proteins [105]. It has also been demonstrated that S-layer
proteins inhibit the growth of some pathogens. According to Meng et al. (2015) [106],
the SLP derived from Lactobacillus acidophilus damaged the cell walls and membranes of
Escherichia coli, inhibiting their growth. A study by Sun et al. (2017) [73] aimed to determine
the effect of the combination of SLP and nisin against the foodborne spoilage bacterium
S. saprophyticus P2 in chicken meat and to clarify how SLP acted synergistically with nisin.
It has been demonstrated that SLP alone had a controlling effect on total viable counts
in the meat model, although to a lesser extent than nisin [73]. It was found that SLP
significantly enhanced nisin’s ability to control microbial growth. By using nisin + SLP and
0.5 nisin + SLP combinations, the microbiological shelf life was extended by six days [73].
As for the mechanism of action, the mode of action of SLP/nisin applied individually
was different from the combination of SLP and nisin. The authors reported that, in the
combination condition, SLP bonded to the cell wall through electrostatic interactions, which
not only reduced cell wall integrity in vegetative bacteria and intensified the access of
nisin to form a stable pore on the cell membrane but also influenced plasma membrane
permeabilization [73]. As a result of these actions, cell content was released fiercely from
the damaged cells, preventing them from producing energy and ultimately leading to the
death of the damaged cells. The cell lysing effect was not observed when SLP or nisin was
used separately [73]. Therefore, in the food industry, nisin + SLP may prove to be a new
antibacterial combination that can be utilized to preserve food (Table 7).
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Table 7. The use of a combination of bacteriocin and surface layer protein against a target microor-
ganism.

Mixture

Target Synergism

. ; References
Microorganism(s) Occurrence

Meat System

Surface layer protein isolated from
Lactobacillus crispatus K313 (SLP) and ~ Minced chicken meat

nisin

Staphylococcus Y Sun et al.
saprophyticus P2 e (2017) [73]

Combination of PgAFP with Protective Cultures

Certain molds produce proteins which inhibit other molds and some yeasts, while
the activity against prokaryotes is quite limited [69]. PgAFP protein from Penicillium
chrysogenum is a molecule that belongs to the group of small, cysteine-rich, and basic
proteins with fungistatic activity [107]. Molds that produce aflatoxins can grow on food,
especially fermented ones. The use of antifungal proteins produced by molds represents
a novel and promising biopreservation strategy. The search identified one study that
investigated the antifungal capability of PgAFP in combination with protective cultures
of Debaryomyces hansenii and /or Pediococcus acidilactici against A. parasiticus in, inter alia,
dry-fermented sausage [69] (Table 8). The combination of these two agents was chosen
because the presence of calcium in the environment abolishes the inhibitory effect of Pg AFP
on certain Aspergillus spp. [69,108]. The effect of calcium on PgAFP fungal inhibition may
be counteracted by lactic acid bacteria. At the same time, combining this protein with
protective cultures may maximize its antifungal effect. PgAFP and D. hansenii were found
to effectively inhibit A. parasiticus growth and aflatoxin production in sliced dry-fermented
sausages that had been ripened for up to 15 days [69]. A. parasiticus growth or mycotoxin
production was not substantially inhibited by the addition of P acidilactici as an additional
protective culture in meat products. The contribution of P. acidilactici thus appears to be
insignificant, probably due to the poor ability of the bacteria to grow on dry-fermented
sausage. The authors suggest that the highest inhibition reached by Pg + Dh treatments can
be attributed to the combined effect of the different mechanisms of action. A consequence
of ROS (reactive oxygen species) is the induction of permeability, the loss of membrane
integrity, and the induction of apoptosis by PgAFP [69]. In contrast, the inhibitory effect
of D. hansenii is attributed to its volatile compounds and competition for nutrients and
space [109]. The results of this study indicate that PgAFP in combination with D. hansenii
can successfully control the aflatoxigenic population in dry fermented foods, most likely
due to complementary mechanisms of action and overcoming the limitations associated
with the inhibitory effect of the calcium-rich environment on the antimicrobial activity of
the PgAFP protein.

Table 8. The use of a combination of PgAFP with protective cultures against different target microor-
ganisms.

Mixture

Target Synergism

. ; References
Microorganism(s) Occurrence

Meat System

Small, basic, cysteine-rich antifungal

protein PgAFP from Penicillium Mold, yeast, LAB,
chrysogenum combined with Dry-fermented sausage aflatoxin B1, and Yes
Debaryomyces hansenii and /or aflatoxin G1

Pediococcus acidilactic

Delgado et al.
(2018) [69]

4.2. Mode of Synergistic Action

The studies published over the past two decades were reviewed in order to gain
a more comprehensive understanding of whether there are advantages of combining
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microbial hurdles in the biopreservation of meat and meat products. It was decided to
search the literature systematically, although this is not a popular method for environmental
research. A systematic review can deliver a clear and comprehensive overview of available
evidence. As is well known, in vitro results do not necessarily predict the success of various
combinations applied in a food matrix (in situ), therefore it was also decided to discuss
the combination of microbial hurdles as combined antimicrobial agents in a meat matrix
extensively. As opposed to in vitro assays, which are much simpler, a food matrix is an
environment in which a number of microbial populations interact and influence the overall
structure of the community. Including studies based on the experiments designed to be as
close as possible to real industrial conditions seems to be the most appropriate.

The synergistic effect of two antimicrobial agents can be measured using the fractional
inhibitory concentration (FIC) index. The FIC is determined by dividing each agent’s
minimum inhibitory concentration (MIC) when used in combination with each agent’s
MIC when used alone. MIC is the lowest concentration of an antibacterial agent expressed
inmg/L (ug/mL) which, under strictly controlled in vitro conditions, completely prevents
visible growth of the test strain of an organism [110]. The fractional inhibitory concentration
(FIC) index is commonly used to determine the interaction of the two agents in combination,
ranging from 0.5 to 4. The parameter may indicate: (i) full synergy (FIC < 0.5), (ii) partial
synergy (0.5 < FIC < 0.75), (iii) additive effects (0.75 < FIC < 1.0), (iv) indifferent effects
(1.0 < FIC < 2.0) and (v) antagonistic effects (FIC > 2.0) [111]. Systematic review can
highlight methodological concerns in research studies that can be used to improve future
work in the topic area [112]. In this case, attention should be drawn to the fact that the
possibility of synergistic action should be investigated in each included study. In only
one [74] of the forty-five studies found in this review, was there an attempt to establish
an FIC index. The literature describes a variety of methods for assessing antimicrobial
synergy in laboratory conditions. Checkerboard assays and e-tests to evaluate synergy are
some examples of these tests [113]. As mentioned above, using the checkerboard method,
it is possible to determine the fractional inhibitory concentration (FIC) index. There is one
primary disadvantage to the checkerboard assay, which is that it can only examine two
antimicrobials simultaneously. On the other hand, the multiple combination bactericidal
test (MCBT) allows the evaluation of up to four antimicrobial combinations at a time [113].
It is suspected that the lack of an appropriate parameter to examine this synergism in
most of the included studies may be due to the fact that the synergism may have arisen
completely by chance because it was not the original intention of the authors. In addition,
methods that study synergism, such as FIC or MCBT, are not widespread among studies
relating to the use of antimicrobial agents of bacterial origin in the food system. These
methods are found more frequently in the study of drugs, especially antibiotics [114].

In the included studies, the effect of preventing the development of foodborne
pathogens and spoilage bacteria was obtained in the majority of the cases. Thus, the
results indicate that microbial hurdles in combination may find application in the meat
industry as one of the biopreservation techniques. However, the combination of microbial
hurdles was not always compared with these agents used separately. Thus, it is difficult to
say unequivocally whether the synergism effect has occurred, and to what extent. Accord-
ing to [30-33,35-53,55,57,59,60,62,63,65-67,69-74], the combination of microbial hurdles
predominantly enhanced the antimicrobial effect. However, there is a need for further
investigation of the mechanism that caused those combinations. According to Liu et al.
(2022), the efficiency of bacteriocins, as well as other antimicrobials, can be reduced by the
action of the real food matrix complex, which in turn protects foodborne pathogens and
spoilage bacteria [15]. Understanding the interactions and mechanisms between microbial
hurdles could help find more precise and optimal approaches for overcoming these chal-
lenges. Interestingly, no antagonistic effect was observed in any of the included studies,
i.e., biopreservative agents used in various combinations did not annihilate each other. A
summarizing of the synergistic effects of applied solutions is presented on Figure 2.
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)/ 4 J

Figure 2. Starter cultures, non-starter protective cultures, or other microbial metabolites can be
applied in diverse combinations to meat to gain advantages related mainly to foodborne pathogens
and spoilage bacteria inhibition (primary benefit) and lowering the dosage of antimicrobial agents
(secondary benefit). Created with BioRender.com (accessed on 27 February 2023).

In the case of starter cultures, it often happens that they are used together in mixtures
of different strains and/or species. A combination of starter cultures seems to have a
greater inhibitory effect on foodborne pathogens and spoilage bacteria, probably due to the
rapid decrease in pH value. Fast acidification and growth of starter cultures are desirable
to minimize the risk of spoilage and process failure.

Other types of natural antimicrobials that can be used for biopreservation are non-
starter protective cultures, which are microorganism cultures that can inhibit the growth of
pathogens or spoilage microbiota without changing the sensory, nutritional, and techno-
logical properties of food. The combination of protective cultures exerts its antimicrobial
effects in various ways, including by competing for resources and generating antagonistic
compounds (e.g., bacteriocins and organic acids).

Currently, the mechanism of action of bacteriocins is primarily envisaged in terms of
disrupting the cytoplasmic membrane by causing pores or degrading the cell wall. Yet,
the mechanism of action of bacteriocins, particularly those that act against Gram-negative
bacteria, is still not fully understood [99]. For example, nisin has a limited antimicrobial
effect on Gram-negative bacteria while exhibiting strong antimicrobial activity against
an extensive range of Gram-positive foodborne pathogens. A pore is formed by nisin in
the membrane of the target cell, resulting in the leakage of small molecules and abrupt
cell death [15]. On the other hand, pediocin shows extremely strong inhibition activity
against L. monocytogenes and acts similarly to nisin but the formation of pores is carried
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out in a different manner [15]. In the case of enterocins, the matter is more complicated,
because different enterocins can belong to completely different classes of bacteriocins.
Thus, Liu et al. (2022) [15], for example, found that enterocin AS-48 exhibits its action by
weakening the membrane to disrupt the bacterial electron transport system, thereby causing
cell death. Concurrently, other enterocins enable certain cations such as Na*, K*, Li*, or
H* to pass through the membranes of their targets [15]. Consequently, combining the
two bacteriocins could be beneficial since their different modes of action might exhibit
synergistic and complementary effects against the target microorganism.

A variety of secondary microbial metabolites with other microbial hurdles were also
used as biopreservatives in included studies. Each of them may have a different mechanism
of action, and act in combination with another agent to enhance its effect.

In most of the articles, bacterial cultures in the form of starter cultures and non-starter
protective cultures were directly incorporated into meat products. Fresh or lyophilized
agents were used in either case. Different methods of biopreservative agents’ incorpo-
ration into meat products have been employed, ranging from direct addition to fresh
meat batter and dipping methods to surface spraying on fresh or ready-to-eat products.
Direct incorporation into meat was also used in cases where the antimicrobial effect of
purified/semi-purified secondary microbial metabolites was assessed within combined
microbial hurdles. Yet another way of applying biopreservatives can be through incorpora-
tion in an active packaging structure or microencapsulation but such solutions were not
used in the studies included in this review. Nevertheless, such methods could be valuable
alternatives to the direct application of biopreservatives to overcome the weaknesses asso-
ciated with this technique, through preventing degradation during storage and gradual
release of the antimicrobial agent, for example.

Combining the knowledge gathered in the included studies and the available research
data, it is concluded that the mixture of microbial hurdles for meat biopreservation may
have a potential synergistic effect (Figure 2), mainly through increased antimicrobial activity.
The combination of microbial hurdles could induce a stronger antimicrobial effect, expand
the spectrum of antibacterial action, and prevent the regrowth of foodborne pathogens and
spoilage bacteria. Due to this effect, reduction of the dosage of antimicrobial agents used
may be possible, for both microbial or also chemical additives. Fewer additives will reduce
the chance of adverse effects such as toxicity or unacceptable sensory properties of meat
products caused by their high number or concentration. It will also allow for cost savings
in food biopreservation. The approaches presented here thus qualify as an energy-saving
and environment-friendly operation.

5. Conclusions

The review aimed to find the answers to three questions/problems, which were
identified at the beginning of the work. Firstly, a positive effect of using a combination
of various bacterial antimicrobials in inhibiting the growth of pathogenic and spoilage
bacteria in meat products was shown in the majority of included studies. Secondly, the main
mechanisms of action and/or compounds with the potential to be used in biopreservation
have not been not clearly identified and require further investigation. Modern proteomic,
genomic, and transcriptomic tools may prove to be a great help in discovering the basic
mechanisms behind the combined effect of various microbial hurdles. Although the use of
various starter or bioprotective cultures in combination is not a new antimicrobial approach,
as they have a long history of combined use, it is still necessary to seek to understand the
mechanism behind such combined antimicrobial action, because it is not simply the sum
of the effects of two separate factors. Thirdly, the application of the discussed solutions
in the meat products industry is possible. Biopreservation is one of the most dynamically
developing sustainable and promising approaches to enhance food safety, in particular,
because it allows for reduction in or elimination of the use of chemical preservatives in
food processing. However, the methods and doses of applications should be individually
determined. This requires optimization and approvals from the authorities.



Foods 2023, 12, 1430 22 of 26

To sum up, there has been an increase in consumer demand for “clean label” products
over the past few years. Microbial cultures and their bioactive metabolites used in various
combinations are promising candidates as green and innovative strategies, providing
several benefits—inhibition of food spoilage, minimizing food safety risk, satisfying the
consumers, and maintaining economic and environmental resources, that can lead to a
sustainable food industry, especially for meat and meat products.

Author Contributions: Conceptualization, M.K., P.S. and D.Z.; methodology, M.K,; investigation,
M.K.; resources, M.K.; data curation, M.K.; validation, P.S. and D.Z.; writing—original draft prepara-
tion, M.K.; writing—review and editing, M.K,, P.S. and D.Z.; visualization, M.K,; supervision, P.S.
and D.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AU, arbitrary units; BAs, biogenic amines; BLIS, bacteriocin-like inhibitory substance; CFS,
cell-free supernatant; CFU, colony-forming unit; CNS, coagulase-negative staphylococci; EFSA, Euro-
pean Food Safety Authority; FDA, U.S. Food and Drug Administration; FIC, fractional inhibitory
concentration; GRAS, generally recognized as safe; IU, international unit; LAB, lactic acid bacteria;
MCBT, multiple combination bactericidal test; MIC, minimum inhibitory concentration; PAHs, poly-
cyclic aromatic hydrocarbons; PgAFP, Penicillium chrysogenum antifungal protein; QPS, qualified
presumption of safety; SLP, surface layer protein; STEC, Shiga toxin-producing Escherichia coli; TVC,
total viable count; WHO, World Health Organization.

References

1. European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union One Health 2021
Zoonoses Report. EFSA J. 2022, 20, e07666. [CrossRef]

2. Centers for Disease Control and Prevention. Summary of Possible Multistate Enteric (Intestinal) Disease Outbreaks in 2017-2020.
Available online: https://www.cdc.gov/foodsafety /outbreaks/multistate-outbreaks/annual-summaries /annual-summaries-
2017-2020.html (accessed on 27 February 2023).

3.  Bohrer, B.M. Review: Nutrient density and nutritional value of meat products and non-meat foods high in protein. Trends Food
Sci. Technol. 2017, 65, 103-112. [CrossRef]

4. Doulgeraki, A.IL; Ercolini, D.; Villani, E; Nychas, G.-].E. Spoilage microbiota associated to the storage of raw meat in different
conditions. Int. J. Food Microbiol. 2012, 157, 130-141. [CrossRef] [PubMed]

5. Olmedilla-Alonso, B.; Jiménez-Colmenero, F.; Sanchez-Muniz, FJ. Development and assessment of healthy properties of meat
and meat products designed as functional foods. Meat Sci. 2013, 95, 919-930. [CrossRef] [PubMed]

6. Gardini, F; Ozogul, Y.; Suzzi, G.; Tabanelli, G.; Ozogul, F. Technological Factors Affecting Biogenic Amine Content in Foods: A
Review. Front. Microbiol. 2016, 7, 1218. [CrossRef] [PubMed]

7. Ockerman, HW.; Basu, L. Preservation Methods of Animal Products. In Encyclopedia of Meat Sciences; Elsevier: London, UK, 2014;
pp- 78-83.

8. Mani-Loépez, E.; Palou, E.; Lopez-Malo, A. Biopreservatives as Agents to Prevent Food Spoilage. In Microbial Contamination and
Food Degradation; Elsevier: London, UK, 2018; pp. 235-270.

9. Barcenilla, C.; Ducic, M.; Lépez, M.; Prieto, M; Alvarez-Ordoéiiez, A. Application of lactic acid bacteria for the biopreservation of
meat products: A systematic review. Meat Sci. 2022, 183, 108661. [CrossRef] [PubMed]

10. Zheng, J.; Wittouck, S.; Salvetti, E.; Franz, CM.A.P.; Harris, HM.B.; Mattarelli, P.; O'Toole, PW.; Pot, B.; Vandamme, P.;
Walter, J.; et al. A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the genus
Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 2020, 70, 2782-2858.
[CrossRef] [PubMed]

11.  Singh, V.P. Recent approaches in food bio-preservation—A review. Open Vet. J. 2018, 8, 104-111. [CrossRef]

12.  U.S. Food and Drug Administration. Microorganisms & Microbial-Derived Ingredients Used in Food (Partial List). Available

online: https://www.fda.gov/food/generally-recognized-safe-gras/microorganisms-microbial-derived-ingredients-used-food-
partial-list (accessed on 26 February 2023).


http://doi.org/10.2903/j.efsa.2022.7666
https://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/annual-summaries/annual-summaries-2017-2020.html
https://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/annual-summaries/annual-summaries-2017-2020.html
http://doi.org/10.1016/j.tifs.2017.04.016
http://doi.org/10.1016/j.ijfoodmicro.2012.05.020
http://www.ncbi.nlm.nih.gov/pubmed/22682877
http://doi.org/10.1016/j.meatsci.2013.03.030
http://www.ncbi.nlm.nih.gov/pubmed/23623320
http://doi.org/10.3389/fmicb.2016.01218
http://www.ncbi.nlm.nih.gov/pubmed/27570519
http://doi.org/10.1016/j.meatsci.2021.108661
http://www.ncbi.nlm.nih.gov/pubmed/34467880
http://doi.org/10.1099/ijsem.0.004107
http://www.ncbi.nlm.nih.gov/pubmed/32293557
http://doi.org/10.4314/ovj.v8i1.16
https://www.fda.gov/food/generally-recognized-safe-gras/microorganisms-microbial-derived-ingredients-used-food-partial-list
https://www.fda.gov/food/generally-recognized-safe-gras/microorganisms-microbial-derived-ingredients-used-food-partial-list

Foods 2023, 12, 1430 23 of 26

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

European Food Safety Authority. Management Board Members; Executive Director; Operational Management. Qualified
Presumption of Safety (QPS). Available online: https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-safety-qps
(accessed on 26 February 2023).

Mukhopadhyay, S.; Gorris, L.G.M. Hurdle Technology. In Encyclopedia of Food Microbiology; Elsevier: London, UK, 2014;
pp. 221-227.

Liu, G.; Nie, R; Liu, Y.; Mehmood, A. Combined antimicrobial effect of bacteriocins with other hurdles of physicochemic and
microbiome to prolong shelf life of food: A review. Sci. Total Environ. 2022, 825, 154058. [CrossRef]

Gragg, S.; Brashears, M. Microbiological Safety of Meat | Hurdle Technology. In Encyclopedia of Meat Sciences; Elsevier: London,
UK, 2014; pp. 345-347. [CrossRef]

Ben Braiek, O.; Smaoui, S. Chemistry, Safety, and Challenges of the Use of Organic Acids and Their Derivative Salts in Meat
Preservation. J. Food Qual. 2021, 2021, 6653190. [CrossRef]

Danielski, G.M.; Evangelista, A.G.; Luciano, F.B.; de Macedo, R.E.F. Non-conventional cultures and metabolism-derived com-
pounds for bioprotection of meat and meat products: A review. Crit. Rev. Food Sci. Nutr. 2022, 62, 1105-1118. [CrossRef]
[PubMed]

Laranjo, M.; Potes, M.E.; Elias, M. Role of Starter Cultures on the Safety of Fermented Meat Products. Front. Microbiol. 2019,
10, 853. [CrossRef]

Martin, I.; Rodriguez, A.; Delgado, J.; Cordoba, J.J. Strategies for Biocontrol of Listeria monocytogenes Using Lactic Acid Bacteria
and Their Metabolites in Ready-to-Eat Meat- and Dairy-Ripened Products. Foods 2022, 11, 542. [CrossRef] [PubMed]

Rosario, D.K.A.; Rodrigues, B.L.; Bernardes, P.C.; Conte-Junior, C.A. Principles and applications of non-thermal technologies and
alternative chemical compounds in meat and fish. Crit. Rev. Food Sci. Nutr. 2021, 61, 1163-1183. [CrossRef] [PubMed]

Silva, F.; Domingues, F.C.; Nerin, C. Trends in microbial control techniques for poultry products. Crit. Rev. Food Sci. Nutr. 2018,
58,591-609. [CrossRef] [PubMed]

Young, I.; Wilhelm, B.J.; Cahill, S.; Nakagawa, R.; Desmarchelier, P.; Raji¢, A. A Rapid Systematic Review and Meta-Analysis of
the Efficacy of Slaughter and Processing Interventions to Control Nontyphoidal Salmonella in Beef and Pork. J. Food Prot. 2016,
79, 2196-2210. [CrossRef]

Yu, HH.; Chin, Y.-W,; Paik, H.-D. Application of Natural Preservatives for Meat and Meat Products against Food-Borne Pathogens
and Spoilage Bacteria: A Review. Foods 2021, 10, 2418. [CrossRef]

Collaboration for Environmental Evidence. CEE Critical Appraisal Tool—Environmental Evidence. Available online: https:
/ /environmentalevidence.org/ cee-critical-appraisal-tool/ (accessed on 26 February 2023).

Methley, A.M.; Campbell, S.; Chew-Graham, C.; McNally, R.; Cheraghi-Sohi, S. PICO, PICOS and SPIDER: A comparison study of
specificity and sensitivity in three search tools for qualitative systematic reviews. BMIC Health Serv. Res. 2014, 14, 579. [CrossRef]
Sato, H.; Kawaguti, H. (Eds.) Biotechnological Production of Organic Acids. In Biotechnological Production of Natural Ingredients for
Food Industry; Bentham Science Publishers: Sharjah, United Arab Emirates, 2016; pp. 164-206.

Bramer, WM.; De Jonge, G.B.; Rethlefsen, M.L.; Mast, F.; Kleijnen, J. A systematic approach to searching: An efficient and
complete method to develop literature searches. J. Med. Libr. Assoc. 2018, 106, 531-541. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Bonomo, M.G.; Ricciardi, A.; Salzano, G. Influence of autochthonous starter cultures on microbial dynamics and chemical-physical
features of traditional fermented sausages of Basilicata region. World J. Microbiol. Biotechnol. 2011, 27, 137-146. [CrossRef]
Casaburi, A.; Aristoy, M.-C.; Cavella, S.; DI Monaco, R.; Ercolini, D.; Toldr4, F; Villani, F. Biochemical and sensory characteristics
of traditional fermented sausages of Vallo di Diano (Southern Italy) as affected by the use of starter cultures. Meat Sci. 2007, 76,
295-307. [CrossRef] [PubMed]

Casquete, R.; Benito, M.].; Martin, A.; Ruiz-Moyano, S.; Aranda, E.; Cordoba, M.D.G. Microbiological quality of salchichén and
chorizo, traditional Iberian dry-fermented sausages from two different industries, inoculated with autochthonous starter cultures.
Food Control 2012, 24, 191-198. [CrossRef]

Chen, X,; Mi, R;; Qi, B.; Xiong, S.; Li, J.; Qu, C.; Qiao, X.; Chen, W.; Wang, S. Effect of proteolytic starter culture isolated from
Chinese Dong fermented pork (Nanx Wudl) on microbiological, biochemical and organoleptic attributes in dry fermented
sausages. Food Sci. Hum. Wellness 2021, 10, 13-22. [CrossRef]

Du, S.; Cheng, H.; Ma, ].-K,; Li, Z.-].; Wang, C.-H.; Wang, Y.-L. Effect of starter culture on microbiological, physiochemical and
nutrition quality of Xiangxi sausage. J. Food Sci. Technol. 2019, 56, 811-823. [CrossRef] [PubMed]

Frece, ].; Kovacevi¢, D.; Kazazi¢, S.; Mrv¢i¢, J.; Vahei¢, N.; Jezek, D.; Hruskar, M.; Babi¢, I.; Markov, K. Comparison of Sensory
Properties, Shelf-Life and Microbiological Safety of Industrial Sausages Produced with Autochthonous and Commercial Starter
Cultures. Food Technol. Biotechnol. 2014, 52, 307-316.

Tacumin, L.; Cappellari, G.; Colautti, A.; Comi, G. Listeria monocytogenes Survey in Cubed Cooked Ham Packaged in Modified
Atmosphere and Bioprotective Effect of Selected Lactic Acid Bacteria. Microorganisms 2020, 8, 898. [CrossRef] [PubMed]

Kaban, G.; Kaya, M. Effect of starter culture on growth of Staphylococcus aureus in sucuk. Food Control 2006, 17, 797-801.
[CrossRef]


https://www.efsa.europa.eu/en/topics/topic/qualified-presumption-safety-qps
http://doi.org/10.1016/j.scitotenv.2022.154058
http://doi.org/10.1016/b978-0-12-384731-7.00134-3
http://doi.org/10.1155/2021/6653190
http://doi.org/10.1080/10408398.2020.1835818
http://www.ncbi.nlm.nih.gov/pubmed/33089698
http://doi.org/10.3389/fmicb.2019.00853
http://doi.org/10.3390/foods11040542
http://www.ncbi.nlm.nih.gov/pubmed/35206018
http://doi.org/10.1080/10408398.2020.1754755
http://www.ncbi.nlm.nih.gov/pubmed/32319303
http://doi.org/10.1080/10408398.2016.1206845
http://www.ncbi.nlm.nih.gov/pubmed/27438696
http://doi.org/10.4315/0362-028X.JFP-16-203
http://doi.org/10.3390/foods10102418
https://environmentalevidence.org/cee-critical-appraisal-tool/
https://environmentalevidence.org/cee-critical-appraisal-tool/
http://doi.org/10.1186/s12913-014-0579-0
http://doi.org/10.5195/jmla.2018.283
http://doi.org/10.1136/bmj.n71
http://doi.org/10.1007/s11274-010-0439-y
http://doi.org/10.1016/j.meatsci.2006.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22064299
http://doi.org/10.1016/j.foodcont.2011.09.026
http://doi.org/10.1016/j.fshw.2020.05.012
http://doi.org/10.1007/s13197-018-3541-z
http://www.ncbi.nlm.nih.gov/pubmed/30906039
http://doi.org/10.3390/microorganisms8060898
http://www.ncbi.nlm.nih.gov/pubmed/32549230
http://doi.org/10.1016/j.foodcont.2005.05.003

Foods 2023, 12, 1430 24 of 26

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lahti, E.T.; Johansson, T.; Honkanen-Buzalski, T.; Hill, .; Nurmi, E. Survival and detection of Escherichia coli O157:H7 and
Listeria monocytogenes during the manufacture of dry sausage using two different starter cultures. Food Microbiol. 2001, 18, 75-85.
[CrossRef]

Lee, S.Y;; Lee, D.Y,; Kim, O.Y.; Hur, S.J. Analysis for change in microbial contents in five mixed Kimchi starter culture and
commercial lactic acid bacterial-fermented sausages and biological hazard in manufacturing facilities. Food Sci. Biotechnol. 2018,
28,787-794. [CrossRef]

Mafra, J.F; Cruz, ALC.; de Santana, T.S.; Ferreira, M.A.; Aratjo, FM.; Evangelista-Barreto, N.S. Probiotic characterization of a
commercial starter culture used in the fermentation of sausages. Food Sci. Technol. 2021, 41, 240-246. [CrossRef]
Muthukumarasamy, P.; Holley, R.A. Survival of Escherichia coli O157:H7 in dry fermented sausages containing micro-
encapsulated probiotic lactic acid bacteria. Food Microbiol. 2007, 24, 82—88. [CrossRef] [PubMed]

Najjari, A.; Boumaiza, M.; Jaballah, S.; Boudabous, A.; Ouzari, H. Application of isolated Lactobacillus sakei and Staphylococcus
xylosus strains as a probiotic starter culture during the industrial manufacture of Tunisian dry-fermented sausages. Food Sci. Nutr.
2020, 8, 4172-4184. [CrossRef]

Olaoye, O.A.; Onilude, A.A. Investigation on the potential application of biological agents in the extension of shelf life of fresh
beef in Nigeria. World ]. Microbiol. Biotechnol. 2010, 26, 1445-1454. [CrossRef]

Olaoye, O.A.; Onilude, A.A.; Idowu, O.A. Microbiological Profile of Goat Meat Inoculated with Lactic Acid Bacteria Cultures and
Stored at 30 °C for 7 days. Food Bioprocess Technol. 2011, 4, 312-319. [CrossRef]

Olaoye, O.; Onilude, A.; Ubbor, S.C. Control of Brochothrix thermosphacta in Pork Meat Using Lactococcus lactis subsp. lactis 123
Isolated from Beef. Appl. Food Biotechnol. 2015, 2, 49-55. [CrossRef]

Pavli, EG.; Argyri, A.A.; Chorianopoulos, N.G.; Nychas, G.-].E.; Tassou, C.C. Effect of Lactobacillus plantarum L125 strain with
probiotic potential on physicochemical, microbiological and sensorial characteristics of dry-fermented sausages. Lebenson. Wiss.
Technol. 2020, 118, 108810. [CrossRef]

Pidcock, K.; Heard, G.; Henriksson, A. Application of nontraditional meat starter cultures in production of Hungarian salami. Int.
J. Food Microbiol. 2002, 76, 75-81. [CrossRef]

Sun, Q.; Chen, Q.; Li, E; Zheng, D.; Kong, B. Biogenic amine inhibition and quality protection of Harbin dry sausages by
inoculation with Staphylococcus xylosus and Lactobacillus plantarum. Food Control 2016, 68, 358-366. [CrossRef]

Sun, Q.; Sun, E; Zheng, D.; Kong, B.; Liu, Q. Complex starter culture combined with vacuum packaging reduces biogenic amine
formation and delays the quality deterioration of dry sausage during storage. Food Control 2019, 100, 58-66. [CrossRef]
Szymarnski, P.; Laszkiewicz, B.; Kern-Jedrychowska, A.; Siekierko, U.; Kotozyn-Krajewska, D. The Use of the Mixed Bacteria
Limosilactobacillus fermentum and Staphylococcus carnosus in the Meat Curing Process with a Reduced Amount of Sodium Nitrite.
Appl. Sci. 2021, 11, 904. [CrossRef]

Vatanyoopaisarn, S.; Prapatsornwattana, K. Potential use of lactic acid bacteria with bacteriocin-like activity against Staph-ylococcus
aureus as dual starter cultures in Thai fermented sausage “Sai Krok Prew”. Int. Food Res. . 2011, 18, 697-704. Available online:
http:/ /www.ifrj.upm.edu.my/18%20(02)%202011/(32)%20IFR]-2010-238.pdf (accessed on 23 July 2022).

Xiao, Y; Liu, Y.; Chen, C.; Xie, T.; Li, P. Effect of Lactobacillus plantarum and Staphylococcus xylosus on flavour development and
bacterial communities in Chinese dry fermented sausages. Food Res. Int. 2020, 135, 109247. [CrossRef] [PubMed]

Zhao, L.; Jin, Y.; Ma, C.; Song, H.; Li, H.; Wang, Z.; Xiao, S. Physico-chemical characteristics and free fatty acid composition of
dry fermented mutton sausages as affected by the use of various combinations of starter cultures and spices. Meat Sci. 2011, 88,
761-766. [CrossRef] [PubMed]

Amézquita, A.; Brashears, M.M. Competitive Inhibition of Listeria Monocytogenes in Ready-to-Eat Meat Products by Lactic Acid
Bacteria. J. Food Prot. 2002, 65, 316-325. [CrossRef]

Castellano, P; Belfiore, C.; Vignolo, G. Combination of bioprotective cultures with EDTA to reduce Escherichia coli O157:H7 in
frozen ground-beef patties. Food Control 2011, 22, 1461-1465. [CrossRef]

Chaillou, S.; Christieans, S.; Rivollier, M.; Lucquin, I.; Champomier-Verges, M.; Zagorec, M. Quantification and efficiency of
Lactobacillus sakei strain mixtures used as protective cultures in ground beef. Meat Sci. 2014, 97, 332-338. [CrossRef]

Dortu, C.; Huch, M.; Holzapfel, W.; Franz, C.; Thonart, P. Anti-listerial activity of bacteriocin-producing Lactobacillus curvatus
CWBI-B28 and Lactobacillus sakei CWBI-B1365 on raw beef and poultry meat. Lett. Appl. Microbiol. 2008, 47, 581-586. [CrossRef]
Gargi, A.; Sengun, 1.Y. Marination liquids enriched with probiotics and their inactivation effects against food-borne pathogens
inoculated on meat. Meat Sci. 2021, 182, 108624. [CrossRef]

Incili, G.K,; Karatepe, P.; Akgol, M.; Giingoren, A.; Koluman, A.; Ilhak, O.I1; Kanmaz, H.; Kaya, B.; Hayaloglu, A.A. Charac-
terization of lactic acid bacteria postbiotics, evaluation in-vitro antibacterial effect, microbial and chemical quality on chicken
drumsticks. Food Microbiol. 2022, 104, 104001. [CrossRef]

Jones, R.; Wiklund, E.; Zagorec, M.; Tagg, J. Evaluation of stored lamb bio-preserved using a three-strain cocktail of Lactobacillus
sakei. Meat Sci. 2010, 86, 955-959. [CrossRef] [PubMed]

Katikou, P.; Ambrosiadis, I.; Georgantelis, D.; Koidis, P.; Georgakis, S. Effect of Lactobacillus-protective cultures with bacteriocin-
like inhibitory substances” producing ability on microbiological, chemical and sensory changes during storage of refrigerated
vacuum-packaged sliced beef. ]. Appl. Microbiol. 2005, 99, 1303-1313. [CrossRef]

Koo, O.-K.; Eggleton, M.; O’Bryan, C.A.; Crandall, P.G.; Ricke, S.C. Antimicrobial activity of lactic acid bacteria against Listeria
monocytogenes on frankfurters formulated with and without lactate/diacetate. Meat Sci. 2012, 92, 533-537. [CrossRef]


http://doi.org/10.1006/fmic.2000.0373
http://doi.org/10.1007/s10068-018-0510-2
http://doi.org/10.1590/fst.12120
http://doi.org/10.1016/j.fm.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16943098
http://doi.org/10.1002/fsn3.1711
http://doi.org/10.1007/s11274-010-0319-5
http://doi.org/10.1007/s11947-010-0343-3
http://doi.org/10.22037/AFB.V2I3.7993
http://doi.org/10.1016/j.lwt.2019.108810
http://doi.org/10.1016/S0168-1605(02)00002-8
http://doi.org/10.1016/j.foodcont.2016.04.021
http://doi.org/10.1016/j.foodcont.2019.01.008
http://doi.org/10.3390/app11030904
http://www.ifrj.upm.edu.my/18%20(02)%202011/(32)%20IFRJ-2010-238.pdf
http://doi.org/10.1016/j.foodres.2020.109247
http://www.ncbi.nlm.nih.gov/pubmed/32527474
http://doi.org/10.1016/j.meatsci.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21458169
http://doi.org/10.4315/0362-028X-65.2.316
http://doi.org/10.1016/j.foodcont.2011.02.018
http://doi.org/10.1016/j.meatsci.2013.08.009
http://doi.org/10.1111/j.1472-765X.2008.02468.x
http://doi.org/10.1016/j.meatsci.2021.108624
http://doi.org/10.1016/j.fm.2022.104001
http://doi.org/10.1016/j.meatsci.2010.07.023
http://www.ncbi.nlm.nih.gov/pubmed/20800371
http://doi.org/10.1111/j.1365-2672.2005.02739.x
http://doi.org/10.1016/j.meatsci.2012.05.023

Foods 2023, 12, 1430 25 of 26

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Segli, F; Melian, C.; Muifioz, V.; Vignolo, G.; Castellano, P. Bioprotective extracts from Lactobacillus acidophilus CRL641 and
Latilactobacillus curvatus CRL705 inhibit a spoilage exopolysaccharide producer in a refrigerated meat system. Food Microbiol.
2021, 97, 103739. [CrossRef] [PubMed]

Segli, F.; Melian, C.; Vignolo, G.; Castellano, P. Inhibition of a spoilage exopolysaccharide producer by bioprotective extracts from
Lactobacillus acidophilus CRL641 and Latilactobacillus curvatus CRL705 in vacuum-packaged refrigerated meat discs. Meat Sci. 2021,
178,108509. [CrossRef] [PubMed]

Xu, M.M.; Kaur, M.; Pillidge, C.J.; Torley, P.J. Evaluation of the potential of protective cultures to extend the microbial shelf-life of
chilled lamb meat. Meat Sci. 2021, 181, 108613. [CrossRef] [PubMed]

Xu, M.M.; Kaur, M; Pillidge, C.J.; Torley, P.J. Culture-Dependent and Culture-Independent Evaluation of the Effect of Protective
Cultures on Spoilage-Related Bacteria in Vacuum-Packaged Beef Mince. Food Bioprocess Technol. 2023, 16, 382-394. [CrossRef]
Gao, Y,; Li, D.; Liu, X. Effects of Lactobacillus sakei C2 and sakacin C2 individually or in combination on the growth of Listeria
monocytogenes, chemical and odor changes of vacuum-packed sliced cooked ham. Food Control 2015, 47, 27-31. [CrossRef]
Azevedo, PO.D.S.D.; Converti, A.; Gierus, M.; Oliveira, R.P.D.S. Application of nisin as biopreservative of pork meat by dipping
and spraying methods. Braz. ]. Microbiol. 2019, 50, 523-526. [CrossRef]

Delgado, J.; Rodriguez, A.; Garcia, A.; Nufiez, F.; Asensio, M.A. Inhibitory Effect of PgAFP and Protective Cultures on Aspergillus
parasiticus Growth and Aflatoxins Production on Dry-Fermented Sausage and Cheese. Microorganisms 2018, 6, 69. [CrossRef]
Castellano, P; Pefia, N.; Ibarreche, M.P,; Carduza, F,; Soteras, T.; Vignolo, G. Antilisterial efficacy of Lactobacillus bacteriocins and
organic acids on frankfurters. Impact on sensory characteristics. J. Food Sci. Technol. 2018, 55, 689-697. [CrossRef] [PubMed]
Vignolo, G.; Palacios, J.; Farias, M.E.; Sesma, E.; Schillinger, U.; Holzapfel, W.; Oliver, G. Combined effect of bacteriocins on the
survival of various Listeria species in broth and meat system. Curr. Microbiol. 2000, 41, 410-416. [CrossRef]

Sant’Anna, V.; Quadros, D.A.; Motta, A.S.; Brandelli, A. Antibacterial activity of bacteriocin-like substance P34 on Listeria
monocytogenes in chicken sausage. Braz. ]. Microbiol. 2013, 44, 1163-1167. [CrossRef] [PubMed]

Sun, Z,; Li, P; Liu, E; Bian, H.; Wang, D.; Wang, X.; Zou, Y.; Sun, C.; Xu, W. Synergistic antibacterial mechanism of the Lactobacillus
crispatus surface layer protein and nisin on Staphylococcus saprophyticus. Sci. Rep. 2017, 7, 265. [CrossRef] [PubMed]

Zhang, L.; Ben Said, L.; Diarra, M.S.; Hliss, I. Inhibitory Activity of Natural Synergetic Antimicrobial Consortia against Salmonella
enterica on Broiler Chicken Carcasses. Front. Microbiol. 2021, 12, 656956. [CrossRef]

Garcia-Diez, J.; Saraiva, C. Use of Starter Cultures in Foods from Animal Origin to Improve Their Safety. Int. J. Environ. Res.
Public Health 2021, 18, 2544. [CrossRef]

Vignolo, G.; Fontana, C.; Fadda, S. Semidry and Dry Fermented Sausages. In Handbook of Meat Processing; Wiley-Blackwell:
Oxford, UK, 2010; pp. 379-398.

Krockel, L. The Role of Lactic Acid Bacteria in Safety and Flavour Development of Meat and Meat Products. In Lactic Acid
Bacterin—R & D for Food, Health and Livestock Purposes; Kongo, M., Ed.; InTech: London, UK, 2013. [CrossRef]

Laranjo, M.; Elias, M.; Fraqueza, M.]. The Use of Starter Cultures in Traditional Meat Products. J. Food Qual. 2017, 2017, 9546026.
[CrossRef]

Landeta, G.; Curiel, J.A.; Carrascosa, A.V.; Mufoz, R.; de Las Rivas, B. Characterization of coagulase-negative staphylococci
isolated from Spanish dry cured meat products. Meat Sci. 2013, 93, 387-396. [CrossRef] [PubMed]

Flores, M.; Toldra, F. Microbial enzymatic activities for improved fermented meats. Trends Food Sci. Technol. 2011, 22, 81-90.
[CrossRef]

Shiling, L.; Xianna, H.; Yanbin, Y.; Baokun, L.; Chengjian, X.; Qingling, W. Proteolytic effect of starter culture during ripening of
smoked horse sausage. Food Sci. Biotechnol. 2017, 26, 1363-1369. [CrossRef]

Stavropoulou, D.A.; De Maere, H.; Berardo, A.; Janssens, B.; Filippou, P; De Vuyst, L.; De Smet, S.; Leroy, F. Species Pervasiveness
within the Group of Coagulase-Negative Staphylococci Associated with Meat Fermentation Is Modulated by pH. Front. Microbiol.
2018, 9, 2232. [CrossRef] [PubMed]

Moradi, M.; Mardani, K.; Tajik, H. Characterization and application of postbiotics of Lactobacillus spp. on Listeria monocytogenes
in vitro and in food models. Lebenson. Wiss. Technol. 2019, 111, 457—-464. [CrossRef]

Hartmann, H.A.; Wilke, T.; Erdmann, R. Efficacy of bacteriocin-containing cell-free culture supernatants from lactic acid bacteria
to control Listeria monocytogenes in food. Int. |. Food Microbiol. 2011, 146, 192-199. [CrossRef] [PubMed]

Prudéncio, C.V.; dos Santos, M.T.; Vanetti, M.C.D. Strategies for the use of bacteriocins in Gram-negative bacteria: Relevance in
food microbiology. J. Food Sci. Technol. 2015, 52, 5408-5417. [CrossRef] [PubMed]

Landete, .M. A review of food-grade vectors in lactic acid bacteria: From the laboratory to their application. Crit. Rev. Biotechnol.
2017, 37, 296-308. [CrossRef]

Salminen, S.; Collado, M.C.; Endo, A.; Hill, C.; Lebeer, S.; Quigley, EM.M.; Sanders, M.E.; Shamir, R.; Swann, ].R.; Szajewska, H.;
et al. The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and
scope of postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649—-667. [CrossRef]

Hernédndez-Granados, M.].; Franco-Robles, E. Postbiotics in human health: Possible new functional ingredients? Food Res. Int.
2020, 137, 109660. [CrossRef]

Moradi, M.; Kousheh, S.A.; Almasi, H.; Alizadeh, A.; Guimaraes, ].T.; Yilmaz, N.; Lotfi, A. Postbiotics produced by lactic acid
bacteria: The next frontier in food safety. Compr. Rev. Food Sci. Food Saf. 2020, 19, 3390-3415. [CrossRef]

Cotter, P.D.; Ross, R.; Hill, C. Bacteriocins—A viable alternative to antibiotics? Nat. Rev. Genet. 2013, 11, 95-105. [CrossRef]


http://doi.org/10.1016/j.fm.2021.103739
http://www.ncbi.nlm.nih.gov/pubmed/33653518
http://doi.org/10.1016/j.meatsci.2021.108509
http://www.ncbi.nlm.nih.gov/pubmed/33857706
http://doi.org/10.1016/j.meatsci.2021.108613
http://www.ncbi.nlm.nih.gov/pubmed/34218124
http://doi.org/10.1007/s11947-022-02948-4
http://doi.org/10.1016/j.foodcont.2014.06.031
http://doi.org/10.1007/s42770-019-00080-8
http://doi.org/10.3390/microorganisms6030069
http://doi.org/10.1007/s13197-017-2979-8
http://www.ncbi.nlm.nih.gov/pubmed/29391633
http://doi.org/10.1007/s002840010159
http://doi.org/10.1590/S1517-83822014005000004
http://www.ncbi.nlm.nih.gov/pubmed/24688506
http://doi.org/10.1038/s41598-017-00303-8
http://www.ncbi.nlm.nih.gov/pubmed/28325944
http://doi.org/10.3389/fmicb.2021.656956
http://doi.org/10.3390/ijerph18052544
http://doi.org/10.5772/51117
http://doi.org/10.1155/2017/9546026
http://doi.org/10.1016/j.meatsci.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23273441
http://doi.org/10.1016/j.tifs.2010.09.007
http://doi.org/10.1007/s10068-017-0163-6
http://doi.org/10.3389/fmicb.2018.02232
http://www.ncbi.nlm.nih.gov/pubmed/30283431
http://doi.org/10.1016/j.lwt.2019.05.072
http://doi.org/10.1016/j.ijfoodmicro.2011.02.031
http://www.ncbi.nlm.nih.gov/pubmed/21411169
http://doi.org/10.1007/s13197-014-1666-2
http://www.ncbi.nlm.nih.gov/pubmed/26344957
http://doi.org/10.3109/07388551.2016.1144044
http://doi.org/10.1038/s41575-021-00440-6
http://doi.org/10.1016/j.foodres.2020.109660
http://doi.org/10.1111/1541-4337.12613
http://doi.org/10.1038/nrmicro2937

Foods 2023, 12, 1430 26 of 26

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Yang, E.; Fan, L, Jiang, Y.; Doucette, C.; Fillmore, S. Antimicrobial activity of bacteriocin-producing lactic acid bacteria isolated
from cheeses and yogurts. AMB Express 2012, 2, 48. [CrossRef]

Dicks, LM.T.; Dreyer, L.; Smith, C.; Van Staden, A.D. A Review: The Fate of Bacteriocins in the Human Gastro-Intestinal Tract:
Do They Cross the Gut-Blood Barrier? Front. Microbiol. 2018, 9, 2297. [CrossRef]

O’Connor, PM.; Kuniyoshi, T.M.; Oliveira, R.P,; Hill, C.; Ross, R.P,; Cotter, P.D. Antimicrobials for food and feed; a bacteriocin
perspective. Curr. Opin. Biotechnol. 2020, 61, 160-167. [CrossRef] [PubMed]

Cox, C.R; Coburn, PS.; Gilmore, M.S. Enterococcal Cytolysin: A Novel Two Component Peptide System that Serves as a Bacterial
Defense against Eukaryotic and Prokaryotic Cells. Curr. Protein Pept. Sci. 2005, 6, 77-84. [CrossRef] [PubMed]

Galvez, A.; Abriouel, H.; Lépez, R.L.; Ben Omar, N. Bacteriocin-based strategies for food biopreservation. Int. J. Food Microbiol.
2007, 120, 51-70. [CrossRef] [PubMed]

Holley, R.; Cordeiro, R. Microbiological Safety of Meat | Listeria monocytogenes. In Encyclopedia of Meat Sciences; Elsevier: London,
UK, 2014; pp. 348-356. [CrossRef]

Leite, J.A.; Tulini, EL.; dos Reis-Teixeira, E.B.; Rabinovitch, L.; Chaves, ].Q.; Rosa, N.G.; Cabral, H.; De Martinis, E.C.P. Bacteriocin-
like inhibitory substances (BLIS) produced by Bacillus cereus: Preliminary characterization and application of partially purified
extract containing BLIS for inhibiting Listeria monocytogenes in pineapple pulp. Lebenson. Wiss. Technol. 2016, 72, 261-266.
[CrossRef]

Bizani, D.; Morrissy, J.A.; Dominguez, A.P.; Brandelli, A. Inhibition of Listeria monocytogenes in dairy products using the
bacteriocin-like peptide cerein 8A. Int. ]. Food Microbiol. 2008, 121, 229-233. [CrossRef]

Pérez-Ramos, A.; Madi-Moussa, D.; Coucheney, E; Drider, D. Current Knowledge of the Mode of Action and Immunity
Mechanisms of LAB-Bacteriocins. Microorganisms 2021, 9, 2107. [CrossRef]

Figueiredo, A.C.L.; Almeida, R.C. Antibacterial efficacy of nisin, bacteriophage P100 and sodium lactate against Listeria monocyto-
genes in ready-to-eat sliced pork ham. Braz. J. Microbiol. 2017, 48, 724-729. [CrossRef]

Kaur, G.; Singh, T.P; Malik, R.K.; Bhardwaj, A.; De, S. Antibacterial efficacy of nisin, pediocin 34 and enterocin FH99 against L.
monocytogenes, E. faecium and E. faecalis and bacteriocin cross resistance and antibiotic susceptibility of their bacteriocin resistant
variants. J. Food Sci. Technol. 2014, 51, 233-244. [CrossRef]

Asare, P.T.; Zurfluh, K.; Greppi, A.; Lynch, D.; Schwab, C.; Stephan, R.; Lacroix, C. Reuterin Demonstrates Potent Antimicrobial
Activity against a Broad Panel of Human and Poultry Meat Campylobacter spp. Isolates. Microorganisms 2020, 8, 78. [CrossRef]
Schaefer, L.; Auchtung, T.; Hermans, K.E.; Whitehead, D.; Borhan, B.; Britton, R.A. The antimicrobial compound reuterin
(3-hydroxypropionaldehyde) induces oxidative stress via interaction with thiol groups. Microbiology 2010, 156, 1589-1599.
[CrossRef] [PubMed]

Pum, D.; Toca-Herrera, J.L.; Sleytr, U.B. S-Layer Protein Self-Assembly. Int. ]. Mol. Sci. 2013, 14, 2484-2501. [CrossRef] [PubMed]
Klotz, C.; Goh, Y.J.; O’Flaherty, S.; Barrangou, R. S-layer associated proteins contribute to the adhesive and immunomodulatory
properties of Lactobacillus acidophilus NCFM. BMC Microbiol. 2020, 20, 248. [CrossRef]

Meng, J.; Gao, S.-M.; Zhang, Q.-X.; Lu, R.-R. Murein hydrolase activity of surface layer proteins from Lactobacillus acidophilus
against Escherichia coli. Int. ]. Biol. Macromol. 2015, 79, 527-532. [CrossRef]

Rodriguez-Martin, A.; Acosta, R.; Liddell, S.; Nuriez, F; Benito, M.].; Asensio, M.A. Characterization of the novel antifungal
protein PgAFP and the encoding gene of Penicillium chrysogenum. Peptides 2010, 31, 541-547. [CrossRef]

Delgado, J.; Owens, R.A.; Doyle, S.; Nufiez, F.; Asensio, M.A. Quantitative proteomics reveals new insights into calcium-mediated
resistance mechanisms in Aspergillus flavus against the antifungal protein PgAFP in cheese. Food Microbiol. 2017, 66, 1-10.
[CrossRef] [PubMed]

Nuriez, F.; Lara, M.S.; Peromingo, B.; Delgado, J.; Sinchez-Montero, L.; Andrade, M.]. Selection and evaluation of Debaryomyces
hansenii isolates as potential bioprotective agents against toxigenic penicillia in dry-fermented sausages. Food Microbiol. 2015, 46,
114-120. [CrossRef] [PubMed]

Kowalska-Krochmal, B.; Dudek-Wicher, R. The Minimum Inhibitory Concentration of Antibiotics: Methods, Interpretation,
Clinical Relevance. Pathogens 2021, 10, 165. [CrossRef]

Orhan, G.; Bayram, A.; Zer, Y.; Balci, I. Synergy Tests by E Test and Checkerboard Methods of Antimicrobial Combinations against
Brucella melitensis. |. Clin. Microbiol. 2005, 43, 140-143. [CrossRef]

Eagly, A.H.; Wood, W. Using Research Syntheses to Plan Future Research. In The Handbook of Research Synthesis; Russell Sage
Foundation: New York, NY, USA, 1994; pp. 485-500.

Mathur, H.; Field, D.; Rea, M.C.; Cotter, P.D.; Hill, C.; Ross, R.P. Bacteriocin-Antimicrobial Synergy: A Medical and Food
Perspective. Front. Microbiol. 2017, 8, 1205. [CrossRef]

Meletiadis, J.; Pournaras, S.; Roilides, E.; Walsh, T.J. Defining Fractional Inhibitory Concentration Index Cutoffs for Additive
Interactions Based on Self-Drug Additive Combinations, Monte Carlo Simulation Analysis, and In Vitro-In Vivo Correlation Data
for Antifungal Drug Combinations against Aspergillus fumigatus. Antimicrob. Agents Chemother. 2010, 54, 602-609. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/2191-0855-2-48
http://doi.org/10.3389/fmicb.2018.02297
http://doi.org/10.1016/j.copbio.2019.12.023
http://www.ncbi.nlm.nih.gov/pubmed/31968296
http://doi.org/10.2174/1389203053027557
http://www.ncbi.nlm.nih.gov/pubmed/15638770
http://doi.org/10.1016/j.ijfoodmicro.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17614151
http://doi.org/10.1016/b978-0-12-384731-7.00039-8
http://doi.org/10.1016/j.lwt.2016.04.058
http://doi.org/10.1016/j.ijfoodmicro.2007.11.016
http://doi.org/10.3390/microorganisms9102107
http://doi.org/10.1016/j.bjm.2017.02.010
http://doi.org/10.1007/s13197-011-0500-3
http://doi.org/10.3390/microorganisms8010078
http://doi.org/10.1099/mic.0.035642-0
http://www.ncbi.nlm.nih.gov/pubmed/20150236
http://doi.org/10.3390/ijms14022484
http://www.ncbi.nlm.nih.gov/pubmed/23354479
http://doi.org/10.1186/s12866-020-01908-2
http://doi.org/10.1016/j.ijbiomac.2015.03.057
http://doi.org/10.1016/j.peptides.2009.11.002
http://doi.org/10.1016/j.fm.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28576356
http://doi.org/10.1016/j.fm.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25475274
http://doi.org/10.3390/pathogens10020165
http://doi.org/10.1128/JCM.43.1.140-143.2005
http://doi.org/10.3389/fmicb.2017.01205
http://doi.org/10.1128/aac.00999-09
http://www.ncbi.nlm.nih.gov/pubmed/19995928

Annals of Agricultural and Environmental Medicine

ORIGINAL ARTICLE

www.aaem.pl

(CMON

Novel synergistic combination of lactic acid
and acetic acid bacteria cell-free extracts for
enhanced food biopreservation

Marcelina Karbowiak"**®", Marcin Kruk'®<®, Piotr Szymanski>AF®,
Dorota Zielinska"AEF“>

! Institute of Human Nutrition Sciences, University of Life Sciences, Warsaw, Poland

2 Department of Meat and Fat Technology, Wactaw Dqgbrowski Institute of Agricultural and Food Biotechnology - State
Research Institute, Warsaw, Poland

A — Research concept and design, B — Collection and/or assembly of data, C — Data analysis and interpretation,

D - Writing the article, E — Critical revision of the article, F — Final approval of the article

Karbowiak M, Kruk M, Szymanski P, Zielinska D. Novel synergistic combination of lactic acid and acetic acid bacteria cell-free extracts for
enhanced food biopreservation. Ann Agric Environ Med. doi:10.26444/aaem/214500

I Abstract
Introduction and Objective. The aim of the study is to evaluate the synergistic biopreservative potential of cell-free
extracts (CFEs) obtained from lactic acid bacteria (LAB: Lacticaseibacillus paracasei B1, Lactiplantibacillus plantarum 024)
and acetic acid bacteria (AAB: Gluconobacter oxydans KNS32, Komagataeibacter saccharivorans KOM1), and to assess their
antimicrobial, antioxidant, and overall combined efficacy in food preservation.
Materials and Method. CFEs were analysed for organic acid and polyphenol content, and tested for antioxidant capacity
using DPPH and ABTS assays. Antimicrobial activity was assessed by agar well-diffusion and minimum inhibitory concentration
(MIC) assays against Gram-positive and Gram-negative indicator strains. Synergistic effects were evaluated by checkerboard
microdilution. The combinations were applied to chicken meat inoculated with Salmonella enterica subsp. enterica serovar
Enteritidis and stored for 7 days at 37°C and 4°C.
Results. LAB CFEs contained lactic, gluconic, and acetic acids, whereas AAB CFEs contained gluconic, acetic, and citric acids.
MIC values ranged from 3.1 - 100 AU/mL, and several LAB-AAB combinations exhibited synergistic antibacterial activity. In
the chicken model, CFEs reduced S. Enteritidis counts below the detection limit, and decreased total viable counts by more
than 1 log CFU/g after 7 days.
Conclusions. The synergistic combination of LAB and AAB CFEs exhibited strong antimicrobial and antioxidant activities,

indicating high potential as natural, microbially derived preservatives for safe food biopreservation.

1 Key words

antioxidants, lactic acid bacteria, food safety, acetic acid bacteria, hurdle technology, synergistic antibacterial activity,

microbial-derived preservatives

INTRODUCTION

Despite the progress made in the food industry in recent
years, some food-borne pathogens continue to pose
significant public health challenges on a local, national,
and international scale. In the European Union (EU), 77,486
salmonellosis cases were reported in 2023, corresponding to
an EU notification rate of 18.0 cases per 100,000 people. This
resulted in the highest number of hospitalizations (14,801
cases) among reported food-borne gastrointestinal infections
[1]. On the other hand, increasing consumer health awareness
and demand for safer and more natural food preservatives
make new alternatives urgently necessary and desirable [2].
Biopreservation strategies align with these market trends by
utilizing naturally derived antimicrobials. While much of
the research has focused on microbial interactions and their
inhibitory effects on spoilage and pathogenic bacteria, recent
advancements have expanded to include novel bioprotective
cultures, bacteriophages, postbiotics, organic acids, and
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plant-derived compounds, all of which are gaining significant
attention for their potential in food preservation [3].

Bacterial preparations refer to biologically active substances
derived from microbial cultures commonly used for their
antimicrobial, antioxidant, and preservative properties.
These preparations can include cell-free supernatants, heat-
killed bacterial cells, and neutralized supernatants, each
exhibiting distinct bioactive profiles [4]. The supernatant is
obtained by culturing bacteria in a nutrient medium, followed
by centrifugation or filtration to remove the cells, leaving
behind a liquid fraction rich in antimicrobial metabolites,
such as organic acids, bacteriocins, and enzymes [5]. Unlike
postbiotics, which are defined as preparations of inanimate
microorganisms and/or their components that confer a
health benefit on the host [6, 7], bacterial preparations may
not necessarily contain inactivated cells, but instead, focus
on extracellular metabolites with antimicrobial potential.
Their application in biopreservation is particularly valuable
as they offer a natural and sustainable alternative to synthetic
preservatives, helping to inhibit foodborne pathogens, reduce
spoilage, and extend shelf life [8, 9].

Bacterial preparations are primarily produced by lactic
acid bacteria (LAB), often considered probiotics due to their
health benefits [10]. LAB-derived preparations are valued for
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their antimicrobial, antioxidant, and immunomodulatory
effects, making them promising for food preservation and
human health [11]. Their antimicrobial activity results
from bioactive compounds, including organic acids (lactic
and acetic), bacteriocins, hydrogen peroxide, and diacetyl,
which inhibit pathogens by lowering the pH, disrupting
cell membranes, or interfering with essential metabolic
processes [12]. LAB-derived bacterial preparations exhibit
strong inhibitory effects against various microorganisms,
including food-borne pathogens, as well as psychrophilic
bacteria, yeasts, and moulds responsible for food spoilage [8,
9]. Beyond antimicrobial activity, they enhance food stability
and quality through antioxidant effects that prevent lipid
oxidation, modulation of microbial communities to extend
shelf life and maintain sensory properties, and potential
immunomodulatory effects that support functional food
applications [13-15].

Another group of microorganisms with promising health-
promoting properties are acetic acid bacteria (AAB) [16,
17]. AAB are Gram-negative strict aerobes, capable of
incompletely oxidizing carbon sources into corresponding
organic compounds, such as ethanol to acetic acid [18].
Additionally, AAB are capable of producing polysaccharides,
of which bacterial cellulose and levan are the most widespread,
and synthesizing many pro-health organic acids and miglitol
(17, 18]. Due to their unique properties, AAB are used in many
branches of the food industry, i.e., Kombucha and vinegar
production. The utilization of AAB preparations as a cocktail
of antimicrobial substances to ensure the safety and quality
of food remains poorly studied [17].

Despite the growing demand for natural biopreservatives
in the food industry, many existing options face limitations in
terms of efficacy, stability, and the spectrum of antimicrobial
activity. Traditional biopreservatives, such as bacteriocins
and organic acids from well-characterized lactic acid
bacteria, are often strain-specific and may not provide broad
protection against diverse food-borne pathogens and spoilage
microorganisms [19]. Additionally, while LAB-derived
antimicrobial compounds, including lactic acid, hydrogen
peroxide and diacetyl, have demonstrated efficacy in various
food systems, their performance can be influenced by food
composition, storage conditions, and interactions with native
microbiota [12]. Similarly, the potential of acetic acid bacteria
in food preservation remains under-explored, particularly
in terms of their compatibility with LAB-based approaches
[20, 21]. Furthermore, most studies focus on single-strain
applications, which may limit the overall robustness of
biopreservation strategies [22]. Research exploring multi-
strain or cross-genus interactions remains scarce, despite the
potential for synergistic effects between different microbial
groups to enhance antimicrobial efficacy and broaden the
spectrum of inhibition [21, 23]. Addressing these limitations
is crucial for advancing natural biopreservation methods that
are both effective and adaptable across various food matrices.

To the best knowledge of the authors, no studies have
investigated the antimicrobial effectiveness of combining
LAB and AAB preparations. Previously, only pure lactic and
acetic acids have been tested together for food preservation
[24-27]. Lactic acid has well-established inhibitory effects
on various food-borne pathogens, and acetic acid from
AAB offers complementary antibacterial properties that
potentially enhance overall bioprotective efficacy [28]. On
the other hand, in a study by Xia et al. (2022) [29], in situ

and in vitro approaches were employed to investigate the
interaction between LAB and AAB during the solid-state
fermentation of cereal vinegar. However, research remains
limited to the combined use of LAB and AAB metabolites,
particularly in real food matrices. A key advantage of the
cocktail over individual organic acids lies in its enhanced
efficacy, resulting from a combination of diverse organic
acids, bacteriocins, hydrogen peroxide, proteins, peptides,
and other molecules [19, 29].

Inspired by the unique health benefits of Kombucha, which
features a distinctive consortium of acetic acid bacteria
and lactic acid bacteria, this study aimed to evaluate the
antimicrobial effects of bacterial extracts derived from
environmental strains of LAB - Lacticaseibacillus paracasei
and Lactiplantibacillus plantarum), and AAB - Gluconobacter
oxydans and Komagataeibacter saccharivorans for innovative
food biopreservation. The assessment was conducted
individually and in pairs through in vitro experiments and
within a food matrix. Additionally, the study evaluated
the polyphenol content, antioxidant potential, and organic
acids content. To our knowledge, no previous research has
examined the efficacy of combining bacterial extracts from
environmental strains of LAB and A AB, neither in vitro nor
within a food matrix.

MATERIALS AND METHOD

Origin of lactic acid and acetic acid bacteria. Two strains
of Lacticaseibacillus paracasei Bl and Lactiplantibacillus
plantarum 024 were selected. The L. paracasei Bl strain
was isolated from the Polish regional sheep’s milk cheese
‘Bundz’ (GenBank Accession Nos: CP161807 and CP161808).
According to previous research, this strain exhibits selected
in vitro probiotic effects, and its properties are protected by
patent (Patent No. P.426002) [30]. The Lactiplantibacillus
plantarum 024 strain was isolated from traditionally
fermented cucumber dill pickles (GenBank Accession No:
CP157747-CP157755); its selected in vitro probiotic properties
have been described previously [30-32]. Strains were stored at
-80°C with 20% glycerol v/vin MRS broth (deMan, Rogosa,
and Sharpe, Neogen, Lansing, ML, USA).

Two strains of acetic acid bacteria were used in this study.
The strain Gluconobacter oxydans KNS32 was isolated
from a local Kombucha beverage (GenBank Accession
No: 0Q597203). The potential postbiotic properties and in
vitro anticancer activity of the supernatant obtained from
this strain were previously described by Neffe-Skocinska
et al. [20]. Local artisanal honey vinegar was utilized as
the source of the strain Komagataeibacter saccharivorans
KOMI1 (GenBank Accession No: 0Q594827). The strains
were stored at -80°C with 20% glycerol (v/v) in GC broth
(Glucose Calcium Carbonate), prepared according to Neffe-
Skocinska et al. (2022) [33].

The bacterial strains are maintained in the internal
collection of microorganisms at the Department of Food
Gastronomy and Food Hygiene, Institute of Human Nutrition
Sciences, at the University of Life Sciences in Warsaw, Poland.

Indicator strains. The following indicator strains were
used for the evaluation of antimicrobial activity: Listeria
monocytogenes ATCC 19111, Staphylococcus aureus ATCC
25923, Bacillus spizizenii ATCC 6633, Enterococcus faecalis
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ATCC 51299 (Gram-positive), and Salmonella enterica subsp.
enterica serovar Enteritidis ATCC 13076, Escherichia coli
ATCC 10536, Pseudomonas fluorescens PCM 2123 (Gram-
negative). The strains were stored in glycerol stocks at -80 °C. To
revive the strains, each one was plated onto appropriate agar
media: Listeria monocytogenes was streaked on PALCAM
agar (LabM, Heywood, UK), Staphylococcus aureus on Baird-
Parker egg yolk tellurite agar (Oxoid, Basingstoke, UK),
Bacillus spizizenii, Enterococcus faecalis, and Pseudomonas
fluorescens on Nutrient Agar (Oxoid, Basingstoke, UK),
Salmonella enterica subsp. enterica serovar Enteritidis on
XLD Agar (Oxoid, Basingstoke, UK), and Escherichia coli on
TBX agar (Oxoid, Basingstoke, UK). Plates were incubated
at 37 °C for approximately 24 hours. After incubation, single
colonies of each indicator strain were selected and transferred
to Mueller-Hinton (MH) broth (Oxoid, Basingstoke, UK). The
cultures were incubated aerobically at 37 °C for 24 hours, either
with gentle shaking or in a stationary incubator, depending on
the strain. Once growth reached the desired turbidity (early
stationary phase), the cultures were standardized to an optical
density of 0.1 at 600 nm to ensure consistent inoculum sizes
for antimicrobial testing.

Preparation of LAB and AAB cell-free extracts. The
LAB strains were grown anaerobically in fresh MRS broth
(De Man, Rogosa, and Sharpe broth) at 37°C for 16-18 h
to achieve a final concentration of approximately 1x 10°
CFU/mL. Anaerobic conditions were established by placing
inoculated MRS broth tubes in anaerobic jars equipped with
AnaeroGen" sachets (Oxoid, Basingstoke, UK). Half of the
LAB cultures were separated and placed in a water bath at
80°C for 20 min. Next, both types of bacterial cultures (crude
and heat-killed) were centrifuged at 3341 x g for 15 minutes
(Eppendorf SE, Hamburg, Germany) to remove the bacterial
cells. The supernatants were then sterilized using 0.22 um
syringe filters (AlfaChem, Poznan, Poland). Part of the LAB
cell-free crude extract was left with its original pH value.
The neutralized cell-free extract was obtained by adding
1 M NaOH to adjust the pH to approximately 6.0+0.2.
This adjustment neutralizes the organic acids produced,
eliminating their antagonistic effects. Finally, 3 types of LAB
preparations were assembled: cell-free crude extract (CFE),
cell-free extract of heat-killed cells (hkCFE), and neutralized
cell-free extract (nCFE).

The AAB strains were cultured aerobically at 28 °C for 48 h
in Hestrin and Shramm (HS) (1-5 x 107 CFU/mL) composed
of 2 g/L glucose w/v (Neogen, Lansing, MI, USA), 0.5 g/L
casein peptone w/v (BTL, £6dz, Poland), 0.5 g/L yeast extract
w/v (Merck Life Science, Darmstadt, Germany), 0.27 g/L
Na,HPO, w/v (Merck Life Science, Darmstadt, Germany),
and 0.15 g/L citric acid w/v (Merck Life Science, Darmstadt,
Germany). Based on preliminary studies indicating that AAB
extracts lose their antibacterial activity following thermal
inactivation and pH neutralization, only one preparation,
cell-free crude extract (CFE), was obtained for this group
of microorganisms, following the methodology described
above. Samples were stored at -20 °C for a maximum period
of 14 days for further analysis. Table 1 summarizes the
abbreviations applied in this manuscript for the tested strains
and their corresponding cell-free extracts (CFEs) variants.

pH value, organic acids and sugar content of CFEs. All
analyzed samples were diluted 10 times in standard MilliQ

Table 1. Abbreviations for cell-free extracts (CFEs) used in the study
and their variants

B1 CFE Crude CFE from L. paracasei B1

B1 hkCFE Heat-killed CFE from L. paracasei B1
B1 nCFE Neutralized CFE from L. paracasei B1
024 CFE Crude CFE from L. plantarum 024
024 hkCFE Heat-killed CFE from L. plantarum 024
024 nCFE Neutralized CFE from L. plantarum 024
KNS32 CFE CFE from G. oxydans KNS32
KOM1 CFE CFE from K. saccharivorans KOM1

water and centrifuged (Eppendorf Centrifuge 5804 R,
Hamburg, Germany) (16,323 x g for 5 min). After that, 1 mL of
each sample was filtered through a 0,22 um syringe PES filter
into the vials (qpore-Bionovo, Legnica, Poland). Organic acids
and sugars were analyzed with an HPLC system (Shimadzu,
USA Manufacturing Inc, USA, 2 LC-20AD pumps, a CBM-
20A controller,a CTD-20AC oven, a SIL-20AC autosampler,
a RID-10A detector, and a UV/Vis SPD-20AV detector). An
Aminex HPX-87H column (300 x 7.8 mm, Bio-Rad, Hercules,
CA, USA) at 40°C with a flow rate of 0.5 mL/min, using a
mobile phase of 10 mM H2S04 (Poch, Gliwice, Poland), was
used to separate the compounds. Quantification was based
on the detection at a 210 nm wavelength using UV/Vis, RI,
and external standard curves, with a range of 0.12-40 pg per
injection. Triplicate analyses were conducted. Orion Star™
A211 pH meter (Thermo Fisher Scientific, Newington, NH,
USA) was used to measure all pH values.

Total phenolic content (TPC). Total phenolic content in
samples was assessed using a colorimetric method with
Folin-Ciocalteu reagent. Samples were diluted in MilliQ
water (HPL 20UV; Hydrolab; Straszyn, Poland), then mixed
with Folin-Ciocalteu’s phenol reagent (Chempur, Piekary
Slaskie, Poland) and 7.5% w/v sodium carbonate solution
(Chempur, Piekary Slaskie, Poland) in a 96-well plate (NEST
Biotechnology, Wuxi, China). The mixture was incubated at
room temperature (25 + 2°C) in the dark for 30 minutes with
shaking at 300 x g. Absorbance at 750 nm was then measured
using a SpectraMax iD3 microplate reader (Molecular
Devices, San Jose, CA, USA). Results were expressed as gallic
acid equivalent (GAE) in mg/100 mL, with a conversion based
on a standard curve (R*> = 0.999). Eight biological replicates
were analyzed.

ABTSe++ radical scavenging activity. The antioxidant
capacity was determined using the ABTSe+ radical cation.
ABTSe+ (Merck Life Science, Darmstadt, Germany) was
prepared by mixing 7 mM ABTSe+ stock solution with 2.45
mM potassium persulfate (K,S,Os) solution (Merck Life
Science, Darmstadt, Germany). The mixture was incubated
in the dark at room temperature for 24 hours to allow the
generation of ABTSe+ radicals. Before testing, the ABTSe+
solution was diluted with phosphate-buffered saline (PBS)
(Merck Life Science, Darmstadt, Germany) to achieve an
absorbance of 0.7 + 0.02 at 734 nm. Sample solutions were
prepared by diluting them in MilliQ water, and 100 uL of
each sample was added to 100 uL of ABTSe+ solution in a
microplate well. The plate was incubated at room temperature
for 6 minutes, with gentle shaking. The absorbance at 734 nm
was then measured using a SpectraMax iD3 microplate
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reader (Molecular Devices, San Jose, CA, USA). Results were
expressed as ascorbic acid equivalent (VCEAC), calculated
based on a standard curve (R* = 0.998). A total of 8 biological
replicates were analyzed.

DPPH radical scavenging activity. The DPPH method
was used to assess antioxidant activity by measuring the
reduction of DPPH radical (Merck Life Science, Darmstadt,
Germany) to its non-radical form (DPPH-H). The DPPH
stock solution was prepared by dissolving DPPH in methanol
(Chempur, Piekary Slqskie, Poland) to a concentration of
0.1 mM. The DPPH solution was then diluted with methanol
to achieve an absorbance of 1.1 + 0.05 at 517 nm. For the
assay, sample solutions were prepared by diluting them in
MilliQ water, and 100 pL of each sample was added to 100 pL
of the DPPH solution in a 96-well microplate. The plate was
incubated at room temperature for 30 minutes in the dark,
with gentle shaking. After incubation, the absorbance at
517 nm was measured using a SpectraMax iD3 microplate
reader (Molecular Devices, San Jose, CA, USA). Results
were expressed as ascorbic acid equivalent (VCEAC), based
on a standard curve (R* = 0.998). A total of eight biological
replicates were performed.

Antibacterial properties. The antimicrobial effectiveness of
CFEs and their various combinations (1:1 mix) was verified
visually using the agar-based well-diffusion method. A
mixture of 20 mL MH agar (Merck Life Sciences, Darmstadt,
Germany) and an 18-h culture of each indicator strain
(1% inoculum), with a concentration of 10°, were poured
separately into sterile Petri dishes. After solidification, wells
of 5.5mm diameter were cut out and filled (100 pL) with
CFEs. Plates were incubated at 37°C for 18 hours, and the
diameters of the inhibition growth zones were measured
using a Vernier caliper. According to the following formula
(x=D-d), antimicrobial activity (x) was calculated, where
D represents the inhibition zone diameter and d is the well
diameter [34].

Minimal inhibitory concentrations (MICs). The
methodology was based on EUCAST guidelines [35] with
minor modifications. Overnight cultures of each indicator
bacterium were subcultured in MH broth until an optical
density at 600 nm (OD_ ) of 0.5 was obtained, as measured
with a SpectraMax iD3 reader (Molecular Devices, San
Jose, CA, USA). The bacterial cells were standardized by
inoculating 980 uL of broth with 20 pL of culture and
aseptically transferring the suspension into each well of a
96-well polystyrene titration plate (NEST Biotechnology,
Wuxi, China).

Each antimicrobial extract was prepared as a two-fold
serial dilution of the solution of a given extract in sterile
MH broth, starting at an initial concentration of 50%, and
serially diluted down to 0.049%. To determine the minimum
inhibitory concentration, 100 pL of each serially diluted
extract was added to the wells. This resulted in a total volume
of 200 pL per well, which also contained 100 uL of bacterial
suspension. In the next step, the antibacterial impact of
CFEs was evaluated using the checkerboard microdilution
assay, as described by Bellio et al. (2021) [36], with minor
modifications. The resulting checkerboard on the plate
contained a combination of a concentration gradient of 2
antimicrobial extracts in a 1:1 v/v ratio. Each well contained

100 pL of the combination, achieving a total volume of 200 uL
per well. The plates were sealed and incubated aerobically
for 18-24 hours at 37°C, and the optical density at 600 nm
(OD,,,) was measured.

The MIC of the tested individual extracts and their various
combinations was defined as the lowest concentration of the
given extract (in Arbitrary Units, AU/mL) that restricted
indicator strain growth to an optical density <0.05. Positive
and negative control assays were conducted. Positive control
assays confirmed the antimicrobial activity, while negative
controls ensured that observed effects were due to the activity
of the extracts.

Fractional inhibitory concentration (FIC) and synergistic
activity. MIC data of the tested combinations and MIC data
of the individual extracts themselves were converted into
fractional inhibitory concentration (FIC). The FIC for each
antimicrobial extract is determined by dividing the MIC
of each extract when used in combination by the MIC of
the same extract when used alone [37]. Then, as a measure
of synergy, the fractional inhibitory concentration index
(FICI) was calculated, i.e., the sum of the FIC of each tested
antibacterial extract used in combination. FICI was reckoned
as follows:

MIC of compound A in combination

FICI=
MIC of compound A alone

MIC of compound B in combination
MIC of compound B alone

where A refers to the LAB CFE and B stands for the AAB-
derived CFE.

Traditionally, synergism is defined as a FICI of 0.5 or
less, additive interactions occur when FICI is in the 0.5-1.0
range, no interaction is observed in the 1.0-4.0 range, and
antagonism is interpreted as a FICI of 4.0 or greater [37].

Model food trials with a chicken meat sample. S. Enteritidis
ATCC 13076 was used to evaluate inhibitory activity under
real-life conditions. The strain was cultured in MH broth
at 37°C for 16 h under aerobic conditions, then diluted in
fresh buffered peptone water (Bio-Rad, Marnes-la-Coquette,
France) to obtain a final concentration of 1 x 10° CFU/mL. For
the in vivo test, fresh chicken breast fillets (Morliny, Animex,
Kutno, Poland) were aseptically cut into ~5 g portions and
placed on sterile Petri dishes. Each portion was inoculated
with 10 uL of the bacterial suspension, evenly spread using
a sterile loop, resulting in an initial S. Enteritidis count of
~1x10° CFU/g. The inoculated meat was left for 5-10 min to
allow absorption. All previously tested CFEs were prepared in
afinal volume of 10 mL. Based on prior results demonstrating
superior activity of the combined extracts, all 12 mixtures
were included in the in vivo experiments. To prevent direct
contact between the extract and meat, sterile tissue paper
(LLG Labware, Meckenheim, Germany) was placed over the
inoculated surface using sterile tongs. Subsequently, 200 uL
of the tested extract mixture was applied dropwise onto the
tissue and left for 30 s to allow absorption. Negative controls
included Milli-Q water (Hydrolab, Straszyn, Poland), MRS
broth, and HS broth. Samples were incubated at 37°C for
24 h (optimal for S. Enteritidis growth), and at 4 °C for 7 days
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(typical refrigeration temperature for meat storage). Viable
cell counts were determined by plate counting on Plate Count
Agar (Merck Life Science, Darmstadt, Germany) for total
bacteria and Xylose Lysine Deoxycholate Agar (XLD) (Oxoid,
Basingstoke, UK) for selective enumeration of S. Enteritidis.
Each test was performed in triplicate.

Statistical analysis. To conduct the statistical analysis, Statistica
13.1 software (TIBCO Software Inc., Palo Alto, CA, USA) was
utilized. As part of the analysis, the Brown-Forsythe test was
conducted to determine the homogeneity of variance, and the
Shapiro-Wilk test was used to confirm the normality of the
data. One-way analysis of variance (ANOVA) was performed.
Based on Tukey’s test, significant differences (p < 0.05) were
found between the data sets. Data were visualized in R software
version 4.3.3 (R Core Team, Vienna, Austria).

RESULTS

Organic acids and sugar. Table 2 shows the concentrations of
sugar and organicacidsin the CFEs and the pure control media
broths used for their cultivation. Lactic acid concentrations
in the LAB extracts ranged from 19.9-21.9 mg/mL, with
statistically significant differences observed between the
control media and CFEs (p<0.05). Additionally, hkCFEs
exhibited significantly higher concentrations of propionic
acid, but lower levels of gluconic, lactic and acetic acids,
compared to the crude CFEs. For the AAB extracts, the
bacteria significantly consumed citric acid and glucose
during growth, as their concentrations were markedly higher
in the HS control broth compared to the CFEs (p<0.05).
The CFEs contained 2 distinctive organic acids — gluconic
and acetic acids. The highest concentration of gluconic acid
(15.4 mg/mL) was observed in KNS32 CFE. Aceticacid levels
ranged from 1.9 to 2.4 mg/mL across the CFEs, with the
highest concentration also recorded in KNS32 CFE (p<0.05).

Total polyphenol content and antioxidant activity. Table 3
illustrates the total polyphenol content and antioxidant
activity of the CFEs. The total polyphenol content ranged
from 27.7-120.0 GAE pg/mL, with the highest concentrations
observed in Bl CFE (120.0 GAE pg/mL) and O24 CFE (118.6
GAE pg/mL). LAB CFEs exhibited significantly higher total
polyphenol levels compared to AAB extracts (p <0.05).

Table 3. Total polyphenol content, ABTS-+ radical scavenging activity,
and DPPH radical scavenging activity in CFEs

Extracts Total polyphenol ABTS-+ radical DPPH radical
content scavenging scavenging
activity activity
GAE pg/mL VCEAC/mL
024 hkCFE 91.2+4.2° 6.0+0.1° 0.7 £0.0®®
024 CFE 118.6 £9.0° 59+0.1° 0.6 + 0.0
B1 hkCFE 98.9 +5.6° 5.5+0.2%k 0.8+0.1%
B1 CFE 120.0 £10.9¢ 5.9+0.0° 1.0+0.1°
KOM1 CFE 29.7 £1.7° 1.3 £0.0% 0.1+0.0*
KNS32 CFE 277 £1.7° 1.2+0.0° 0.1+0.0°

Values are expressed as mean + standard deviation; means followed by different letters (a-c)
are statistically significantly different (p<0.05)

The antioxidant activity, measured as the ability to
scavenge ABTSe+ and DPPH radicals, ranged from 1.2
6.0 VCEAC/mL and 0.1-1.0 mg VCEAC/mL, respectively.
Among the tested samples, the Bl CFE demonstrated the
highest DPPH radical scavenging activity, significantly
exceeding the values observed in AAB extracts (p<0.05).
A similar trend was noted for ABTSe+ radical scavenging,
where LAB extracts out-performed AAB ones.

Interestingly, the O24 hkCFE displayed the highest
ABTSe+ radical scavenging capacity, significantly greater
than that of KNS32 CFE (p <0.05). These findings highlight
the superior antioxidant potential of LAB-derived extracts.

Antibacterial properties. The CFEs and their various
combinations exhibited different pH values and distinct
antagonistic activities against the indicator strains in
the agar well-diffusion assay (Tab. 4). Among the Gram-
positive bacteria, L. monocytogenes exhibited the highest
susceptibility to growth inhibition, with inhibition zones
ranging from 9.7-18.8 mm. In contrast, E. faecalis was the
most resistant, with inhibition zones ranging from 7.7-
13.3 mm. Statistically significant differences (p < 0.05) were
observed between the antibacterial activity of individual
extracts and their mixtures. Crude and heat-killed extracts
showed stronger antimicrobial effects than those that had
been neutralized, which were largely inactive. Moreover,
AAB-derived extracts demonstrated greater activity than

Table 2. Concentration of sugar and organic acids in CFEs and the media broth (as a reference)

Glucose Citric acid Gluconic acid Acetic acid Propionic acid Pyruvic acid Lactic acid Formic acid
Extracts ma/mL
MRS 15.1+£0.12 53+0.1 9.7 £0.0* 10.5+0.0* 1.8+0.0° 0.8 +£0.0? 4.2+0.0° 1.0+0.0?
024 hkCFE 0.5+0.1° nd 8.7+0.1° 8.7+0.2° 2.0+0.0° 0.9 +0.0° 19.9+0.2° 1.2+0.1°
024 CFE 0.7 £0.2° nd 9.2+0.2¢ 9.8+ 0.4¢ 1.1+0.1° 0.8 £0.0? 21.1+0.2¢ 1.1+0.12
B1 hkCFE 0.7 +0.2° nd 8.8+0.2° 9.1+0.2° 20+0.12 0.9 +0.0° 21.2+0.0¢ 1.0+0.0?
B1CFE 0.7 £0.1° nd 9.4+0.3¢ 9.7 £0.2¢ 1.1+0.0° 0.9 +£0.0° 21.9+0.3¢ 1.1+0.012
HS 26.7 £04° 8.3+0.0° nd 1.4x0.1° nd nd nd nd
KOM1 CFE 16.9 +£0.1° 2.6 +0.0° 103 +0.12 1.9+0.2° 0.8+0.2 nd nd nd
KNS32 CFE 125+0.2¢ 3.1+0.0¢ 154 +0.1° 24 +0.1¢ 0.8+0.12 nd nd nd

Values are expressed as mean + standard deviation. Means followed by different letters (a-c) are statistically significantly different (p<0.05); LAB CFEs and AAB CFEs were statistically analyzed

and compared separately.
MRS - deMan, Rogosa, and Sharpe broth; HS - Hestrin and Shramm broth; nd - not detected;
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Table 4. Inhibitory effect of CFEs against indicator strains

Amount Extracts pH value Gram-positive Gram-negative
Lm 19111 Sa 25923 Bs 6633 Ef51299 SE 13076 Ec 10536 Pf2123
Mean diameter of inhibition zones [mm] for indicator strains
Individual, B1 CFE 4.10+0.04 12.2+1.05A 8.5+3.1<d¢ 10.8+0.8°%®  9.5:+17,.3dBC 10.2+1.0% 12.7+£1.94 11.2+£0.3®
100 WL hkCFE 4.23+£0.05 12.742.5bA 8.8+3.6%¢ 11.0+£1.3® 9.7+0.898¢ 10.8+0.34® 12.8+£2.04 11.740.34eA8
nCFE 5.84+0.15 9.7+0.6% 6.7+1.24¢ 9.8+1.5%% 7.7+1.0%8¢ 8.2+1.48 9.5+0.99/8 9.7+1.4%A
024 CFE 3.87+0.06 11,8+1.3b*®  73+03%  10.3+0.6°® 83+1.4d®6C 8.7+0.8%8C 125+22¢  11.8+0.6%"°
hkCFE 4.02+0.08 12.841.0bA 8.5+0.5¢¢ 10.8+0.8<® 9.7+0.998¢ 9.3+1.2de8BC 12.7£0.6% 12.0+£0.998
nCFE 591+0.13  10.2+1.9%®  6.3+0.34¢ 9.7+0.34 8.2+1.5%8¢ 8.5+1.0%8¢ 9.3+0.8¢¢ 10.7+1.4%4
KOM1 CFE 3.08+0.03  13.5+0.5°  9.8+3.3« 9.5+£0.54  10.2+0.3¢  11.2+0.8°®  12.8+1.0%  11.7+0.8%"°
KNS32 CFE 3.24+0.03 13.841.05A 10.0£2.7€¢  10.7+£1.2¢¢  10.5+£0.98¢  11.8+1.6® 13.3+1.5b8  11.8+0.39%8
Combination, B1 B1 CFE + KOM1 CFE 3.87+0.03  17.0£1.0®"  12.8+0.8"5¢  11.8+0.8°C  11.2+1.3 12.8+1.0>8¢ 14.2+0.3"®  15.2+0.82/8
50 uL+ 50 pl + B1 hkCFE + KOM1 CFE 4.02+0.04 17.0£1.72A  12.8+2.0°¢ 12.2+1.0b¢ 12.2+0.8°¢  13.3+1.2%8¢  14.8+0.32PR8  13.7+2.0P®
(50% v/v) KOM1
B1 nCFE + KOM1 CFE 4.88+0.07 14.2+0.3% 10.3+£0.8°¢  11.5+£1.358  112+1.6%¢ 11.2+1.3%C 135+15bA8 13542 8eAB
B1 B1 CFE + KNS32 CFE 3.88+0.02  16.8+0.6°"" 13.5+1.3%8¢ 127403  12.8+0.3%¢ 13.7+£1.2%8¢  143+1.2%®  153+1.82A8
KN;32 B1 hkCFE + KNS32 CFE 4.11+0.02 16.3+£0.6"* 12.7+£2.35¢ 123+£1.0°¢  13.2+0.88¢ 14.8£1.3®  15.3+0.328 14.5+2.0%8
B1 nCFE + KNS32 CFE 5.04+0.07 14.3+£0.3% 10.5£0.95¢  11.2+1.0b<¢ 11.3+£1.2< 11.7£1.58¢  13.3+0.6°A8  12.7+1.8<®
024 024 CFE + KOM1 CFE 3.68+0.01 18.5+1.528  13.5+£0.5%8¢  12.8+1.0°*¢  11.84£2.3>¢  13.8+1.3%8  14.5+0.9bA8 13.8+1.8%
KO+M1 024 hkCFE + KOM1 CFE  3.78+0.02 18.8+2.0°* 127423  13.0+0.0°*8¢  12.0+2.3°¢  13.8+1.3%8 14.8+1.0°P"8  14.7+1.6P®
024 nCFE + KOM1 CFE 4.37+0.04 16.2+1.0PA 10.2+1.4b< 11.0£0.9« 11.3+£1.8%¢  11.5£1.8%¢  123+0.6°®  13.2+2.8A8
024 024 CFE + KNS32 CFE 3.61+0.03 18.0+£0.9%* 13.0+1.0%¢ 13.2+1.6¢ 13.3£0.6%¢  14.0+1.0%®  14.7+1.5PA8 14.2+2 .48
KN;32 024 hkCFE + KNS32 CFE  3.91+0.10 18.5+£0.9°*  13.2+1.6%8¢  13.0+£0.9  13.0+0.5*"¢  14.3+0.6® 14.8+0.3%°A8  14.2+2.4"8
024 nCFE + KNS32CFE~ 4.48+0.09 16.3+0.3%F  10.5£3.9°¢  11.0£1.8<€  10.5£1.0¢  11.7+2.0%¢ 13.3+0.3**%  12.8+3.0

Values are expressed as mean + standard deviation; means followed by different letters (a-d) for each column are statistically significantly different (p<0.05); means followed by different letters
(A-C) between the indicator strains are statistically significantly different (p<0.05);
Lm 19111 - Listeria monocytogenes ATCC 19111; Sa 25923 - Staphylococcus aureus ATCC 25923; Bs 6633 - Bacillus spizizenii ATCC 6633; Ef 51299 - Enterococcus faecalis ATCC 51299; SE 13076 - Salmonella
enterica subsp. enterica serovar Enteritidis ATCC 13076; Ec 10536 - Escherichia coli ATCC 10536; Pf2123 - Pseudomonas fluorescens PCM 2123

LABs when tested individually. For Gram-positive bacteria,
significant synergistic effects (p < 0.05) were observed when
combining LAB and A AB extracts. For example, the mixture
of 024 CFE and KOM1 CFE exhibited greater inhibition of
E. faecalis than 024 CFE alone. Likewise, for B. spizizenii, the
combination of LAB extracts with KOM1 CFE significantly
(p < 0.05) enhanced antibacterial activity compared with
the KOM1 CFE alone.

In the case of Gram-negative bacteria, the synergistic effect
was even more pronounced. Many different combinations
exhibited significantly (p < 0.05) stronger inhibitory activity
against S. Enteritidis than the individual LAB CFEs.
Similarly, for E. coli, mixtures containing neutralized LAB
extracts and A ABs significantly (p < 0.05) enhanced growth
inhibition compared to LAB CFEs alone. Regarding the

Table 5. Minimum inhibitory concentration (MIC) of individual CFEs

pH analysis, pair-wise combinations of bacterial extracts
showed pH values similar to those of the individual extracts,
indicating limited interaction effects on acidity (Tab. 4). A
moderate increase was noted only in mixtures containing
the neutralized nCFEs.

Minimal inhibitory concentrations (MICs) and fractional
inhibitory concentration index (FICI). The susceptibility
of the studied indicator strains to LAB and AAB extracts
was determined using the microdilution method. Table 5
presents the minimum inhibitory concentration (MIC) of
individual LAB and AAB CFEs.

At relatively low MIC values, hkCFE Bl and hkCFE
024 exhibited inhibitory effects particularly against
L. monocytogenes and E. faecalis. Similarly, AAB CFEs

Indicator strain B1 CFE B1 hkCFE B1 nCFE 024 CFE 024 hkCFE 024 nCFE KOM1 CFE KNS32 CFE
MIC [AU/mL]

Lm 19111 3.1 6.3 3.1 6.3 6.3 6.3 6.3 125

Sa 25923 125 125 12.50 25.0 25.0 50.0 12.5 125

Bs 6633 25.0 125 50.0 125 125 100.0 6.3 125
Ef51299 3.1 6.3 3.1 6.3 6.3 6.3 6.3 125

SE 13076 50.0 6.3 100.0 6.3 6.3 25.0 3.1 6.3

Ec 10536 6.3 6.3 125 125 6.3 25.0 3.1 31
Pf2123 25.0 12,5 125 25.0 6.3 25.0 3.1 6.3

Lm 19111 - Listeriamonocytogenes ATCC 19111; Sa 25923 - Staphylococcus aureus ATCC 25923; Bs 6633 — Bacillus spizizenii ATCC 6633; Ef 51299 — Enterococcus faecalis ATCC 51299; SE 13076 - Salmonella
enterica subsp. enterica serovar Enteritidis ATCC 13076; Ec 10536 — Escherichia coli ATCC 10536; Pf2123 - Pseudomonas fluorescens PCM 2123; MIC - minimum inhibitory concentration
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Table S1. Minimum inhibitory concentration (MIC) of LAB CFEs and KOM1 CFE when used in combination, determined using the checkerboard method

Indicator strain  KOM1CFE ~ B1CFE  KOM1CFE B1hkCFE KOM1CFE B1nCFE KOM1CFE 024CFE KOM1CFE 024 hkCFE KOM1CFE 024 nCFE
MIC [AU/mL]

Lm 19111 1.6 1.6 0.8 1.6 1.6 3.1 16 1.6 3.1 1.6 1.6 3.1

$a 25923 125 6.3 6.3 6.3 25.0 125 12,5 3.1 12,5 3.1 6.3 125
Bs 6633 125 1.6 1.6 1.6 125 3.1 6.3 3.1 3.1 3.1 25.0 6.3
Ef51299 0.8 1.6 0.8 1.6 1.6 3.1 16 1.6 3.1 1.6 1.6 3.1

SE 13076 6.3 1.6 1.6 0.8 12,5 1.6 1.6 0.8 16 0.8 12,5 0.8

Ec 10536 1.6 0.8 1.6 0.8 3.1 1.6 6.3 1.6 1.6 1.6 3.1 1.6
Pf2123 3.1 1.6 3.1 0.8 125 3.1 3.1 1.6 3.1 0.8 125 3.1

Lm 19111 - Listeria monocytogenes ATCC 19111; Sa 25923 -Staphylococcus aureus ATCC 25923; Bs 6633 - Bacillus spizizenii ATCC 6633; Ef 51299 - Enterococcus faecalis ATCC 51299; SE 13076 - Salmonella
enterica subsp. enterica serovar Enteritidis ATCC 13076; Ec 10536 - Escherichia coli ATCC 10536; Pf2123 - Pseudomonas fluorescens PCM 2123; MIC - minimum inhibitory concentration

Table S2. Minimum inhibitory concentration (MIC) of LAB CFEs and KNS32 CFE when used in combination, determined using the checkerboard method

Indicator KNS32CFE ~ B1CFE  KNS32CFE B1hkCFE KNS32CFE  B1nCFE  KNS32CFE 024 CFE  KNS32CFE 024 hkCFE KNS32CFE 024 nCFE
strain MIC [AU/mL]

Lm 19111 1.6 3.1 1.6 1.6 1.6 1.6 3.1 3.1 1.6 6.3 6.3
Sa 25923 25.0 6.3 25.0 3.1 25.0 12,5 12.5 12.5 25.0 6.3 3.1 12.5
Bs 6633 12.5 3.1 6.3 1.6 12.5 6.3 3.1 6.3 3.1 25.0 6.3
Ef51299 3.1 3.1 3.1 0.8 3.1 3.1 3.1 3.1 1.6 6.3 6.3

SE 13076 6.3 1.6 1.6 1.6 25.0 3.1 0.8 1.6 0.8 12,5 0.8

Ec 10536 3.1 1.6 1.6 1.6 6.3 3.1 1.6 1.6 1.6 6.3 1.6
Pf2123 125 1.6 3.1 0.8 3.1 6.3 1.6 3.1 1.6 125 3.1

Lm 19111 - Listeria monocytogenes ATCC 19111; Sa 25923 - Staphylococcus aureus ATCC 25923; Bs 6633 - Bacillus spizizenii ATCC 6633; Ef51299 - Enterococcus faecalis ATCC 51299; SE 13076 — Salmonella
enterica subsp. enterica serovar Enteritidis ATCC 13076; Ec 10536 — Escherichia coli ATCC 10536; Pf2123 — Pseudomonas fluorescens PCM 2123; MIC - minimum inhibitory concentration

Table 6. FIC indexes and interaction types (FICI)

Indicator strain Extracts B1 CFE B1 hkCFE B1 nCFE 024 CFE 024 hkCFE 024 nCFE

com cre 08 L o | 08 08
Lm 19111

3 cre 08 05 05

KOM1 CFE 15 1.0 3.0 0.8 0.8 1.1
Sa 25923

KNS32 CFE 2.5 23 3.0 1.5 1.5 1.1

KOM1 CFE 0.8 0.8 1.0 0.8 13
Bs 6633

KNS32 CFE 0.8 0.8

KOM1 CFE 0.8 0.8
Ef51299

KNS32 CFE 13 0.6 1.5 0.8 0.6 15

KOM1 CFE
SE 13076

KNS32 CFE

KOM1 CFE 0.8 0.6
Ec 10536

KNS32 CFE 1.0 0.8 1.0 0.8 0.8 0.8

KOM1 CFE 0.6 2.0 0.6 0.8 15
Pf2123

KNS32 CFE 0.8 0.8 1.0

FICI - fractional inhibitory concentration index; FICI < 0.5 - synergistic; FICI > 0.5-1.0 — additive; FICI > 1.0-4.0 - no interaction; FICI > 4.0 - antagonistic; Lm 19111 - Listeria monocytogenes ATCC
19111; Sa 25923 - Staphylococcus aureus ATCC 25923; Bs 6633 — Bacillus spizizenii ATCC 6633; Ef 51299 — Enterococcus faecalis ATCC 51299; SE 13076 — Salmonella enterica subsp. enterica serovar
Enteritidis ATCC 13076; Ec 10536 — Escherichia coli ATCC 10536; Pf2123 — Pseudomonas fluorescens PCM 2123

demonstrated strong antimicrobial activity, especially
against E. coli and S. Enteritidis, with MIC values reaching
the lowest levels among the tested extracts. In contrast,
the highest MIC values were observed for B. spizizenii and
S. aureus, requiring significantly higher concentrations
to inhibit growth. Among all tested extracts, KNS32 CFE
was the most effective, exhibiting the lowest MIC values
against multiple indicator strains, which highlights its strong
antimicrobial potential. Further studies investigating the
effects of LAB combined with AAB extracts were conducted

using the checkerboard method (Tab. S1 and Tab. S2). Table 6
presents the fractional inhibitory concentration index (FICI)
values, indicating the interactions between AAB and LAB
extracts. The results suggest a range of interactions, from
synergism to no interaction, depending on the combination
and the indicator strain. Synergistic effects (FICI < 0.5) were
observed in certain combinations, such as Bl hkCFE with
AAB extracts against L. monocytogenes and S. Enteritidis,
as well as 024 hkCFE with KOM1 CFE for S. Enteritidis.
Additive interactions (FICI > 0.5-1.0) were more frequently
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noted, particularly for E. faecalis and E. coli, while no
interaction (FICI > 1.0-4.0) was mostly recorded for S. aureus
and B. spizizenii. Antagonistic effects (FICI > 4.0) were not
observed in the tested combinations. Notably, the greatest
number of cases of synergism between LAB and AAB extracts
was observed against the pathogen S. Enteritidis, prompting
further trials on a food model.

Model food trials with a chicken meat sample. Figure 1
presents the results of total viable counts and S. Enteritidis
growth under the influence of the tested antimicrobial extracts
on the surface of the chicken meat samples. The results
demonstrate that the antimicrobial treatments effectively
reduced the total bacterial load on chicken breast samples
compared to the controls. After 24 hours of incubation at
37°C, control samples treated with water, MRS broth and
HS broth, exhibited higher total aerobic viable counts, with
averages of approximately 5.67, 6.25, and 5.97 log CFU/mL,
respectively. In contrast, samples treated with combinations
of LAB and AAB extracts showed considerably lower counts,
ranging from 4.00-4.96 log CFU/mL (Fig. 1A). After 7 days
of storage at 4°C, the controls still maintained relatively
high counts (around 3.87-4.19 log CFU/mL), whereas the
antimicrobial treatments further reduced the total viable
counts, in some cases decreasing below the detection limit
and not exceeding approximately 3.46 log CFU/mL (Fig. 1C).
Similarly, S. Enteritidis counts were significantly lower in
treated samples compared to controls. At 24 hours at 37°C,
the controls displayed S. Enteritidis counts averaging around
5.21-5.44 log CFU/mL, while B1 CFE together with KOM1
CFE reduced these counts to a range of approximately 0-3.92

log CFU/mL (Fig. 1B). Notably, after 7 days at 4°C, no viable
S. Enteritidis were detected in any of the antimicrobial-
treated samples, in stark contrast to the controls, which
maintained averages of approximately 4.03-4.19 log
CFU/mL (Fig. 1D). Overall, these findings demonstrate that
the antimicrobial treatments significantly inhibited total
aerobic bacterial growth and S. Enteritidis survival, with
a particularly pronounced effect observed after extended
refrigerated storage.

DISCUSSION

The study evaluated the antimicrobial properties of bacterial
extracts obtained from LAB (Lacticaseibacillus paracasei B1,
Lactiplantibacillus plantarum 024) and AAB (Gluconobacter
oxydans KNS32, Komagataeibacter saccharivorans KOM1),
assessing their efficacy individually and in combination.
While previous research has explored the antimicrobial
activity of lactic and acetic acids in food preservation [26, 27],
the current study extends to-date knowledge by investigating
the biopreservative potential of non-living bacterial
extracts. These treatments constitute complex mixtures of
antimicrobial metabolites that extend beyond organic acids,
including bacteriocins, peptides, and phenolic derivatives, as
well as possible synergistic interactions between LAB- and
AAB-derived components.

The study also identified organic acids, total phenolic
content, and antioxidant properties of bacterial supernatants.
Lactic acid was the most abundant substance in the LAB
supernatants, which was the primary substance responsible
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Figure 1. Viable counts on chicken breast samples treated with mixtures of antimicrobials and water, MRS broth, and HS broth (as controls) after 24 hours at 37'C and
7 days at 4°C (A and C - total aerobic viable counts; B and D - S. Enteritidis viable counts);

Abbreviations: The combinations tested in this study are numbered from (1) to (12) as follows: (1) B1 CFE + KOM1 CFE; (2) B1 CFE + KNS32 CFE; (3) B1 hkCFE + KOM1 CFE;
(4) B1 hkCFE + KNS32 CFE; (5) B1 nCFE + KOM1 CFE; (6) B1 nCFE + KNS32 CFE; (7) 024 CFE + KOM1 CFE; (8) 024 CFE + KNS32 CFE; (9) 024 hkCFE + KOM1 CFE; (10) 024 hkCFE

+ KNS32 CFE; (11) 024 nCFE + KOM1 CFE; (12) 024 nCFE + KNS32 CFE
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for lowering the pH value of the broth medium, in line
with other findings [38-40]. Similarly, AAB produce a
diverse array of organic compounds during their metabolic
processes. As a result of AABs extraordinary capacity to
oxidize a variety of sugars, polyols, and alcohols, antioxidant
products of AAB metabolism mainly comprise gluconic acid,
l-sorbose, bacterial cellulose, and levan [41]. Analysis in
the current study identified acetic and gluconic acids as the
main metabolites in AAB-derived extracts. The metabolism
pathway of G. oxydans relies on its ability to selectively
oxidize a wide range of carbohydrates and alcohols. The
Komagataeibacter genus is particularly noteworthy for its
ability to synthesize organic acids [42, 43]. Additionally, a
relatively low concentration of propionic acid was detected.
Notably, although AAB do not typically produce propionic
acid as a primary oxidative fermentation product, their
metabolic activity may indirectly contribute to its formation,
or that of its derivatives [44-46].

Phenolic compounds were identified in high concentrations
in all tested cell-free extracts. LAB fermentation is known to
enhance the production of phenolics and flavonoids, which
contribute to antioxidant activity [47, 48]. The antioxidant
properties of LAB extracts are attributed to bioactive
compounds, including exopolysaccharides, bioactive
peptides, antioxidant enzymes, and manganese ions [49].
The results obtained confirmed that LAB cell-free extracts
exhibit strong antioxidant potential, with varying abilities
to scavenge ABTSe+ and DPPH radicals. Research on LAB
strains isolated from food has previously demonstrated their
ability to enhance antioxidant properties, particularly in
fermented beverages, in which selected strains have been
shown to boost phenolic content and increase the capacity
to neutralize free radicals [50, 51]. Although AAB extracts
displayed lower antioxidant potential than LAB, they play
a key role in modulating phenolic compounds through
conjugation, thereby enhancing their bioavailability and
stability in food products [17, 18, 52]. AAB also contribute
to polyphenol stabilization and can improve antioxidant
activity through aerobic oxidative fermentation [53].
However, rather than synthesizing phenolic compounds
de novo when grown in laboratory media, AAB are more
likely to modify and transform existing phenolic structures
[18]. While the Folin-Ciocalteu assay is widely used for
assessing total phenolic content, it is not entirely specific to
phenolic compounds, as it can also react with other reducing
substances, including peptides and sugars [54]. Despite this
limitation, the observed trends suggest that both LAB and
AAB extracts contain bioactive compounds that contribute
to antioxidant activity. Further characterization using more
specific analytical techniques, such as mass spectrometry,
would be beneficial to confirm the precise composition of
these extracts. Nevertheless, the results of the current study
highlight the promising antioxidant potential of LAB and
A AB extracts for applications in food technology.

In the agar-based well-diffusion test, all LAB and
AAB extracts, as well as their combinations, exhibited
antimicrobial properties, although their effectiveness
varied between samples. The greater susceptibility of
L. monocytogenes compared to E. faecalis suggests that Gram-
positive bacteria may vary in their response to the metabolic
compounds produced by LAB and AAB. This variation
may be attributed to differences in cell wall composition
and stress response mechanisms [55]. Neutralizing the

pH of the LAB extracts reduced, but did not completely
eliminate, the antagonistic activity. The observed reduction
in antimicrobial activity upon neutralization underscores
the crucial role of organic acids in inhibiting pathogens,
as they can penetrate bacterial membranes and disrupt
glycolysis by inhibiting pH-sensitive enzymes [56]. These
findings are consistent with previous reports indicating that
neutralization diminishes antagonistic effects, confirming
organic acids as key contributors to antimicrobial activity
[57]. Interestingly, heating the bacterial culture to 80°C
enhanced the antibacterial activity of hkCFE, rather than
reducing it. Results obtained in previous research indicate
that the bacterial thermal inactivation process enables the
maintenance of antimicrobial properties [58].

The current study also identified 2 types of interactions
among LAB and AAB extracts - synergism and additivity -
with synergistic combinations demonstrating the most potent
antibacterial effects. These interactions may result from
enhanced membrane permeability, metabolic disruption,
or inhibition of microbial enzymes and pathways, thereby
preventing the development of resistance mechanisms [19].
Notably, crude CFE and hkCFE combinations exhibited
superior inhibitory effects at lower concentrations compared
to individual strains, suggesting a broader antimicrobial
spectrum with a lower risk of resistance development. Such
findings align with studies showing that co-fermenting
bacteria can produce a more diverse array of antimicrobial
compounds than single-strain extract [59]. Given the
challenge of antimicrobial resistance in foodborne pathogens,
the combined use of LAB and A AB-derived extracts presents
a promising strategy for food preservation. Multi-strain
formulations not only enhance efficacy but also contribute
to food safety and extended shelf life, offering a natural
alternative to synthetic preservatives [60]. These results
emphasize the potential of LAB-AAB mixtures as an
innovative approach in food processing, warranting further
exploration in real-world applications.

Recent studies have shown that many LAB extracts, in
the form of cell-free supernatants, are effective in inhibiting
or eliminating unfavourable microbiota in meat, and they
possess properties that can be utilized as food [61-63]. For
AAB, acetic acid is the main metabolite utilized in food
preservation as a bactericidal compound [64]. The present
study evaluated combinations in real-life conditions to
determine their potential for use in meat preservation.
Chicken breast meat was selected as the matrix for the
analysis, as, according to the European Food Safety Authority
(EFSA) and the European Centre for Disease Prevention and
Control (ECDC), it is a common source of salmonellosis
outbreaks. S. Enteritidis was used as the indicator strain
at a concentration of 1x10*> CFU/g, representing realistic
contamination levels that remain detectable by standard
plating methods. This concentration was chosen to balance
practical detectability with biological relevance [65]. The
results of the model food trial indicated that antimicrobial
mixtures effectively inhibited the foodborne pathogen
S. Enteritidis in the chicken breast after 24 h of incubation.
Notably, all tested combinations exhibited bactericidal effects
against S. Enteritidis after 7 days of refrigerated storage.
Additionally, the longer the contaminated meat was exposed
to bacterial preparations, the stronger the antimicrobial
effects observed. Recent research has demonstrated that
a combination of reuterin and lactic acid exhibits strong
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bactericidal effects against Salmonella enterica subsp.
enterica serovar Enteritidis, reducing its viable counts
to zero within 10 minutes of contact [66]. Similarly, the
combination of essential oils with phage-derived endolysin
(LysPB32) significantly reduced Salmonella enterica subsp.
enterica serovar Typhimurium counts in cooked ground
beef to below the detection limit after 12 h of incubation,
primarily through membrane disruption [67]. Additionally,
Elbarbary et al. (2024) [68] and Lepecka et al. (2023) [69],
found that acetic acid treatments in the form of apple cider
vinegar significantly decreased Salmonella spp. populations
in beef and wild boar loins, respectively. These findings
align with the present study, reinforcing the efficacy of LAB-
and AAB-derived preparations in controlling S. Enteritidis
contamination in meat products.

The undoubted advantage of using bacterial preparations
is that they contain a blend of antimicrobial substances. The
utilization of single antimicrobial preparations, however,
has some limitations. LAB-derived bacteriocins show
limited activity against Gram-negative bacteria, and their
purification is costly and labour-intensive. Their eflicacy
may also be reduced by interactions with food components
or proteolytic enzymes [19]. Similarly, the use of organic
acids, by-products of carbohydrate or oxidative fermentation,
also has certain limitations. At higher concentrations,
they can alter the sensory properties of food, and some
microorganisms can develop tolerance to acidic conditions
[70]. Compared with biopreservation methods that use a
single antimicrobial agent, the utilization of a cocktail of
bacterial preparations, especially their combination, is a
promising strategy to overcome those obstacles.

Notwithstanding the promising results, further studies
are required to confirm the effectiveness of the tested
combinations. Previous research by Karbowiak et al. (2025)
[71] demonstrated that Lacticaseibacillus paracasei Bl
and Lactiplantibacillus plantarum O24 harbour multiple
bacteriocin gene clusters located on both chromosomes
and plasmids, producing proteinaceous antimicrobial
compounds. Proteomic and spectroscopic analyses (SDS-
PAGE, LC-MS/MS, and FT-IR) revealed novel bacteriocin-
like proteins of approximately 10-15 kDa. These findings
suggest that the bioactive effects observed in the present study
may be associated with similar proteinaceous substances,
emphasizing the need for further metabolomic and functional
analyses to elucidate their underlying mechanisms.

Although strong inhibition of S. Enteritidis was
demonstrated, further validation against a broader range of
foodborne pathogens is necessary to confirm applicability
across different food matrices. Another challenge lies in
scaling up these antimicrobial preparations for industrial
use, considering factors such as production cost, regulatory
approval, and formulation stability. The potential impact on
food quality must also be assessed since shelflife depends on
the activity of spoilage microorganisms, enzymatic activity,
and physicochemical changes. Future research should
evaluate how these mixtures affect sensory properties, such
as taste, texture, colour, and aroma. Given the potential
sensory effects of organic acids and bacterial metabolites,
consumer acceptance will be a crucial factor in determining
the success of these products. Beyond meat preservation, the
technology could also be applied to dairy and plant-based
products. To optimize practical use, various delivery methods
(e.g., spraying, dipping, or immersion) and encapsulation or

controlled-release systems should be explored to enhance
stability and efficacy in food applications. [72]. Addressing
these challenges will be crucial for fully harnessing the
biotechnological potential of LAB and AAB-derived extracts
in sustainable food preservation.

CONCLUSIONS

The study provides new insights into mixtures of LAB
(Lacticaseibacillus paracasei and Lactiplantibacillus
plantarum) and AAB (Gluconobacter oxydans and
Komagataeibacter saccharivorans) preparations, particularly
regarding their antimicrobial properties. To date, no
evidence has supported the use of combined LAB and AAB
preparations in biopreservation, therefore this study helps to
fill that knowledge gap. The findings revealed significant and
novel outcomes that advance understanding of their potential
applications, offering promising avenues for their use in
food biopreservation. Post-cultivation preparations obtained
from LAB and AAB exhibited notable antioxidant activity
and can be regarded as sources of phenolic compounds.
In addition, these preparations contained several organic
acids, with lactic, acetic, and glucuronic acids identified
as the most abundant. The results of in vitro and meat
model tests indicate that combining the tested extracts in
pairs (1:1) allowed for obtaining synergistic antimicrobial
combinations at a lower dose than when used individually,
reducing S. Enteritidis to below the detection limit within 7
days of chilling storage. No abolition or inhibition of their
action was observed. Specifically, hkCFEs and extracts from
AAB strains combined exhibited exceptional efficiency.

Future research should focus on identifying the specific
bioactive compounds responsible for antimicrobial activity,
validating the effectiveness of these preparations against a
broader range of pathogens, optimizing application methods,
and assessing their impact on food quality, including sensory
attributes and industrial scalability.
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ARTICLE INFO ABSTRACT

Keywords: This study investigated the genomic and functional characteristics of antimicrobial compounds produced by
Lactic ?lej bacteria Lacticaseibacillus paracasei strain Bl and Lactiplantibacillus plantarum strain 024, previously isolated from tradi-
Bacteriocins tional Polish fermented foods. Whole-genome sequencing and bioinformatics analyses revealed multiple gene

Antimicrobial activi . . A . X . .. . .
timicroblal actlvity regions encoding bacteriocins, including lactococcins, plantaricins, and enterolysin A, with genes on both
Food biopreservatives

Lacticaseibacillus paracasei
Lactiplantibacillus plantarum
Biological characteristics

chromosomes and plasmids. Experimental validation confirmed the proteinaceous nature of the active antimi-
crobial substances, as evidenced by their sensitivity to proteolytic enzymes (trypsin, pepsin, and proteinase K)
and their stability under heat (40-100 °C) and acidic pH conditions. Antimicrobial activity was observed against
Gram-positive and Gram-negative bacteria, significantly inhibiting Listeria monocytogenes and Escherichia coli
0157:H7. Fourier-Transform Infrared (FT-IR) spectroscopy assessed functional groups and active sites. Purifi-
cation and molecular weight estimation via SDS-PAGE analysis identified protein bands of approximately 15 kDa
and 10 kDa. LC-MS/MS analysis confirmed these results and indicated partial homology with previously reported
bacteriocins, suggesting they may represent novel bacteriocins or bacteriocin-like inhibitory substances. These
findings highlight the potential of food-origin lactic acid bacteria strains as a source of diverse and robust

antimicrobial compounds, paving the way for food preservation and antimicrobial therapy applications.

1. Introduction

Food contamination with microorganisms remains a pressing prob-
lem in the modern world, posing significant risks to public health and
the food industry. Despite advancements in food safety protocols and
preservation techniques, the persistence of microbial contamination
underscores the need for innovative and effective solutions (Thakali &
MacRae, 2021). Traditional chemical preservatives, while effective,
have raised concerns due to their potential health risks and environ-
mental impact. Consequently, there is a growing demand for "green" and
natural preservatives that can ensure food safety without compromising
health or the environment (Pisoschi et al., 2018).

* Corresponding author.
** Corresponding author.

Lactic acid bacteria (LAB) are a diverse group of Gram-positive, non-
sporulating, and microaerophilic microorganisms that primarily
generate lactic acid through glucose fermentation. These bacteria are
crucial as starter cultures or supplementary agents in developing
desirable traits in food products (de Lira et al., 2023). LAB are renowned
for their ability to produce a wide range of antimicrobial compounds,
including organic acids, hydrogen peroxide, and bacteriocins. LAB are
commonly found in fermented foods and have a long history of safe use
in food preservation (Gajendran & Rajamani, 2024). Their potential to
inhibit the growth of both spoilage and pathogenic microorganisms
makes them invaluable in extending the shelf life of various food
products (Marcelli et al., 2024). The significance of environmental LAB
strains lies in their untapped biodiversity and adaptation to diverse
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Abbreviations

Bl Lacticaseibacillus paracasei strain B1
024 Lactiplantibacillus plantarum strain 024
CEFS cell-free supernatant

nCFS neutralized cell-free supernatant

LAB lactic acid bacteria

PBS phosphate-buffered saline

MRS deMan, Rogosa, and Sharpe broth

ecological niches, such as traditional fermented foods, soil, and plants
(Hernandez-Veldazquez et al., 2024). While many commercial strains
also originate from natural environments, they are often standardized
and used repeatedly across different applications, which can lead to
reduced microbial diversity in food systems. In contrast, environmental
strains offer a broader spectrum of metabolic capabilities and adaptive
traits due to their exposure to varying and sometimes harsh conditions.
This diversity makes them especially promising for the development of
novel and effective antimicrobial agents (Lepecka et al., 2021).

Among the substances produced by LAB, antimicrobial peptides
(AMPs) such as bacteriocins and bacteriocin-like inhibitory substances
(BLIS) stand out for their potent antimicrobial properties. Bacteriocins
are peptides synthesized by ribosomes with bactericidal properties,
typically displaying a narrow spectrum of activity limited to species
closely related to the producer strain (Abanoz & Kunduhoglu, 2018).
They are classified into four classes - I, II, III, and IV, based on their
structure, mechanisms of action, and genetic determinants. Their
genomic and functional characteristics can be accessed through
web-based platforms, such as BACTIBASE, BUR, BAGEL 4, and others.
The effectiveness of bacteriocins in inhibiting foodborne pathogens and
spoilage organisms has garnered significant attention in recent years
(Liuetal., 2022). Despite their potential, only two bacteriocins, pediocin
PA1l and nisin, are commercially available, in part due to regulatory
hurdles such as the FDA’s GRAS pathway in the U.S. and similar safety
and authorization requirements in the European Union, which often
demand comprehensive toxicity data that are lacking for less-studied
bacteriocins (Duraisamy et al., 2023). The limited availability of com-
mercial bacteriocins highlights the need for continued exploration and
discovery of new bacteriocins from diverse LAB strains.

The search for new bacteriocins is driven by the need to address
existing preservatives’ limitations and combat the emergence of
antimicrobial-resistant pathogens. Environmental LAB strains, with
their diverse genetic backgrounds and unique metabolic profiles,
represent a rich reservoir of potential bacteriocins. Identifying and
characterizing novel bacteriocins from these strains could enrich food
preservation and enhance food safety.

The purpose of this study was to assess the antimicrobial activity of
two LAB strains previously isolated from traditional Polish fermented
food products and verify the proteinaceous nature of antimicrobial
compounds produced by these bacteria. Moreover, a comprehensive
genome analysis of these strains, prediction of bacteriocin-related genes,
and evaluation of the antimicrobial activity and stability of the produced
compounds and physicochemical properties to facilitate the research
and development of LAB’s bacteriocin-related products have been made.

2. Materials and methods
2.1. Strains, media, and culture conditions

Two LAB strains, Lacticaseibacillus paracasei strain Bl and Lacti-
plantibacillus plantarum strain 024, were obtained from the Culture

Collection of the Department of Food Gastronomy and Food Hygiene,
Warsaw University of Life Sciences (WULS-SGGW), Poland. These
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strains were initially isolated from traditional Polish fermented food
products (strain B1 was isolated from Bundz cheese produced in the
Carpathian region, whereas strain 024 was isolated from homemade dill
pickles). The bacterial strains evaluated in this study were selected on
the basis of results from previous research (Otdak et al., 2020; Zielinska
et al., 2015, 2019). Strains were preserved at —80 °C in MRS broth
(deMan, Rogosa, and Sharpe, Neogen, Lansing, MI, USA) with 20 %
glycerol (v/v). Before each experiment, strains were subcultured in 10
mL MRS at 37 °C (pH 6.5).

2.2. Genome analysis of lactic acid bacteria strains

GenXone SA (Ztotniki, Poland) was commissioned to sequence the
bacterial genomes. For this purpose, bacterial genetic material was
isolated using the Genomic Mini AX Bacteria kit (A&A Biotechnology,
Gdynia, Poland), according to the manufacturer’s protocol. DNA li-
braries were prepared using Rapid Barcoding Kit reagents (Oxford
Nanopore Technologies, Oxford, UK) per the manufacturer’s in-
structions. A sequencing depth of at least 50x genome coverage was
assumed. Next-generation sequencing (NGS) was performed in the
nanopore technology on the GridION X5 sequencing device (Oxford
Nanopore Technologies) under the control of MinKnow v22.10.5. Bases
were called with Guppy v6.3.8 Basecaller (Oxford Nanopore Technolo-
gies), followed by barcode demultiplexing, also using Guppy Barcoder
v6.3.8 (Oxford Nanopore Technologies), generating a fastq file for each
barcode. De novo assembly of genomes was performed in Flye v2.8.1
software (Kolmogorov et al., 2019), annotation of bacterial genomes in
Prokka 1.14.6 v1.1.1 software (Seemann, 2014), Bakta v1.8.2 software
(Schwengers et al., 2021), and Reference Sequence (RefSeq) v6.7 data-
base at National Center for Biotechnology Information (NCBI) (O’Leary
et al., 2016). Proksee software (https://proksee.ca/) was used to visu-
alize bacterial genomes. The RGI 6.0.3 v1.2.1 software was used to
search for antibiotic resistance genes (ARGs) in bacterial genomes
(Alcock et al., 2023). In this analysis, loose hits, nudged hits, and
low-quality sequences are not included. Alien_hunter 1.7 v1.1.0 soft-
ware predicted putative horizontal gene transfer (HGT) events (Vernikos
& Parkhill, 2006). Mobile genetic elements (MGEs) were searched in
mobileOG-db (beatrix-1.6) v1.1.3 software (Brown et al., 2022). The
following search criteria were used: minimum percent of identical
matches to report an alignment: 60; minimum percent of query coverage
to report an alignment: 80; and number of diamond alignments to
report: 1. CRISPR arrays and their associated Cas proteins were analyzed
in CRISPRCas-Finder 4.2.20 v1.1.0 software (Couvin et al., 2018). Vir-
Sorter 2.2.4 v1.1.1 (Guo et al, 2021) and Phigaro 2.3.0 v1.0.1
(Starikova et al., 2020) software were used to detect and characterize
prophage regions in bacterial genomes. The BAGEL 4 web server (van
Heel et al., 2018) was used to predict bacteriocin-related genes and
other bacterial ribosomally synthesized and post-translationally modi-
fied peptides. The LAB genomes were deposited in the GenBank data-
base (accession numbers: CP161807 and CP161808 for strain Bl;
CP157747-CP157755 for strain 024).

2.3. Lactic acid bacteria preparations

The LAB strains were anaerobically cultured in fresh MRS broth at
37 °C for 16-18 h to achieve a 1 x 10° CFU/mL concentration. Aliquots
of culture medium were centrifuged at 6000xg for 15 min, at 4 °C
(Eppendorf SE, Hamburg, Germany). Cell-free supernatants (CFSs) were
adjusted to pH 6.5 + 0.2 with a 1M NaOH solution to obtain the
neutralized cell-free supernatants (nCFSs). Then, supernatants were
filter sterilized (0.22 pm, AlfaChem, Poznan, Poland) and stored at 4 °C.
The pH of the supernatant was measured. pH measurements were per-
formed using an Orion Star™ A211 pH meter (Thermo Fisher Scientific,
Newington, NH, USA).


https://proksee.ca/

M. Karbowiak et al.
2.4. Antimicrobial activity

Antimicrobial activity was evaluated against indicator microorgan-
isms: Gram-positive: Listeria monocytogenes strain ATCC 19111, Staphy-
lococcus aureus strain ATCC 25923, Bacillus spizizenii (formerly B. subtilis
subsp. spizizenii) strain ATCC 6633, and Enterococcus faecalis ATCC
51299, and Gram-negative: Salmonella enterica subsp. enterica serovar
Enteritidis (S. Enteritidis) strain ATCC 13076, Escherichia coli 0157:H7
strain ATCC 10536, and Pseudomonas fluorescens strain PCM 2123. Sal-
monella enterica was grown using Buffered Peptone Water (BPW) (Oxoid,
Basingstoke, United Kingdom). Escherichia coli 0157:H7 was cultivated
in Tryptone Soya Broth (TSB) (Sigma, Oakville, ON, Canada). The
remaining bacterial strains were cultivated on Nutrient Agar (NA)
(Oxoid, Basingstoke, United Kingdom) for enumeration. After incuba-
tion, a single colony from each strain was transferred to MH broth
(Mueller Hinton, Oxoid, Basingstoke, United Kingdom) and grown
aerobically for 24-48 h at 37 °C to achieve a concentration of approx-
imately 1.4 x 10’ CFU/mL. CFSs and nCFS were assessed for antimi-
crobial activity using the agar-well diffusion method according to Ren
et al., 2023 with slight modifications (Ren et al., 2023). Bacterial
preparations were placed in wells cut in Mueller-Hinton agar (MHA)
plates, individually seeded with indicator stains, and dried for 15 min.
The plates were incubated at 37 °C for 18 h and observed for the zone of
inhibition around the wells.

2.5. Stability assays

CFS’s sensitivity to heat, pH, and proteolytic enzymes was
determined.

The effect of heat on the antimicrobial activity was tested by heating
CFS at 60, 80, 100, or 121 °C for 20 min in the water bath (Thermo
Fisher Scientific, Newington, NH, USA). The impact of pH on antimi-
crobial activity was evaluated by adjusting the pH of the CFS to a range
from 2 to 11 using sterile 1 M NaOH or 1 M HCI. To assess the effect of
enzymes on the antimicrobial activity of CFS, bacterial preparations
were treated with trypsin, pepsin, and proteinase K (Merck Life Science,
Darmstadt, Germany) at a concentration of 1 mg/mL. Enzymes were
dissolved (0.2 %, wt/v) in 0.05 mol/L Tris buffer (Thermo Fisher Sci-
entific, Carlsbad, CA, USA). Next, enzyme solutions were filter sterilized
through a 0.22 pm syringe filter. The CFS were incubated with each
enzyme solution at 37 °C for 2 h.

Residual antimicrobial activity for all assays was evaluated using the
agar well-diffusion method described above using L. monocytogenes,
S. aureus, and S. Enteritidis as the indicator strains. The residual anti-
microbial activity was calculated for each treatment according to the
inhibition zone loss against the control (Twomey et al., 2021).

2.6. Fourier-transform infrared (FT-IR) spectroscopy analysis

The functional and active groups in the preparations derived from
L. paracasei strain Bl and L. plantarum strain 024 were characterized
using Fourier-Transform Infrared Spectroscopy (FT-IR). The analysis
was conducted on pure CFS extracts and supernatants subjected to heat
inactivation. Heat inactivation was employed as a fixation method to
preserve the stability of proteins while fully deactivating other compo-
nents, such as organic acids. The CFS samples were prepared as
described previously. The heat inactivation step involved placing the
solutions in a water bath at 80 °C, with aliquots collected after 5, 15, and
30 min of treatment. The preparations were dried and pressed into po-
tassium bromide (KBr) pellets approximately 1 mm thick. Infrared (IR)
spectra were recorded across the absorbance range of 4000-400 cm ™!
using a Nicolet 6700 spectrophotometer (Thermo Fisher Scientific,
Madison, WI, USA).
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2.7. Ammonium sulfate precipitation and partial purification

CFS of both strains and MRS broth as a control were precipitated
using ammonium sulfate (Chempur, Piekary Slaskie, Poland) at 80 %
saturation, according to (Mulyawati et al., 2019), with minor modifi-
cations. The salt-protein system was left at 4 °C with constant stirring for
24 h, after which the precipitates were collected by centrifugation at
6000xg for 15 min, at 4 °C, and dissolved in 0.2 M phosphate-buffered
saline (PBS) (pH 7.4) (Thermo Fisher Scientific, Vilnius, Lithuania). The
suspensions were injected into the Slide-A-Lyzer™ Dialysis Cassette
(Thermo Fisher Scientific, Newington, NH, USA) with a molecular
weight cut-off of 2 kDa and then dialyzed against 0.05 M PBS (Thermo
Fisher Scientific, Vilnius, Lithuania) with stirring at 4 °C for 24 h. After
dialysis, partially purified suspensions were stored at —20 °C.

The purification yield rate was determined using a serial double
dilution method, according to Lei et al. (2020) (Lei et al., 2020), with
minor modifications. E. coli 0157:H7 was used as the indicator strain.
After each purification step, the antibacterial activity results of the
fractions were expressed in arbitrary units (AU/mL), and one AU was
defined as the reciprocal of the highest serial two-fold dilution, showing
a clear zone of growth inhibition of the indicator strain. Briefly, the
neutralized cell-free supernatants were subjected to serial two-fold di-
lutions with sterile deionized water and dispensed into the wells. The
activity (AU/mL) was determined from the formula: 2" x 1000 mL/x,
where n was the highest dilution that could inhibit the indicator strain,
and x represents the sample volume (mL) added into the wells.

The protein content was determined at each step using the Qubit®
Protein Assay Kit (Thermo Fisher Scientific, Newington, NH, USA).

2.8. Molecular weight estimation

After purification, the molecular weight of the proteinaceous sub-
stances in the suspensions was approximately estimated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using
SurePAGE™ 8-16 % gels (GenScript, Piscataway, NY, USA) with Pag-
eRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific, Vilnius,
Lithuania) with a range of 10-250 kDa. The gel was subjected to 120 mV
for 1.5 h and then stained with Coomassie blue (Thermo Fisher Scien-
tific, Rockford, IL, USA) for visualization.

The target protein bands were cut from the lanes, stored at 4 °C, and
provided to the Mass Spectrometry Laboratory at the Institute of
Biochemistry and Biophysics PAS (Warsaw, Poland) for LC-MS/MS
analysis.

2.9. Protein digestion

Samples were fragmented into smaller pieces and destained with 50
% acetonitrile (ACN) in 50 mM ammonium bicarbonate (NH4HCO3). Gel
pieces were dried with 100 % ACN and subjected to cysteine reduction
with 10 mM DTT in 100 mM NH4HCO3 for 30 min at 57 °C. Then cys-
teines were alkylated with 0.5 M iodoacetamide in 100 mM NH4HCO3
(45 min in a darkroom at room temperature (22 + 2 °C)), and proteins
were digested overnight (approximately 16-18 h) with 10 ng/pL trypsin
in 25 mM NH4HCO3 (Promega Corporation, Madison, WI, USA) at 37 °C.
After digestion, peptides were extracted with a solution of 0.1 % TFA
and 2 % ACN.

2.10. Mass spectrometry

40 pL of peptide mixture was injected into an LC-MS system
composed of Evosep One (Evosep Biosystems, Odense, Denmark)
directly coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany). Peptides were loaded onto
disposable Evotips C18 trap columns (Evosep Biosystems, Odense,
Denmark) according to the manufacturer’s protocol with some modifi-
cations to prevent sample drying. Briefly, Evotips were activated with
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25 pL of Evosep solvent B (0.1 % formic acid in ACN) by 1 min centri-
fugation at 600xg, followed by 2 min incubation in 2-propanol. After
equilibration with 25 pL of solvent A, 20 pL of each sample solution was
loaded onto the solid phase. Bound peptides were washed with 50 pL
and covered with 300 pL of solvent A. Chromatography was carried out
at a flow rate of 500 nl/min using the 44 min (30 samples per day)
preformed gradient on EV1137 analytical column (Dr Maisch C18 AQ,
1.5 pm beads, 150 pm ID, 15 cm long, Evosep Biosystems, Odense,
Denmark). Data was acquired in positive mode with a data-dependent
method using the following parameters. MS1 resolution was set at
60,000 with a normalized AGC target of 300 %, Auto maximum inject
time, and a scan range of 300-1500 m/z. For MS2, a resolution was set at
15,000 with a Standard normalized AGC target, Auto maximum inject
time, and top 40 precursors within an isolation window of 1.4 m/z
considered for MS/MS analysis. Dynamic exclusion was set at 20 s with
an allowed mass tolerance of +10 ppm, the precursor intensity
threshold at 5e3, and the Precursor Fit threshold at 70 %. Precursors
were fragmented in HCD mode with a normalized collision energy of 32
%. The spray voltage was set to 2.1 kV, the funnel RF level at 40, and the
heated capillary temperature at 275 °C.

2.11. Data analysis

Raw MS files were pre-processed with Mascot Distiller (v2.8.5,
Matrixscience) and submitted to the Mascot Server (v2.8.3, Matrixs-
cience) for protein identification. The following parameters were used:
enzyme - Trypsin, missed cleavages — 1, instrument — HCD, fixed
modifications — Carbamidomethyl (C), variable modifications — Oxida-
tion (M). Offline mass recalibration was performed, with a resulting
peptide mass tolerance of 5 ppm and fragment mass tolerance of 0.01
Da. The Lactobacillales protein database (3320745 sequences) derived
from UniProt (v06_2024), supplemented with a database of popular MS
contaminants (115 sequences, Crap database), was used. A decoy-
reversed database was used to compute FDR, which was kept below 5 %.

2.12. Statistical analysis

Statistica v13.1 software (TIBCO Software Inc., Palo Alto, CA, USA)
was employed. The Brown-Forsythe test was used to assess the variance
homogeneity, while the Shapiro-Wilk test verified data normality. A
one-way ANOVA was conducted, and Tukey’s test was applied to
identify significant differences (p < 0.05) between the data sets.

3. Results and discussion
3.1. Genome analysis of lactic acid bacteria strains

Whole-genome sequencing was performed for the isolates. The fully
assembled genomes of strain Bl (L. paracasei) and strain 024
(L. plantarum) were deposited in GenBank under accession numbers
CP161807-CP161808 and CP157747-CP157755, respectively. The
sequencing quality metrics for both bacterial isolates are provided in the
Supplementary Materials (Table S1).

Bacteriocin-producing L. plantarum strains have previously been
isolated from various sources, including fermented (Joishy et al., 2024;
Zheng et al., 2024), dairy products (Gizachew & Engidawork, 2024;
Sabri et al., 2024), and plant-derived fermented products (Rwubuzizi
et al., 2023; Thuy et al., 2024). Similarly, bacteriocinogenic L. paracasei
strains have been reported from food products (Haryani et al., 2023;
Huang et al., 2024; Kiousi et al., 2022). Both species are recognized as
safe by regulatory authorities, holding GRAS status (USFDA) and QPS
status (EFSA), with a long history of use in food (Gajendran & Rajamani,
2024).

As summarized in Table S2 and Fig. S1, the L. paracasei B1 genome
consists of one chromosome (3,113,638 bp, 46.24 % G + C) and one
plasmid (26,855 bp, 43.46 % G + C). A glycopeptide resistance gene
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cluster (vanT) was identified in the chromosome, consistent with
intrinsic vancomycin resistance known among LAB due to modified
peptidoglycan precursors (Ammor et al., 2007). Unlike transferable
vancomycin resistance genes (e.g., vanA, vanB in Enterococcus), the vanT
cluster is chromosomally encoded and considered non-transferable,
posing no safety concerns for probiotic or food-related applications.
Sixty-two putative horizontal gene transfer (HGT) events and 159 mo-
bile genetic element (MGE)-related regions were identified. Among
these, 45 regions were phage-related, involving structural proteins, viral
packaging systems, and lysogeny machinery. Transfer-associated genes
included conjugation-related elements (e.g., type IV secretion systems),
natural competence genes, and recombination machinery. Integra-
tion/excision regions featured site-specific recombinases, transposases,
and regulatory elements. Additional MGE-associated regions were
linked to replication/repair and host defense systems, including
restriction-modification and CRISPR elements. A total of seven CRISPR
arrays and four Cas genes were detected in the chromosome, including a
complete type II-A CRISPR-Cas cluster (6142 bp). This system plays a
key role in immunity against bacteriophages and plasmids, as well as
maintaining genome stability by limiting HGT (Kadkhoda et al., 2024;
Rostampour et al., 2024). Notably, type II systems use Cas9 endonu-
cleases to target foreign DNA through recognition of short PAM se-
quences (Pujato et al., 2021). In L. paracasei B1, four prophage-related
regions and 169 genes were also identified (Fig. S1A), including genes
involved in integration. The Bl plasmid did not carry any ARGs or
prophage genes but contained one predicted HGT event and seven
MGE-related regions. One CRISPR array (145 bp) was detected,
although Cas proteins were absent (Fig. S1B).

The genome of L. plantarum 024 consists of a chromosome
(3,126,794 bp, 44.71 % G + C) and eight plasmids (Table S3-S4,
Fig. S2). Two ARGs were identified in the chromosome: vanH and vany,
both associated with vancomycin resistance. Sixty-one putative HGT
events and 125 MGE-related regions were predicted. Of these, 41 regions
were phage-related, and others included conjugative elements, inte-
grases, recombinases, and replication/repair proteins. These findings
are within the expected range for L. plantarum, which is known for its
genomic flexibility and ability to acquire and maintain MGEs under
various environmental conditions (Aziz et al., 2023; Lv et al., 2025). A
single CRISPR array (198 bp) was detected, but no Cas genes were
found. Three prophage regions containing 95 genes were identified in
the chromosome (Fig. S2A); interestingly, no integration-related genes
were annotated, suggesting possible prophage decay or domestication.
Among the plasmids, only pLplO24_7 harbored prophage elements (10
genes), while pLplO24_2 had one phage-associated region of unknown
function. No CRISPR-Cas systems were detected on any of the plasmids.

These results highlight genomic features relevant to food safety,
phage resistance, and adaptation in complex microbial environments.
The presence of CRISPR-Cas systems, particularly subtype II-A in
L. paracasei B1, suggests evolutionary strategies for survival in phage-
rich niches such as dairy fermentations. Additionally, the absence of
transferable ARGs and the predominance of chromosomal, non-mobile
resistance elements support the biosafety of these strains for food use.

3.2. Prediction of bacteriocin-related genes

Regarding L. paracasei strain B1, analysis performed based on the
RefSeq v6.7 (GCF) genome assembly revealed the presence of 12 gene
regions in the chromosome whose protein products have bacteriocin
properties (Table 1). The location of these regions in the genome of this
strain is shown in Fig. 1. In turn, the BAGEL4 search predicted two Areas
of Interest (AOIs) in which putative gene clusters for the biosynthesis of
antibacterial substances are located in the L. paracasei strain B1 chro-
mosome (Fig. 3). The first bacteriocin biosynthetic gene cluster (BBCG)
is AOIL_1 (24,245 bp), which contains 76 ORFs with seven core peptides,
while the second BBCG is AOI_02 (20,180 bp), which comprises 45 ORFs
with one core peptide (Table 2). Other predicted gene features in AOI_1



Table 1
Bacteriocins detected in Lacticaseibacillus paracasei strain B1 chromosome (based on RefSeq (GCF) genome assembly).
Protein ID Locus Tag Gene type CDS location in the genome Gene product Length Structural peptide/Amino acids sequence Organism
, K [amino acids]
Orientation  Start Stop
WP_003567328.1  V8V89_RS08255  protein- minus 1626374 1626652  bacteriocin immunity protein 92 MKKQETQLFEAIDVAYADPEIAKQDDLRKLLFTSAQHLQN Lactobacillaceae
coding GDPYQMVAVKLKNSISRYVALHQLDAPDALNKLYMKIGP
MDDRDWGLTQIFR
WP_003580845.1  V8V89_RS08260  protein- minus 1626676 1626960  bacteriocin immunity protein 94 MGGKETRLFQAIDGAYNDAAVQSDDEIKRFLFESAQRLAS Lacticaseibacillus
coding GDRFSYVAARLDSFIASYSQVHHFQYPSALEPVYKLVAGAS  paracasei
MRARGGGGLSVWL
WP_013246034.1 V8V89_RS08265 protein- minus 1627153 1627449 bacteriocin immunity protein 98 MSILKWYAGGQDRAEQAISILTELVADLNHSQQKKPLQQV Lacticaseibacillus
coding LSDYIEALKRKESAVPFILSRMNLDISSALKNNQFVLTASES paracasei
DKLDALMALANIRYGY
WP_013246038.1  V8V89_RS08285  protein- minus 1630123 1631502  bacteriocin secretion accessory 459 MIDLKKLETTEFYNHRYRNFSTVIIVPTAILFVLLLLFLIFAK Lacticaseibacillus
coding protein REVTVLTAAEIAPVKTAVTVQGTAANRIVITNHMKEGKHV paracasei
KRGDTLLVYHDVAHPAQLKVLEQQLATLKDQKAQLEVLN
QSIAANKNLFASPDKFGYQQQVRDYLSQRRVYELESEALH
ATQGVADGKSKEIDQLLQTSMQASEAKMTAIREAQTAIRT
DRPLSDNHTYNYLYLQYKAEAKNADAANLNSLKGQYQSQ
LONLLTTEKETLASLRTQRINQKQADLSAQQTGQNEAKLA
SLQSHMQQTMTAEQVKVQQGTQEGEAKLAALKDESKNY
QVKASASGVLHLEASLSGNKYIPAGTVLAQILPDLATQKEV
ELKLAVSPAEIMSLKRGQSVRLRIAENVPSPMTLTGRIDAI
DVAPTVNAKVGNYFKVQARVPLSKQQRQTLHYGIAGQA
AVITGTKTYWQYFVDKMFNHQ
WP_013246040.1 V8V89 RS08295 protein- minus 1633993 1634148 bacteriocin-like peptide, LSEI 2386 51 MNVKKSKVKKETTTLMQDYDLSLVR Lacticaseibacillus
coding family GGIRRPTSEAFESLKKWLGNLIQGKS paracasei
WP_013246044.1 V8V89_RS08320 protein- minus 1637819 1637998 bacteriocin 59 MINDKKIYLTDEEMANVSGGSSEYDQYYKNSYKHGQELR Lacticaseibacillus
coding KVVDAIGSIVNLIPFFGKRA paracasei
WP_013246049.1  V8V89_RS08345  protein- minus 1640757 1640930  bacteriocin 57 MTNLKDKELSQITGGFAFVIPVAAILGFLASDAWSHADEI Lacticaseibacillus
coding ASGAKTGWEIANKHKIY paracasei
WP_013246050.1 V8V89_RS08350 protein- minus 1640969 1641142 ComC/BIpC family leader- 57 MQQFMTLDNSSLEKIAGGENGGLWSILGLGLGFSARRAN Lacticaseibacillus
coding containing pheromone/bacteriocin SLFGPSPEMALDLISLFK paracasei
WP_003576308.1 V8V89_RS08380 protein- minus 1644700 1645035 bacteriocin immunity protein 111 MTDKRETLMSMLSKAYANPTIKAEPALRALIETNAKKVD Lacticaseibacillus
coding EGDDDKAYVTAVTQLSHDISKYYLIHHAVPEELVA paracasei
VFNYIKKDVPAADIDAAHYRAQALAAGLIAIPIVWGH
WP_003567376.1  V8V89_RS08400  protein- minus 1646677 1646910  Blp family class II bacteriocin 77 MSYNYRQLDDFQLSGVSGGKKKFDC Lacticaseibacillus
coding AATFVTGITAGIGSGTITGLAGGPFGII paracasei
GGAVVGGNLGAVGSAIKCLGDGMQ
WP_003562546.1 V8V89 RS11165 protein- minus 2220496 2220807 bacteriocin immunity protein 103 MVRGKAEIDDQTILSNLYDFVLNPDISDRERKIGLMAKAD Lacticaseibacillus
coding LEKKRYDVAVVNQVIVSLQQEAMKNGLTPTASKFYDDLE paracasei
PILIKIKPFGTNLGNMLTHNSYLD
WP_003659135.1 V8V89_RS11765 protein- minus 2344038 2344301 bacteriocin immunity protein 87 MKSKKSILSQLPELIADPTTTGSELEILKHAETRRQKGDNE Lacticaseibacillus
coding EGIAFEIRTGLQPLAIGQKLSPKVVDFLTEIAAQYLGMGSR paracasei
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Fig. 1. Bacteriocins localization in Lacticaseibacillus paracasei strain B1 chromosome (based on RefSeq (GCF) genome assembly and generated in the Proksee software
(https://proksee.ca/)).
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Fig. 3. Schematic diagrams showing the two genomic AOIs in Lacticaseibacillus paracasei strain B1 chromosome, identified by BAGEL4 software. These regions were
predicted to possess putative bacteriocin gene clusters. The AOI_1 and AOI 2 comprise 76 and 45 open reading frames (ORFs), respectively, but small open reading
frames are hidden.

Table 2
Functional annotation of gene clusters in Lacticaseibacillus paracasei strain B1 chromosome predicted by BAGEL4.

ORF Length [amino acids] Structural core peptide/Amino acids sequence Functional

AOIL1

orf00013 59 MINDKKIYLTDEEMANVSGGSSEYDQYYKNSYKHGQELRKVVDAIG ggmotif; lactococcin
SIVNLIPFFGKRA

orf00029 60 MCTMTNLKDKELSQITGGFAFVIPVAAILGFLASDAWSHADEIASGA ComC; lactococcin; bacteriocin_IIc; enterocin_X_chain_beta
KTGWEIANKHKIY

orf00030 71 MFSNESLKENGGITMQQFMTLDNSSLEKIAGGENGGLWSILGLGLG ComC; bacteriocin_IIc
FSARRANSLFGPSPEMALDLISLFK

orf00041 52 MHRIKNDDLQQMIEGITWRKFLTMLILGLIAIDAWSHTDQIIAGFLK enterocin_X_chain_beta
GWQGM

orf00049 111 MTDKRETLMSMLSKAYANPTIKAEPALRALIETNAKKVDEGDDDKA carnocin
YVTAVTQLSHDISKYYLIHHAVPEELVAVFNYIKKDVPAADIDAAHYR
AQALAAGLIAIPIVWGH

orf00055 71 MISKEVGITLKQHDLVLIQGGAKRRNKPSGCIVSTIGGAVAGAAGLN bacteriocin_Ilc
PFTTVAGAAIGLSLCLSTNYIHPA

orf00057 101 MYVKDSKVDLTQNNLLLFEERRKIISYNYRQLDDFQLSGVSGGKKKF bacteriocin_Ilc
DCAATFVTGITAGIGSGTITGLAGGPFGIIGGAVVGGNLGAVGSAIKC
LGDGMQ

AOI 2

orf00030 350 MSYTINKEFALGENEGSSQVANRLYIILHDVGAESGARANAAYFKNN enterolysin_A

IAAEIAYTAFVVGDGGQVYQVGEPGYVQWGAGTVANANSPVQIELG
HTSDPETFKKDYAVYIELARDMAAKYGIPTSLDAGGAGTPGIKSHLW
VTQHIWGDHTDPYGYLARWGISKDKLAADLANGTTTVDASKSAPA
AQSARPQAAVSGKVNVSYGLHLLGVRWLDEVTNFGSGDNGFAGLP
NYQHDLLYITVDHGSVKYRVHTVQSGWLPWVAKGDRNDTVNGCA
GNTGEVIDGVQIIFLTPAGEPYKQAYYRSQTTQRSGWLGVVCDDGTS
LPQYTDTYAGMFGEPLDRLQIGISSINPF

Abbreviation: ORF - open reading frame.

and AOI_2 included immunity proteins, transcription regulatory factors,
kinases, oxidoreductases, hydratases, and metal cation transporters. In
AOI_1, several predicted peptides belong to known bacteriocin families.
These include lactococcin-like peptides with double-glycine (GG) motifs
(e.g., ORF00013), ComC-like bacteriocins (ORF00029 and ORF00030),
and enterocin X (ORF00041). Enterocins are small bacteriocins with
potential antimicrobial properties against Gram-positive bacteria,

especially L. monocytogenes (Hu et al., 2010). The analysis also identified
ORF00049, which encodes carnocins, class Ila bacteriocins, notable for
their heat stability and antimicrobial effectiveness, making them
attractive candidates for applications in food preservation (Saint-Hubert
et al., 2009). Additionally, bacteriocins IIc were identified in multiple
ORFs, such as ORF00055 and ORF00057. These peptides are also asso-
ciated with antimicrobial activity and environmental stability (Zhou



Table 3
Bacteriocins detected in Lactiplantibacillus plantarum strain 024 genome (based on RefSeq (GCF) genome assembly).
Protein ID Locus Tag Gene type CDS location in the genome Gene product Length [amino Structural peptide/Amino acids sequence Organism
X X acids]
Orientation Start Stop
WP_003642489.1  V8V90_RS02035  protein- minus 445762 446091 bacteriocin immunity protein 109 MDVDAQKLFTLVDAAYNQPITNQPSDSYRQALLAAA Lactiplantibacillus
coding IDLNNNVSPQQVTIQLYQAYYRNYMVPMTLPRQHRD
LYQYVHTQLQRLTRKEQRHMALGYGLIATHLTFGPLN
WP_003642473.1  V8V90_RS02105  protein- plus 459678 460034  bacteriocin immunity protein 118 MQRESELRQQAQEAIKGLIVRLSGWSDQSGDLLDIID Lactiplantibacillus
coding VLMQVDKKITTTKNPEALVNRLVNYIRSVAIKGRLHF
PDEEEKLMIDLGIIGQKAGLNGAYMADFSDKSQFYG
MLEEVPQH
WP_003642219.1  V8V90_RS03310  protein- plus 728254 728511 bacteriocin immunity protein 85 MKSEVQGIIQDLYQELAPTAANQEIRAALLKAHQQLK Lactiplantibacillus
coding QAPQLDHALIKRLTNDVTYNIFTKQLRLTPTENLLVS
ELLSVSHRLSA
WP_003642670.1  V8V90_RS04665  protein- minus 1026733 1027014  bacteriocin immunity protein 93 MLKNENAIALIRAIDVAYSDPEVRAIPELQQALAKAAQ Lactiplantibacillus
coding DLDCVADHHQVASRLNQLLTTWGARHSQGPAVLD
QLYLITLKDGVDVPCQVPYRA
WP_003640386.1 V8V90_RS08795 protein- minus 1850914 1851234 bacteriocin immunity protein 106 MFGRTGKHQVDEQALLSQLVDFVLDPNLTDRERKIG Lactiplantibacillus
coding LMAKADLEHHRYSIAVLNKLVVSFQMEALRNKGLSK
AASNFYDQIYPILVAAKPMGTNLGYIGMHSTYLD
WP_003641210.1 V8V90_RS11590 protein- plus 2421718 2422047 bacteriocin immunity protein 109 MLYSWHGGINVNKNDKAKRLMQQIDVAYNDPEVKQ Lactiplantibacillus
coding DAQVRADLLRYAMELDKNGNYLLIATKVNGMAMRV
MRDHMHQPLQAINTLYTQTARTSEYYWGVAAASIF
SGLW
WP_003641985.1 V8V90_RS13710 protein- plus 2883377 2883547 two-peptide bacteriocin 56 MLQFEKLQYSRLPQKKLAKISGGFNRGGYNFGKSVR Lactiplantibacillus
coding plantaricin EF subunit PInE HVVDAIGSVAGIRGILKSIR
WP_003643811.1  V8V90_RS13715  protein- plus 2883572 2883730  two-peptide bacteriocin 52 MKKFLVLRDRELNAISGGVFHAYSARGVRNNYKSAV Lactiplantibacillus
coding plantaricin EF subunit PInF GPADWVISAVRGFIHG
WP_003641975.1  V8V90_RS13750  protein- minus 2891152 2891319  bacteriocin 55 MKSLDKIAGLGIEMAEKDLTTVEGGKNYSKTWWYKS Lactiplantibacillus
coding LTLLGKVAEGTSSAWHGLG
WP_003641974.1 V8V90_RS13755 protein- minus 2891447 2891647 bacteriocin immunity protein 66 MLERITGFIIICFAIWQIYTAYLAFKQVKQVGNKSTSPF Lactiplantibacillus
coding IALGVWSGLSFGILMVAFGIALAFNAI plantarum
WP_003641973.1  V8V90_RS13760  protein- plus 2892509 2892676  two-peptide bacteriocin 55 MTVNKMIKDLDVVDAFAPISNNKLNGVVGGGAWKN Lactobacillaceae
coding plantaricin JK subunit PlnJ FWSSLRKGFYDGEAGRAIRR
WP_003641972.1 V8V90_RS13765 protein- plus 2892707 2892880 two-peptide bacteriocin 57 MKIKLTVLNEFEELTADAEKNISGGRRSRKNGIGYAIG Lactobacillaceae
coding plantaricin JK subunit PInK YAFGAVERAVLGGSRDYNK
WP_003641971.1  V8V90_RS13770  protein- plus 2892877 2893545  bacteriocin immunity protein 222 MIEIDFKEKYYPLVLVLFVAGYMGAIFLNIYFDWLAML Lactobacillaceae
coding TAGIISLVMLYGFSNLKLFFQPLPSPKWRIVVKYVLLLL
VLEVTAIVVIAIINSHALLSFHNTTLTTSSTGRDYPLIER
VWIAFTLLVSLVGEEVGMASISLPLIRLLSQTQLKKYA
WPIINVLGCIVFACLHLPHYHFNWIYPLIVGITRYPITAS
WRSANTLRSGIYVHWISDAVLIIGTLI
WP_226319604.1 V8V90_RS16040 protein- plus 42093 42428 garvicin Q family class II 111 MILTIPANSGLTTQQIQEAQRIVDQFNEQAINNNVILD Lactiplantibacillus
coding bacteriocin GESNPQSSITSPKFGLMLAKQYRYYTANGYEYRDKK pentosus
GHWHYVVTKSPFEAAFGVALHGWEGALGGSWKSG
HEK
WP_349348289.1 V8V90_RS16045 protein- plus 42444 42776 lactococcin immunity protein 110 MRLFSKKNQTQKIPSEVKLLTAIQEALADSPTNEEKPI Lactiplantibacillus
coding LQEAEQALKKKTYFPKILSDLQFFLNPLAVKGSSSPK plantarum
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et al., 2025). In AOI_2, a single core peptide encoded by ORF00030 was
identified as enterolysin A. Enterolysin A is a large bacteriolytic protein
classified as a class III bacteriocin. Unlike smaller bacteriocins that
target bacterial membranes, enterolysin A functions by hydrolyzing the
peptidoglycan in bacterial cell walls, leading to cell lysis. This bacte-
riocin displays broad-spectrum activity, particularly against
Gram-positive bacteria, and is less susceptible to resistance mechanisms
due to its enzymatic mode of action (Nigutova et al., 2008). The mo-
lecular masses of the predicted bacteriocins were anticipated based on
their amino acid (AA) sequences. In AOI_1, the peptides ranged from 52
to 111 AAs in length, corresponding to molecular masses up to 12 kDa.
For example, enterocins and carnocins may exhibit predicted molecular
weights of 4.5-5.5 kDa, respectively (Hu et al., 2010; Saint-Hubert et al.,
2009). Class II bacteriocins usually have molecular weights between 5
and 10 kDa (Zhou et al., 2025). The enterolysin A peptide is consider-
ably larger, with a length of 350 AAs and a predicted molecular mass of
approximately 35 kDa (Nigutova et al., 2008). The diversity of bacte-
riocins identified in L. paracasei strain B1 highlights its ability to produce
a wide range of antimicrobial peptides, which may provide a competi-
tive advantage in microbial ecosystems. Combining small, pore-forming
bacteriocins, such as lactococcins and bacteriocin Ilc, with larger,
bacteriolytic proteins like enterolysin A, suggests a versatile antimi-
crobial arsenal capable of targeting different bacterial species.

The L. plantarum strain 024 genome was also searched for genes
related to bacteriocin production. Analysis performed based on RefSeq
v6.7 (GCF) genome assembly revealed the presence of 13 gene regions in
the chromosome and 2 gene regions (i.e., WP_226319604.1: garvicin Q
family class II bacteriocin and WP_349348289.1: lactococcin immunity
protein) in the plasmid pLplO24_7, whose protein products have
bacteriocin properties (Table 3). The location of these regions in the
genome of this strain is shown in Fig. 2. In turn, the BAGEL4 search
predicted two AOIs in which putative gene clusters for the biosynthesis
of antibacterial substances are located in the L. plantarum strain 024
genome, one in the bacterial chromosome and one in the plasmid
pLplO24_7 (Fig. 4). The first bacteriocin biosynthetic gene cluster is
CP157747.fasta AOI 1 (29,498 bp) contains 64 ORFs with six core
peptides, while the second BBCG is CP157754.fasta AOI_01 (17,558 bp)
contains 47 ORFs with one core peptide (Table 4). Other predicted gene
features in CP157747.fasta AOI_1, which includes immunity proteins (i.
e. orf00043: putative bacteriocin immunity protein), transcription reg-
ulatory factors, kinase (i.e. orf00027: bacteriocin production related
histidine kinase), and transporter (i.e. orf00013: LanT, bacteriocin ABC-
transporter, ATP-binding and permease protein PInG). Furthermore,
other predicted gene features in CP157754.fasta AOI_1 included im-
munity proteins (i.e., orf00029: EntA_Immun, bacteriocin immunity),
transcription regulatory factors, transposases, dehydrogenases, re-
ductases, and oxidoreductases. In the first bacteriocin biosynthetic gene
cluster, plantaricin-related peptides were identified, such as plantar-
icin E (orf00015), plantaricin F (orf00017), plantaricin A (sORF1),
plantaricin N (orf00036), plantaricin J (orf00041), and plantaricin K
(orf00042). These bacteriocins are class II peptides characterized by
their small size, thermostability, and ability to inhibit the growth of
competing bacteria. The molecular weights of plantaricins are typically
lower than 10 kDa, which is consistent with their classification as class I
bacteriocins (Goel & Halami, 2023). According to Goel and Halami
(2023), L. plantarum has different regulatory operons that control
plantaricin production. Based on the regulatory operon, plantaricins
produced by L. plantarum follow different biosynthesis mechanisms. The
second cluster, CP157754.fasta AOI_1 (17,558 bp), is located on the
plasmid pLplO24_7 and consists of 47 ORFs encoding one core peptide,
bovicin_255 (orf00027). Bovicin is a class II bacteriocin associated with
antimicrobial activity against Gram-positive bacteria, including patho-
gens (Garsa et al., 2019). The predicted molecular weight of bovicin 255
from CP157754.fasta AOI 1 is larger than the expected size range of
class II bacteriocins, approximately 11.8 kDa. The diversity of bacte-
riocins identified in L. plantarum strain 024 suggests its significant
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potential for antimicrobial activity, particularly through the production
of plantaricins and bovicin, which could play a crucial role in compet-
itive survival and ecological adaptation.

Although direct sequence alignment was limited due to the un-
availability of full-length published sequences, comparative analysis
based on functional annotations and known gene homology suggests
that several predicted bacteriocins in L. paracasei strain Bl and
L. plantarum strain 024 may share similarity with peptides previously
characterized in food-derived strains. For example, plantaricins E, F, J,
and K identified in strain 024 have also been described in L. plantarum
WCFS1 and EL2, which are known for their food-origin and antimicro-
bial activity (Goel & Halami, 2023; Zheng et al., 2024). Similarly,
enterocins and carnocins found in L. paracasei strain B1 resemble bac-
teriocins previously identified in other L. paracasei strains (Hu et al.,
2010; Saint-Hubert et al., 2009). However, the presence of multiple
bacteriocin classes, including plasmid-encoded bovicin and chromo-
somal enterolysin A, underscores the unique combinatorial antimicro-
bial potential of our isolates, distinguishing them from previously
reported strains (Campelo et al., 2011; Nigutova et al., 2008)

The identification of 12 bacteriocin-related regions in the L. paracasei
strain B1 genome and 13 in the L. plantarum strain 024 chromosome
reflects the genomic diversity often observed in LAB. Moreover, varia-
tions in bacteriocin production among strains are likely attributed to
their prolonged adaptation to distinct natural environments (Chikindas
et al., 2018). Similar findings were reported by Zheng et al. (2024), who
analyzed the genome of L. plantarum EL2 and identified multiple
bacteriocin-related gene clusters using BAGEL4, including genes
encoding lantibiotics, immunity proteins, and transporters (Zheng et al.,
2024). Furthermore, the localization of bacteriocin-related genes in both
the chromosome and plasmids of L. plantarum strain 024 aligns with
reports by Campelo et al. (2011), who found plasmid-encoded bacte-
riocins in other LAB strains, suggesting a potential horizontal gene
transfer mechanism enhancing antibacterial capability (Campelo et al.,
2011). These findings expand the known bacteriocin-producing poten-
tial of L. paracasei strain B1 and L. plantarum strain 024 and underline
the importance of genomic prediction tools like BAGEL4. Further
experimental studies are needed to validate the functional properties of
these peptides and assess their practical applications in antimicrobial
therapies and food preservation.

3.3. Physicochemical properties of bacterial preparations

3.3.1. Antimicrobial spectrum of activity

The inhibition spectrum of the tested bacterial preparations was
determined using the agar-well diffusion method. Indicator strains
included Gram-positive bacteria and Gram-negative bacteria (Table 5).

All tested bacterial preparations exhibited inhibitory effects against
Gram-positive and Gram-negative bacteria, in agreement with previous
reports, where food-origin lactic acid bacteria strains were also inves-
tigated (Arrioja-Breton et al., 2020; Zhang et al., 2017). The cell-free
supernatant (CFS) of L. paracasei strain B1 showed the most vigorous
activity against L. monocytogenes ATCC 19111 and E. coli 0157:H7 ATCC
10536, with inhibition zone diameters of 12.2 = 1.0 mm and 12.7 1.9
mm, respectively. The differences between CFS and nCFS within
L. paracasei strain Bl preparations against these indicator strains were
statistically significant (p < 0.05), with CFS exhibiting more potent
inhibitory activity. Similarly, the CFS of L. plantarum strain 024
demonstrated inhibitory activity against the same two pathogens.
Additionally, Pseudomonas fluorescens PCM 2123 growth was effectively
inhibited by the preparations from L. paracasei B1 and L. plantarum 024
(Table 5). The observed antimicrobial activity of the LAB preparations is
likely due to the production of various metabolites, including organic
acids (Bangar et al., 2022). Notably, even after the pH of the superna-
tants was adjusted to approximately 6.0 to neutralize the effect of
organic acids, the nCFS samples retained inhibitory properties. This
residual activity suggests the possible involvement of bacteriocin-like
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Fig. 4. Schematic diagrams showing the two genomic AOIs in Lactiplantibacillus plantarum strain O24 genome, identified by BAGEL4 software: A — bacterial
chromosome; B — plasmid pLplO24_7. These regions were predicted to possess putative bacteriocin gene clusters. The AOI 1 and AOI_2 comprise 64 and 47 ORFs,
respectively, but small open reading frames are hidden.

Table 4

Functional annotation of gene clusters in Lactiplantibacillus plantarum strain 024 genome predicted by BAGEL4.

ORF

Length [amino acids] Structural core peptide/Amino acids sequence

Functional

CP157747.fasta AOI 1

orf00015 56 MLQFEKLQYSRLPQKKLAKISGGFNRGGYNFGKSVRHVVDAIGSVAG plantaricin_E
IRGILKSIR

orf00017 52 MKKFLVLRDRELNAISGGVFHAYSARGVRNNYKSAVGPADWVISAV ggmotif; lactococcin; bacteriocin_Ilc; plantaricin_F
RGFIHG

sORF1 61 VIMSQLFLIRKRYAGAILKLTNAKLIRLAMTRLMMNCLFECAITYLFR plantaricin A
MIYVLLDNFTLPQ

orf00036 55 MKSLDKIAGLGIEMAEKDLTTVEGGKNYSKTWWYKSLTLLGKVAEG bacteriocin_IIc; plantaricin N
TSSAWHGLG

orf00041 55 MTVNKMIKDLDVVDAFAPISNNKLNGVVGGGAWKNFWSSLRKGFY plantaricin_J
DGEAGRAIRR

orf00042 57 MKIKLTVLNEFEELTADAEKNISGGRRSRKNGIGYAIGYAFGAVERAVL ComC; bacteriocin_IIc; plantaricin_K
GGSRDYNK

CP157754.fasta AOI_1

orf00027 111 MILTIPANSGLTTQQIQEAQRIVDQFNEQAINNNVILDGESNPQSSITSPK bovicin_255_peptide

FGLMLAKQYRYYTANGYEYRDKKGHWHYVVTKSPFEAAFGVALHGW
EGALGGSWKSGHEK

Abbreviation: ORF - open reading frame.

Table 5

Antimicrobial activity of preparations of LAB (CFS and nCFS) against harmful foodborne pathogens and food spoilage microorganisms.

Symbol pH value Gram-positive Gram-negative
L. monocytogenes S. aureus B. spizizenii E. faecalis S. Enteritidis E. coli 0157:H7 P. fluorescens
ATCC 19111 ATCC 25923 ATCC 6633 ATCC 51299 ATCC 13076 ATCC 10536 PCM 2123
The diameter of indicator strains inhibition growth zone [mm]
B1 CFS 410 £0.04 12.2 + 1.0%AB 8.5+ 3.13" 10.8 + 0.8%AB 9.5 + 1,338 10.2 + 1.0%AB 12.7 + 1.9%8 11.2 + 0.3
nCFS 5.84+015 9.7 +0.6" 6.7 + 1.2°4 9.8 +1.5% 7.7 + 1.0°* 8.2+ 1.4° 9.5 + 0.9 9.7 + 1.4°4
024 CFS 3.87 +0.06 11.8 + 1.3%A€ 7.3 +0.3%® 10.3 + 0.6°ABC 8.3 + 1.4%8 8.7 + 0.8°AB 12.5 + 2.2%¢ 11.8 + 0.6°A¢
nCFS 591 +0.13 10.2 + 1.9%A¢ 6.3 + 0.3%8 9.7 + 0.32ABC 8.2 + 1,5%ABC 8.5 + 1,03ABC 9.3 + 0.83ABC 10.7 + 1.4%A¢€

Abbreviations: B1 — preparation of the L. paracasei strain B1; 024 — preparation of the L. plantarum strain 024.
Note: Values with a different superscript letter are significantly different (p < 0.05) according to one-way ANOVA followed by Tukey’s HSD test; > ® — between CFS and
nCFS within strain; » ® € - between indicator strains within specific preparation.
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compounds or other non-acidic antimicrobial metabolites, although
further experimental and genomic analyses are required to confirm their
presence and identity. Similar observations of non-acidic antimicrobial
activity have been reported in LAB-derived supernatants, particularly
from L. plantarum and L. paracasei, which correspond to the species
analyzed in the present investigation (Arrioja-Breton et al., 2020; Daba
et al., 2022; de Lira et al., 2023; Duraisamy et al., 2023; Ghanbari et al.,
2013; Makhlouf et al., 2024).

3.3.2. Effect of heat, pH, and proteolytic enzymes on the antibacterial
activity

The effects of heat, pH, and proteolytic enzymes on the antimicrobial
activity of CFS from L. paracasei strain Bl and L. plantarum strain 024
are presented in Table 6.

All tested CFS demonstrated good thermal stability, retaining
approximately 70 % of their residual antimicrobial activity after treat-
ment at 100 °C for 20 min. However, significant activity loss was
observed when samples were sterilized at 121 °C for 20 min. Similar
findings were reported by Xue et al. (2024) and Heredia-Castro et al.
(2015), where bacterial preparations from environmental strains of LAB,
specifically L. casei, L. fermentum, L. pentosus, and L. paracasei subsp.
tolerans, retained over 70 % of their antimicrobial activity after exposure
to 100 °C for 30 min (Heredia-Castro et al., 2015; Xue et al., 2024).
Sterilization, however, led to the inactivation of antimicrobial agents in
most tested variants (Heredia-Castro et al., 2015). In numerous studies,
antimicrobial agents that demonstrated heat stability contained bacte-
riocins or bacteriocin-like inhibitory substances, suggesting the pro-
teinaceous nature of the active compounds in the tested bacterial CFS
(Liu et al., 2022). In turn, variations in the thermal stability of bacte-
riocins and bacteriocin-like inhibitory substances across different
strains, including food preparations, were determined using the
agar-well diffusion method. Indicator strains included Gram-positive
bacteria and Gram-negative bacteria (Table 5).

All tested bacterial preparations exhibited inhibitory effects against
Gram-positive and Gram-negative bacteria, in agreement with previous
reports, where food-origin lactic acid bacteria strains were also

LWT 234 (2025) 118597

investigated (Arrioja-Breton et al., 2020; Zhang et al., 2017). The
cell-free supernatant (CFS) of L. paracasei strain B1 showed the most
vigorous activity against L. monocytogenes ATCC.

The antibacterial activity of the tested CFS was eliminated after
treatment with enzymes such as trypsin, pepsin, and proteinase K,
suggesting that the active compounds present in the bacterial extracts
possess a proteinaceous nature.

Ghanbari et al. (2013) demonstrated that the antimicrobial activity
of cell-free supernatants from L. casei strain AP8 and L. plantarum strain
H5 was effectively inactivated by proteolytic enzymes such as trypsin,
papain, proteinase K, pronase E, and a-amylase, indicating a proteina-
ceous nature of the bacteriocin-like inhibitory substances (Ghanbari
et al., 2013).

The findings suggest that the antimicrobial substances produced by
L. paracasei strain B1 and L. plantarum strain 024 are of a proteinaceous
or peptidic nature rather than carbohydrate or lipid-based, aligning with
numerous reports on bacteriocins (Heredia-Castro et al., 2015; Hu et al.,
2017; Shentu et al., 2023; Xue et al., 2024).

3.4. Spectral analysis

Fourier-transform infrared (FT-IR) spectroscopy was performed to
identify functional groups in the CFS preparations from L. paracasei
strain B1 and L. plantarum strain 024 (Fig. S3; Fig. S4). Spectra were
recorded over the range of 4000-400 cm ™! and included both crude CFS
and samples heat-treated for 5, 15, and 30 min. A broad range of
characteristic peaks was observed. For L. paracasei B1, broad absorption
bands appeared between 3400.41 em ! and 3386.34 cm; for
L. plantarum 024, similar peaks were observed between 3381.37 cm ™
and 3373.69 cm™ L. These bands are associated with hydrogen bonding
and are likely linked to functional groups such as -OH, -NH, and
—COOH. A comparable pattern was noted by Duraisamy et al. (2023)
(Duraisamy et al., 2023), where N-H stretching vibrations and hydroxyl
groups were identified near 3340.1 cm ™! in bacteriocin spectra. Lor-
enz-Fonfria (2020) reported that such groups are fundamental to protein
secondary and tertiary structure, contributing to hydrogen bonding

Table 6
Sensitivity to heat, pH, and proteolytic enzymes. Residual antimicrobial activity (%). Values are expressed as mean =+ standard deviation.

Conditions B1 CFS 024 CFS

L. monocytogenes ATCC S. aureus ATCC S. Enteritidis ATCC L. monocytogenes ATCC S. aureus ATCC S. Enteritidis ATCC

19111 25923 13076 19111 25923 13076
pH
2.0 121.9 + 0.23¢ 103.3 + 0.2%4 111.9 + 0.228 123.3 + 0.3%¢ 106.6 + 0.33AB 108.6 + 0.3%AB
3.0 108.5 + 0.82PB 99.0 + 1.13bA 104.6 + 2.13PAB 100.0 + 0.3°* 98.6 + 1.0 102.3 + 0.3%AB
4.0 96.8 + 0.0P¢A 91.7 + 3.4P¢A 92.6 + 1.0°¢A 96.7 + 0.3%* 93.0 + 0.2* 95.5 + 0.4%A
5.0 93.3 + 0.2 91.9 + 0.2P¢A 91.0 + 0.4 93.3 + 0.494 90.7 + 0.594 92.1 + 0.8°A
6.0 73.0 + 0.29A8 67.5 + 0.89% 71.8 + 0.8% 77.8 + 0.2°% 70.0 + 0.494 70.0 + 2,09
7.0 50.9 + 0.2°f 49.6 + 0.4°® 49.5 + 0.3°B 46.0 + 0.2fAB 38.8 + 5.20¢A 47.1 + 0.2°AB
8.0 15.7 + 0.7% 0+0 0+0 11.7 + 0.288 0+0 0+0
9.0 0+0 040 0+0 0+0 0+0 0+0
10.0 0+0 0+0 0+0 0+0 0+0 0+0
11.0 0+0 0+0 0+0 0+0 0+0 0+0
Temperature
40°C 94.6 + 2.23A 81.3 + 0.5 90.0 + 0.1%A 95.9 + 0.5% 90.4 + 0.2% 89.1 + 0.22A
60°C 82.1 + 0.9 80.2 + 0.3%* 83.3 + 0.2 81.6 + 0.2"A 82.0 + 0.2 82.5 + 0.4%A
80°C 78.7 + 0.3%4 75.9 + 0.5PAB 71.8 + 0.8°® 78.8 + 0.8>A 72.6 + 1.0°® 73.4 +1.8°®
100°C 76.7 + 0.3 76.6 + 0.3%4 69.4 + 0.4%8 76.0 + 0.1°* 76.5 + 0.8°* 71.0 + 0.2°®
121°C 29.7 +0.19 0+0 0+0 30.0 + 0.294 0+0 0+0
Enzymes
Trypsin 0+0 0+0 0+0 0+0 0+0 0+0
Pepsin 0+0 0+0 0+0 0+0 0+0 0+0
Proteinase 0+0 0+0 0+0 0+0 0+0 0+0

K

Note: Control — 100 %; Values with a different superscript letter are significantly different (p < 0.05) according to one-way ANOVA followed by Tukey’s HSD test;

a,b,c,

d e £ 8_ between each of the conditions within the sensitivity of one indicator strain; > ® — between indicator strains.
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Table 7
Summary of antimicrobial titre and protein concentration of preparations from L. paracasei strain Bl and L. plantarum strain 024 at various steps of purification.
Strain producer Purification Volume Activity (AU/ Protein concentration Specific activity Total activity Purification Yield
step (mL) mL) (mg/mL) (AU/mg) (AU) fold (%)
L. paracasei strain CFS 2000 106.67 0.90 + 0.07 119.05 213,333.33 1.00 100.00
Bl ASP 20 426.67 1.70 + 0.19 251.47 8533.33 211 4.00
Dialysis 2 3413.33 8.48 + 0.95 402.67 6826.67 3.38 3.20
L. plantarum strain CFS 2000 80.00 0.84 + 0.05 95.47 160,000.00 1.00 100.00
024 ASP 20 251.05 1.50 + 0.35 167.36 5020.91 1.75 3.14
Dialysis 2 2913.46 7.51 £1.73 387.94 5826.92 4.06 3.64

Notes: CFS - cell-free supernatant; ASP — ammonium sulfate precipitation; specific activity = activity/protein concentration; total activity = activity x volume;
purification fold = specific activity/original CFS specific activity; yield = total activity/original CFS total activity.

within and between peptide chains (Lorenz-Fonfria, 2020).

In addition, peaks between 1612.15 em ™! and 1608.41 cm™! in
L. paracasei B1 preparations and between 1648.14 cm ™! and 1645.92
cm™! in L. plantarum 024 were attributed to C=0 stretching vibrations.
These are characteristic of carbonyl groups in amides and consistent
with the amide I band, a key protein indicator in FT-IR spectra
(Benabbou et al., 2020). Similar findings were observed by Guo et al.
(2024), who assigned a 1650 cm ™! peak to amide groups in a novel
bacteriocin (Guo et al., 2024).

An additional band near 2950 cm ™! was detected in all CFS variants,
indicating alkyl C-H stretch groups. This observation supports the
presence of aliphatic chains within proteinaceous or peptide structures.
Jiao et al. (2020) similarly found alkyl group-related peaks at 2928 cm ™!
in bacteriocins from B. amyloliquefaciens, reinforcing this interpretation
(Jiao et al., 2020).

Comparative analysis of spectra before and after heat treatment
revealed clear structural changes. Shifts in peaks around 3400 cm™!
suggest alterations to the hydrogen bonding network and secondary
structure of proteins (Peng et al, 2023). In thermally treated
L. plantarum 024 samples, the absence of a C=0 stretching peak in
untreated CFS (Fig. S4A) may indicate a disordered protein state or low
concentration below FT-IR detection limits (Blando et al., 2001). After
heat exposure, the appearance and slight shift of peaks at 1648.14 cm ™
(5 min), 1645.92 em™! (15 min), and 1647.67 cm™! (30 min) likely
reflect thermal reorganization or increased structural order (Kilimann
et al., 2006).

These findings, in combination with the physicochemical properties
described earlier, support the presence of thermally stable proteinaceous
substances — possibly bacteriocins - in the tested CFS. This is consistent
with prior reports highlighting the thermal resilience of such antimi-
crobial peptides (Guo et al., 2024), further supporting their potential use
in food preservation.

30kDa w1
25kDa B ¢

15kDa "

10kDa

Fig. 5. SDS-PAGE analysis of protein substances produced by tested strains,
lane 1 - preparation of the L. plantarum strain O24; lane 2 — preparation of the
L. paracasei strain B1.

12

3.5. Purification of protein substances and molecular weight estimation

The proteinaceous substances in the tested CFS were purified using a
two-step strategy involving ammonium sulfate precipitation and dial-
ysis. At each purification step, the activity, purification fold, and yield of
the protein substances were assessed and are presented in Table 7.

The cell-free supernatants from L. paracasei strain Bl and
L. plantarum strain 024 were subjected to ammonium sulfate precipi-
tation, obtaining a crude extraction with a 4.00 % and 3.14 % recovery
and a specific activity of 251.47 AU/mg and 167.36 AU/mg, respec-
tively. Then, the crude extracts were further purified by dialysis with the
antibacterial activity of 402.67 AU/mg and 387.94 AU/mg and a yield
of 3.20 % and 3.64 %, which was a 3.38- and 4.06-fold increase
compared to that in the original CFS, for extracts from L. paracasei strain
B1 and L. plantarum strain 024, respectively. Hence, L. paracasei strain
B1 and L. plantarum strain 024 may produce multiple bacteriocins, of-
fering substantial potential for utilization and practical applications.
This result was by that of other studies with the use of LAB strains, such
as L. paracasei strain F9-02 (Duraisamy et al., 2023) and L. plantarum
strain zrx03 (Lei et al., 2020).

The molecular mass of potential bacteriocins was estimated using
SDS-PAGE. The stained gels loaded with the preparation of L. paracasei
strain B1 and L. plantarum strain 024 showed single bands about 14-15
kDa and 10-11 kDa, respectively (Fig. 5). These two specific bands were
then excised and subjected to a mass spectrometry analysis. Then, pro-
tein identification was performed using two frequently used databases:
SwissProt and UniProt/Lactobacillales. As a result of the analysis, a
Mascot database report was generated, providing lists of proteins iden-
tified in each band. Additionally, where applicable, detailed information
on identified peptides and alternative proteins matching the same pep-
tide sets was obtained. Based on a comprehensive data analysis, po-
tential proteins were selected for further investigation. The predicted
molecular weight of potential bacteriocins or bacteriocin-like inhibitory
substances produced by L. paracasei strain B1 and L. plantarum strain
024, and analyzed by LC-MS/MS, were 15,079 Da and 10,815 Da,
respectively, which were consistent with the electrophoretic results
(Table 8, Fig. 6). The observed protein sequence coverage rate was 34 %
for the L. plantarum strain 024 band and 43 % for the L. paracasei strain
B1 band, with theoretical isoelectric points (pI) of 10.09 and 4.66,
respectively. It was also determined, to the best of our knowledge, that
the identified proteins exhibited partial homology with previously re-
ported bacteriocins, suggesting they may represent novel bacteriocins or
bacteriocin-like inhibitory substances. Nevertheless, further studies are
required to evaluate the antimicrobial activity of the purified peptides
and confirm their biological activity conclusively.

The observed protein sequence coverage rates fall within the ex-
pected range for mass spectrometry-based proteomics and are influ-
enced by well-known factors such as peptide properties, digestion
efficiency, and protein abundance (Ahrens et al., 2022; Tuli & Ressom,
2009). Post-translational modifications can also reduce sequence
coverage if not specifically accounted for during analysis. Similar
coverage rates have been reported in related studies, such as 43 % in
Bacillus cereus B4264 (Ahmad & Usup, 2021) and 52.4 % in another



M. Karbowiak et al.

Table 8
LC-MS/MS analysis of the protein bands extracted from the SDS-PAGE gel.

LWT 234 (2025) 118597

Band Protein name Protein ID in database Theoretical mass (Da) Score Matches Sequences emPAI pl Protein sequence coverage (%)
1 Extracellular protein AOA7Z6MQF3 10,815 405 6(6) 2(2) 1.14 10.09 34
2 Uncharacterized protein AOAO0C9PQH9 15,079 1427 17(17) 4(4) 2.94 4.66 43

Notes: band 1 — preparation of the L. plantarum strain 024; band 2 - preparation of the L. paracasei strain B1; score — calculated from the score values for peptides found
in the protein; matches — number of MS/MS spectra assigned to protein; sequences — number of AA sequences assigned to a protein; emPAI — exponentially modified

protein abundance index; plI - isoelectric point.

Preparation of the L. plantarum strain 024

1 MVEMTKVEAM VTEMMLGAMT VATLMATSAG ASAATVTSNV TAPEMAVVTT
51 VELDTHANTE IQPTKIHLER VTTEVISNQV QTAVDASALN LDQQHRDROL

101 K

Preparation of the L. paracasei strain B1

1 MELDGKEIKE NEQLTDAQLA DLHKQYEALW DKLKEKDNYRT EHQFMEVLYE
51 EPDNSQNYEA AFFTYQIRKD TGDNQFDQLT ITLNNRPTFH DQPDEFVFEIL
101 SDYADMDALH KAIEEKAQPW IKAHEKR

Fig. 6. Covered peptides using LC-MS/MS (matched peptides shown in bold red).

bacteriocin analysis (Yan et al., 2021).

The molecular weight of bacteriocins and bacteriocin-like inhibitory
substances produced by L. paracasei and L. plantarum strains varies
significantly. The bacteriocin produced by L. paracasei strain F9-02, as
reported by Duraisamy et al. (2022), was characterized by a molecular
weight of approximately 28 kDa, as determined by SDS-PAGE
(Duraisamy et al., 2023). Similarly, L. paracasei strain CNCM I-5369
was found to produce five distinct bacteriocins with molecular weights
ranging from 5035.80 to 14,088.07 Da (Madi-Moussa et al., 2021). In
contrast, bacteriocins produced by L. plantarum generally exhibit
smaller molecular weights, typically ranging from 1 to 10 kDa. For
instance, studies have reported bacteriocins with molecular weights of
<10 kDa (de Lira et al., 2023), 6.73 kDa (Zhang et al., 2018), and
1272.61 Da (Han et al., 2023). However, exceptions to this range have
been documented. In a study by Makhlouf et al. (2024) (Makhlouf et al.,
2024), SDS-PAGE analysis revealed a purified bacteriocin from L. plan-
tarum with a molecular weight of approximately 12 kDa. This finding
aligns with earlier studies reporting molecular weights for L. plantarum
bacteriocins in the range of 10-15 kDa (Jiang et al., 2022; Suryani et al.,
2023; Todorov & Dicks, 2005). These variations underscore the diverse
nature of bacteriocins produced by different strains, reflecting their
structural and functional diversity.

Despite the robust genomic prediction, discrepancies arose between
the predicted bacteriocins and the proteins purified and identified
experimentally by SDS-PAGE analysis and subsequent LC-MS/MS study.
This mismatch could be attributed to several factors relevant to the
studied strains. For example, the expression of bacteriocin-related genes
is often regulated by environmental cues or stress signals that may not be
replicated under standard in vitro conditions (Guinane et al., 2015). This
is particularly true for L. plantarum, in which plantaricin biosynthesis is
controlled by complex regulatory operons responsive to quorum sensing
and environmental stimuli (Goel & Halami, 2023).

Post-translational modifications, commonly found in class I and
modified class II bacteriocins, may alter the apparent molecular weight
and hinder their detection (Xu et al., 2024). The purification process
may also favor abundant or more stable proteins, leading to the un-
derrepresentation of minor bacteriocins predicted genomically
(Twomey et al.,, 2021). Technical limitations of SDS-PAGE and
LC-MS/MS, such as incomplete protein recovery or ion suppression, may
also contribute to selective detection (Kurnianto et al., 2022). Additional
phenotypic verification, such as N-terminal amino acid sequencing,
could provide further confirmation of the expressed bacteriocins and
complement the genomic predictions.

The integration of genomic and proteomic analyses highlights the
complexity of bacteriocin production in L. paracasei B1 and L. plantarum
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024. While BAGEL4 predictions revealed the genetic potential for
multiple bacteriocins, experimental findings suggest that only a subset is
expressed or detectable under the tested conditions. Identifying
bacteriocin-like proteins with partial homology to known antimicrobial
peptides supports the relevance of these strains as promising candidates
for food applications.

Given their demonstrated thermal stability, antimicrobial activity,
and clean-label potential, both strains are strong candidates for the
biopreservation of various food products. Future studies should optimize
growth and induction conditions and employ advanced purification
techniques, such as chromatography, to isolate and fully characterize
the active peptides. This would enable a more comprehensive assess-
ment of their safety, functionality, and suitability for industrial use.

4. Conclusions

In this study, two LAB strains — L. paracasei B1 and L. plantarum 024 —
were isolated from traditional Polish fermented foods and exhibited
broad-spectrum antimicrobial activity against common foodborne
pathogens. Genomic analyses revealed multiple bacteriocin-related
genes, while proteomic data confirmed the production of novel pro-
teinaceous compounds, stable across a range of pH values and temper-
atures but sensitive to proteases. SDS-PAGE and LC-MS/MS identified
distinct peptides showing partial homology to known sequences, sug-
gesting they may represent new bacteriocins or bacteriocin-like sub-
stances. These findings highlight the biotechnological potential of both
strains as sources of novel antimicrobial agents, warranting further
purification and functional studies to support applications in food
preservation and antimicrobial therapy.
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Supplementary Material

Table S1. Statistical analysis of the obtained readings

Mean Mean read Median Median read
Bacterial quality quality Number | Read N50 Total
. read read
strain [phred [phred of reads | length bases
length length
score] score]
BI 7,038.3 193 3.959 bp 19.9 48339 12,389 | 340,222,704
bp bp bp
024 4,102.3 18.7 1,569 bp 19.2 172729 10,834 1 708,594,065
bp bp bp

Abbreviations: B1 — Lacticaseibacillus paracasei strain B1; O24 — Lactiplantibacillus plantarum strain 024

Table S2. The Lacticaseibacillus paracasei strain Bl genome sequence details were obtained with
Bakta v1.8.2 software (Schwengers et al., 2021)

Genome 9 _ § < < | < | =
(GenBank Ehs s | 2 <§§§§.§§ =l Q| 2|k
accession = Es S @) % E| |22 g Q| e s| 8| 3
number) © + et =

0
(2211’1‘21’3‘(’,'8‘? 3’11]331;638 4624% (2989 61| 1 [15] 7|24 1|1 10 21010
(%15112]13;6;) 26]’3?355 4346% 1| 33 lolololololololo|lo]|o]|o

Abbreviation: CDS — coding sequence.

Table S3. The Lactiplantibacillus plantarum strain 024 genome sequence details were obtained with
Bakta v1.8.2 software (Schwengers et al., 2021)

-

=
Genome ) S

= < <| <%
(GenBank E% | & g“g%;g.gﬁé = Q| 2| E
accession 5;50%5;‘:2;9“‘5‘55
number) © 5 h

Chromosome | 3,126,794 |\, 10/ | 5967 | 76 | 1 | 16

N
W
N
(e
()
()
)
ja)
(e

(CP157747) bp

?551127274&1) 40,755bp [ 39.78% | 47 | O | O[O |1 O O|O[O0O]O0O]O0]|O
355;27274@2) 43,922bp [3941% | 54 | O | O[O | O] O O|O[O0O]O]O0]|O
355;272745})3) 54,741bp (41.09% | 41 | O | O | O [ 2] 0] 0|0 O0O|0]O0]O0
355;2727453‘; 40,985bp | 3797% | 48 | O | O | O | O] O O[O0O]O0O]O0O]O0]|O0
355;272745—25) 9220bp (3719% | 11 | O | OO (1 | O|]O |0 O0O|0]O0]O0
355;27274536) 15,301 bp [3925% | 17 | O | O[O ] O] O]O | O0O|O0O]0]O0]O
?(1;1?11?72745—47) 49,834bp | 4059% | 52 | O | O | O | 4]0, 0[0]O0]O0]O0]|O0
pLplO24_8

o
(CP157755) 2117bp | 38.83% | 1 ojo;o0ojofoj{ofojo;1707j]O0




Abbreviation: CDS — coding sequence.

Table S4. Presence of ARG, HGT, MOGs, CRISPR, and prophage in plasmids of the
Lactiplantibacillus plantarum strain 024

MGE:s CRISPR Prophage
Plasmid Aé‘ HTG Tota | 1 | RR | 5| ST | | Array C:If cﬁf;:e Regio | Gen
1 |[E| R D s | 5 ) n e
pLplO24_1
(CP157748 0 2 17 | 11 1 0] 2 |3 0 0 0 0 0
)
pLplO24 2
(CP157749 0 1 19 (13| 0 1| 2 |3 0 0 0 0 0
)
pLplO24_3
(CP157750 0 3 15 | 11 2 |0 0 |2 0 0 0 0 0
)
pLplO24 4
(CP157751 0 1 24 119 1 0 2 |2 0 0 0 0 0
)
pLplO24 5
(CP157752 0 0 7 4 0 |0 2 |1 0 0 0 0 0
)
pLplO24_6
(CP157753 0 0 10 | 4 0 |0] 4 |2 0 0 0 0 0
)
pLplO24_7
(CP157754 0 2 15 8 2 |0} 2 |3 0 0 0 1 10
)
pLplO24 8
(CP157755 0 0 1 0 1 0] 0 |0 0 0 0 0 0
)
Abbreviations: ARG — antibiotic resistance gene; HGT — horizontal gene transfer; MGEs — mobile genetic
elements; IE — regions related to integration/excision, RRR — regions related to
replication/recombination/repair; P — regions related to phage; STD — regions related to

stability/transfer/defense, T — regions related to transfer; CRISPR — clustered regularly interspaced short
palindromic repeats.
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Figure S1. Map of the genome organization of Lacticaseibacillus paracasei strain B1 generated using
the Proksee software (https://proksee.ca/): A — bacterial chromosome; B — plasmid pLpaB1_1
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Figure S2. Map of the genome organization of Lactiplantibacillus plantarum strain O24 generated
using the Proksee software (https://proksee.ca/): A — bacterial chromosome; B — plasmid
pLplO24_1; C —plasmid pLplO24_2; D — plasmid pLplO24_3; E — plasmid pLplO24_4; F — plasmid
pLplO24 5; G — plasmid pLplO24_6; H — plasmid pLplO24_7; I — plasmid pLplO24_8
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Figure S3. FT-IR spectra of various preparations from L. paracasei strain Bl; A — CFS crude extract; B — CFS heat-inactivated for S min; C — CFS
heat-inactivated for 15 min; D — CFS heat-inactivated for 30 min
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Figure S4. FT-IR spectra of various preparations from L. plantarum strain 024 ; A — CFS crude extract; B — CFS heat-inactivated for 5 min; C —
CFS heat-inactivated for 15 min; D — CFS heat-inactivated for 30 min



Reference

Schwengers, O., Jelonek, L., Dieckmann, M. A., Beyvers, S., Blom, J., & Goesmann, A. (2021). Bakta: rapid
and standardized annotation of bacterial genomes via alignment-free sequence identification.
Microbial genomics, 7(11), 000685.



foods

Article

Novel Applications of Lactic Acid and Acetic Acid Bacteria
Preparations in Shaping the Technological and Microbiological
Quality of Ready-to-Cook Minced Pork

Marcelina Karbowiak 1'*10, Anna Okon 2(”, Beata Laszkiewicz
7

check for
updates
Academic Editors: Yuemei Zhang and

Changyu Zhou

Received: 29 April 2025
Revised: 23 May 2025

Accepted: 27 May 2025
Published: 29 May 2025

Citation: Karbowiak, M.; Okon, A.;
Laszkiewicz, B.; Szymanski, P.;
Zieliniska, D. Novel Applications of
Lactic Acid and Acetic Acid Bacteria
Preparations in Shaping the
Technological and Microbiological
Quality of Ready-to-Cook Minced
Pork. Foods 2025, 14, 1934. https://
doi.org/10.3390/foods14111934

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

2

, Piotr Szymariski 2(” and Dorota Zielifiska 1*

Institute of Human Nutrition Sciences, Warsaw University of Life Sciences (SGGW), Nowoursynowska 159c,
02-776 Warsaw, Poland

Department of Meat and Fat Technology, Institute of Agricultural and Food Biotechnology—State Research
Institute (IBPRS-PIB), Rakowiecka 36, 02-532 Warsaw, Poland; anna.okon@ibprs.pl (A.O.);
beata.laszkiewicz@ibprs.pl (B.L.); piotr.szymanski@ibprs.pl (P.S.)

Correspondence: marcelina_karbowiak@sggw.edu.pl (M.K.); dorota_zielinska@sggw.edu.pl (D.Z.)

Abstract: This study explored a novel application of bacterial preparations, derived from
lactic acid bacteria (LAB) and acetic acid (AAB), to preserve ready-to-cook minced pork.
Two LAB and AAB cell-free supernatant mixtures were evaluated as raw meat additives
during nine refrigerated storage days. Both treatments effectively stabilized the meat’s
pH (final values around 5.54) and oxidation reduction potential (final ORP values around
336-349 mV), while preserving color parameters (L*, a*, b*) without significant degrada-
tion. Lipid oxidation, measured by TBARS, was significantly reduced in treated samples
(0.34-0.37 mg MDA /kg) compared to the control (0.43 mg MDA /kg) by day 9. Micro-
bial counts were markedly lower: total viable counts in treated samples did not exceed
3.2 log CFU/g, whereas the count in the control reached 4.6 log CFU/g. Exploratory factor
analysis (EFA) revealed that microbial growth was the dominant factor affecting quality de-
terioration, while lipid oxidation and color stability formed distinct quality axes. Functional
principal component analysis (FPCA) showed that among treatments, the combination
of Lactiplantibacillus plantarum O24 and Gluconobacter oxydans KNS32 (T2) demonstrated
the most effective biopreservation, achieving the best microbiological and oxidative sta-
bility. This study introduces the novel, synergistic use of LAB and AAB preparations as a
clean-label biopreservation strategy for addressing minced meat products.

Keywords: biopreservation; lactic acid bacteria (LAB); acetic acid bacteria (AAB); meat
shelf life; ready to cook; ground meat; pork; natural preservatives; food safety

1. Introduction

Meat, particularly in its raw and minimally processed forms, is among the most
perishable food products due to its high moisture content, rich nutritional profile, and sus-
ceptibility to microbial contamination and oxidative degradation [1]. Despite advances in
cold chain logistics and packaging, maintaining the quality and safety of meat throughout
storage remains a significant challenge for the food industry. Spoilage-related changes com-
promise sensory and nutritional quality and reduce shelf life, posing economic and public
health concerns [2]. In recent years, ready-to-cook meat products—such as pre-packaged
minced meat—have gained popularity due to shifting consumer lifestyles, increased de-
mand for convenience, and changing cooking habits [3]. Ready-to-cook minced meat offers
the advantage of minimal preparation, but its high surface area and lack of thermal pro-
cessing increase vulnerability to microbial proliferation and lipid oxidation [4]. As a result,
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effective preservation strategies are crucial to ensure product safety and technological
quality [5].

At the same time, consumer expectations are evolving, with a growing preference for
“clean-label” products that contain fewer synthetic additives and more natural, recogniz-
able ingredients [6]. This shift has intensified interest in alternative preservation strategies,
particularly those based on natural antimicrobials such as plant extracts, essential oils, and
microbial metabolites [6]. One promising response to these demands is the concept of biop-
reservation, which involves using natural or controlled microbiota—or their antimicrobial
metabolites—to extend the shelf life and enhance the safety of foods [7]. Originating from
traditional fermentation processes, biopreservation relies on inhibitory compounds such
as organic acids, bacteriocins, and hydrogen peroxide, produced by beneficial microor-
ganisms, mainly lactic acid bacteria (e.g., Lactococcus, Lactobacillus, Pediococcus, Leuconostoc,
Carnobacterium, Enterococcus, and Streptococcus) and Bifidobacterium [2]. Unlike chemical
preservatives, biopreservatives are typically recognized as safe and can offer dual benefits:
protection against spoilage and the maintenance of nutritional or sensory quality [8,9]. The
use of biopreservation has expanded in recent decades beyond fermented foods. It is now
increasingly applied in minimally processed products, including fresh meats, seafood, and
dairy, where it can serve as a clean-label alternative to synthetic additives [8,9]. Moreover,
this approach supports the development of functional foods, products that offer health
benefits beyond basic nutrition through bioactive compounds [3]. While the current study
does not directly evaluate health benefits, incorporating bacterial metabolites, especially
those associated with probiotic activity in traditional fermented foods like dairy products
or kombucha, reflects the functional food philosophy and consumer interest in products
with added biological value [10].

Among microbial sources, lactic acid bacteria (LAB) and their metabolites have re-
ceived considerable attention due to their ability to inhibit spoilage and pathogenic mi-
croorganisms [11]. Acetic acid bacteria (AAB) have also emerged as a microbial group with
promising technological potential, being traditionally recognized for their role in vinegar
production and kombucha fermentation [12,13]. Similarly to LAB, AAB produce a diverse
range of organic acids and redox-active compounds with documented antimicrobial proper-
ties [14]. Despite this, their use in meat systems remains limited, particularly in the form of
cell-free supernatants or metabolic extracts [15]. In response to these trends, the combined
application of metabolite-rich supernatants from both LAB and AAB strains represents
an innovative biopreservation strategy, aligned with the demand for natural and effective
methods in meat processing. While LAB-derived supernatants have been previously stud-
ied in meat products [16-19], the originality lies in the synergistic use of LAB and AAB
metabolites, a concept inspired by the microbial interactions observed in kombucha, where
these bacteria coexist in a symbiotic culture and jointly produce a spectrum of bioactive com-
pounds that stabilize microbial ecosystems and enhance sensory properties [20]. However,
despite growing interest in biopreservation, research exploring the combined application
of LAB and AAB metabolites in meat systems remains scarce, particularly in the context of
ready-to-cook products. It should also be noted that these LAB+AAB combinations have
already been tested in vitro in preliminary studies (not yet published), indicating promising
antimicrobial efficacy and potential for application in meat preservation. Although the
antimicrobial properties of LAB-derived supernatants have been previously explored, the
synergistic application of LAB and AAB metabolites for the preservation of minimally
processed ready-to-cook meat remains largely under-investigated. This study pioneers the
combined use of LAB and AAB cell-free supernatants, offering a novel, clean-label solution
to enhance microbiological safety and oxidative stability in minced meat products.
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In line with current trends toward natural meat preservation, this study aimed to
develop a pioneering approach, utilizing food-grade bacterial preparations rich in an-
timicrobial metabolites, to enhance the safety and quality of ready-to-cook minced pork.
Specifically, the research evaluated the effects of synergistic LAB and AAB cell-free super-
natant mixtures on key technological and microbiological parameters during refrigerated
storage. This study addresses a critical gap concerning the application of LAB+AAB bio-
preservatives in minimally processed meat systems and proposes an innovative natural
preservation strategy aligned with clean-label and functional food market demands.

2. Materials and Methods
2.1. Bacterial Strains, Culture Media, and Growth Conditions

Four bacterial strains were selected from the internal microorganism collection of the
Institute of Human Nutrition Sciences, Warsaw University of Life Sciences (SGGW), based
on prior evidence of antimicrobial and functional activity. Two lactic acid bacteria (LAB)
strains, Lacticaseibacillus paracasei B1 and Lactiplantibacillus plantarum O24, were initially
isolated from Polish regional sheep’s milk cheese (Bundz, GenBank accession no: CP161807,
CP161808) and traditionally fermented cucumber dill pickles (GenBank accession no:
CP157747-CP157755), respectively. Two acetic acid bacteria (AAB) strains, Gluconobacter
oxydans KNS32 (GenBank accession no OQ597203) and Komagataeibacter saccharivorans
KOM1 (GenBank accession no OQ594827), were derived from a local kombucha beverage
and artisanal honey vinegar, respectively. The strains have been previously tested and have
shown in vitro probiotic and anti-cancer properties [21-24].

All strains were cryopreserved at —80 °C in their respective growth media, supple-
mented with 20% (v/v) glycerol. LAB strains were maintained in de Man, Rogosa, and
Sharpe (MRS) broth (Neogen, Lansing, MI, USA). In contrast, AAB strains were preserved
in Glucose Calcium Carbonate (GC) broth composed of 2% w/v glucose (Merck Life Sci-
ence, Darmstadt, Germany), 0.7% w/v calcium carbonate (Merck Life Science, Darmstadt,
Germany), 0.3% w/v yeast extract (Merck Life Science, Darmstadt, Germany), and 0.3%
w/v casein peptone (Merck Life Science, Darmstadt, Germany).

For cultivation, LAB strains were grown anaerobically in freshly prepared MRS broth
at 37 °C for 16-18 h, reaching a final concentration of approximately 1 x 10° CFU/mL.
Anaerobic conditions were maintained using AnaeroGen™ sachets (Oxoid, Basingstoke,
UK). Following incubation, LAB cultures were heat-treated in a water bath at 80 °C for
20 min. AAB strains were cultivated aerobically in a Hestrin and Shramm (HS) medium
at 28 °C for 48 h, achieving a bacterial density of 1-5 x 107 CFU/mL. The HS medium
contained 2% (w/v) glucose (Merck Life Science, Darmstadt, Germany), 0.5% (w/v) casein
peptone (Merck Life Science, Darmstadt, Germany), 0.5% (w/v) yeast extract (Merck Life
Science, Darmstadt, Germany), 0.27% (w/v) Nap,HPO, (Pol-Aura, Morag, Poland), and
0.15% (w/v) citric acid (Merck Life Science, Darmstadt, Germany). Bacterial suspensions
were centrifuged at 3341 x g for 15 min (Eppendorf SE, Hamburg, Germany) to separate
bacterial cells. The supernatants were subsequently sterilized using 0.22 um syringe
filters (AlfaChem, Poznan, Poland) and stored at —20 °C for up to 14 days before
further analysis. To address potential variability, bacterial cultures were standardized
by employing defined media, controlled incubation parameters, and consistent cell
density. The same preparation procedure was applied across all replicates. Additionally,
heat-treated, cell-free supernatants derived from defined strains were used to ensure
batch-to-batch consistency and to eliminate the variability associated with ongoing
microbial metabolism during storage. Finally, two types of preparations, LAB cell-free
supernatants of heat-killed cells (hkCFS) and AAB cell-free supernatants (CFS), were
assembled. The supernatants and their combination were selected based on previous
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studies demonstrating their synergistic action in vitro and in situ. The physicochemical
characteristics of these preparations were analyzed. The pH values of the LAB and AAB
preparations ranged from 3.2 to 4.5, with the lowest values observed in LAB-derived
cell-free supernatants. Among organic acids, lactic acid (approx. 8.3 mg/mL) and acetic
acid (approx. 6.7 mg/mL) were predominant. Gluconic acid was particularly abundant
in AAB preparations (approx. 5.9 mg/mL).

2.2. Meat Sample Preparation and Experimental Design

The raw material used for the study consisted of lean meat and fat from pork ham,
minced using an 8 mm mesh. The meat was excised 48 h post-mortem from carcasses
chilled at 2 °C. The raw material used had no quality defects. The chemical composition
of the minced meat was as follows (mean values + SD for three batches of raw mate-
rial): water content [%]—60.95 £ 1.83, total protein content [%]—16.00 & 0.90, collagen
content [%]—1.36 4 0.22, and fat content [%]—22.48 4+ 2.25. The meat was obtained from
a local, medium-sized processing plant near Warsaw, Poland. Experimental production
was conducted in the technical hall of the Department of Meat and Fat Technology at
the Institute of Agricultural and Food Biotechnology in Warsaw (Poland). The meat was
subdivided into uniform portions for analysis. Raw minced pork meat samples were ran-
domly assigned to three experimental groups: two treatment groups (T1 and T2) and one
control group (C). Treatment group T1 received a formulation containing 1.25% (w/w)
heat-killed cell-free supernatant (hkCFS) of Lacticaseibacillus paracasei B1, 1.25% (w/w)
cell-free supernatant (CFS) of Komagataeibacter saccharivorans KOM1, 2.5% (v/v) distilled
water, and 1% (w/w) salt. Treatment group T2 was supplemented with 1.25% (w/w)
hkCFS of Lactiplantibacillus plantarum 024, 1.25% (w/w) CES of Gluconobacter oxydans
KNS32, 2.5% (v/v) distilled water, and 1% (w/w) salt. The control group (C) consisted
of samples without any bacteria-derived supplementation and was formulated with
5% (v/v) distilled water and 1% (w/w) salt (Figure 1). The concentration of cell-free
supernatants (CFS) in treatments T1 and T2 was set at 2.5% (w/w), supplemented with
2.5% (v/w) distilled water to maintain a total additive level of 5%. This proportion
reflects standard practice when preparing ready-to-cook minced meat products, where
up to 5% water is typically added to improve texture and processing characteristics [25].
Preliminary in-house trials indicated that higher CFS concentrations adversely affected
product quality, while 2.5% provided a functional effect without compromising sen-
sory attributes. Similar concentrations were reported as effective in other studies using
bacteria-derived supernatants in meat matrices [19]. For each treatment condition, the
respective components were thoroughly mixed with a batch of raw pork meat to obtain a
homogeneous mixture, which was then aseptically transferred into sterile polyethylene
bags and vacuum-sealed into plastic casings to produce three (n = 3) individual repli-
cates per group. This procedure used three pork meat batches (lots) on separate days.
Samples were stored at 4 = 1 °C in a controlled cold room environment and analyzed
at0, 3, 6, and 9 days post-processing to evaluate changes over time. Time and storage
conditions were established based on preliminary research. Time-zero samples were
analyzed approximately two hours after processing. Figure 1 shows an overview of
the experimental design and model appearance of the study’s minced pork samples
after preparation.
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Raw minced pork meat

Portioning

]

Mixture of the Mixture of the
supernatants supernatants
treatment group treatment group
Control (T1) (T2)
treatment group
1.25% hKkCFS of 1.25% hkCES of
(©) I;‘:; i ;C”L:”g’{“;‘zg}:; ) Lactiplantibacillus
P ) - % CFS of plantarum 024 (w/w)
5% water (v/w) +1.25% K o + 1.25% CFS of
+ 1% salt (w/w) Komagaineibacter luconobacter oxydan
saccharivorans KOM1 KNS32 (w/u%
(wfw) 0,
+2.5% water (v/w) | | T 2'?«;0 wa;ttc;r (/v/;v)
+ 1% salt (w/w) T st e
( Mixing ]

Vacuum packaging

Chilled storage (4+1°C) for 9 days

Measurements (0, 3, 6 and 9 days)

pH, ORP, color, TBARS, cholesterol, PV, AV,
fatty acid profile, microbial counts;
data subjected to statistical analysis

S J

Figure 1. Illustration of experimental procedure and photos of tested products after mixing.
ORP—oxidation reduction potential; TBARS—thiobarbituric acid reactive substance; PV—peroxide
value; AV—acid value.



Foods 2025, 14, 1934

6 of 23

2.3. Physicochemical Analyses
2.3.1. The pH Measurement

The pH measurement was performed according to the methodology described by
Laszkiewicz et al. (2021) [26]. The 10 g meat product samples were mixed with 50 mL
distilled water and homogenized (14.000 RPM) for 1 min with an 800 W blender (MSM
66120, BSH Hausgerdte GmbH, Munich, Germany). To determine the pH value, we used
a digital pH meter (Mettler Delta 350, Mettler Toledo, Schwerzenbach, Switzerland) with
the automatic compensation of temperature and a glass calomel in a Lab Cool electrode
(Mettler Toledo, Greifensee, Switzerland).

2.3.2. Oxidation Reduction Potential (ORP) Measurement

To determine the ORP value, the 10 g meat product samples were mixed with 50 mL
distilled water and homogenized (14.000 RPM) for 1 min with an 800 W blender (MSM
66120, BSH Hausgerdte GmbH, Munich, Germany). The redox potential was assessed
using a digital pH meter (Mettler Delta 350, Mettler Toledo, Schwerzenbach, Switzerland)
equipped with an In Lab Redox Pro electrode (Mettler Toledo, Greifensee, Switzerland).
The results obtained were transformed into the value of ORP in relation to the standard
hydrogen electrode EH (mv). The ORP value of the reference electrode at a temperature of
20 °C—Eref = 207 mV was summed with the value obtained with the equipment.

2.3.3. Color Measurement

A spherical CR-300 spectrophotometer (Konica Minolta, Tokyo, Japan), with a mea-
suring hole 25.4 mm in diameter, was used to determine the color. The measurement was
performed in a laboratory at 24 °C £ 2 °C. Computed trio-chromatic coordinates were
expressed in the CIE L* a* b* system, where L* means lightness, 2* means chromaticity
from green to red, and b* means chromaticity from blue to yellow. For the measurement
of the color, the standard CIE observer was used. This has the following parameters: 2°,
illuminant D65, and 8 mm measuring area. The white tiling standard (L* = 95.87, a* = —0.49,
b* = 2.39) was used as a reference source. Six measurements were carried out for each of
the three replicate treatments.

2.4. Microbiological Analysis

Bacterial enumeration and pathogen detection were performed at 0, 3, 6, and 9 days of
refrigerated storage. For each sample, 10 g or 25 g of meat was aseptically transferred into
a sterile Stomacher bag and diluted with 90 mL or 225 mL of sterile buffered peptone water
(Oxoid, Basingstoke, UK) to obtain an initial 10-fold dilution. Samples were blended at
230 rpm using a Stomacher 400 instrument (IUL Instruments, Kénigswinter, Germany) for
2 min, followed by serial decimal dilutions and plating on selective media. The total viable
count (TVC) was determined using Plate Count Agar (PCA) (Merck Life Science, Darmstadt,
Germany), incubated at 30 °C for 48 h. Lactic acid bacteria (LAB) were enumerated
on MRS agar (Neogen, Lansing, MI, USA) and incubated at 37 °C for 48 h. Escherichia
coli was detected using Tryptone Bile X-Glucuronide (TBX) agar (Oxoid, Basingstoke,
UK), incubated at 44 °C for 18-24 h. Enterobacteriaceae were plated on Violet Red Bile
Glucose (VRBG) agar (Oxoid, Basingstoke, UK) and incubated at 37 °C for 24 h. Coagulase-
positive Staphylococcus were detected using a Rabbit Plasma Fibrinogen (RPF) (Biokar
Diagnostics, Allonne, France) medium incubated at 37 °C for 18-24 h. Salmonella spp.
detection involved enrichment in Miiller-Kauffman’s tetrathionate broth with novobiocin
(Oxoid, Basingstoke, UK), followed by plating on XLD agar (Oxoid, Basingstoke, UK)
and Rambach chromogenic medium (Merck KGaA, Darmstadt, Germany), incubated
at 37 °C for 24 h. Listeria monocytogenes was enriched in Half Fraser and Fraser broths
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with the X211 supplement (Neogen, Lansing, MI, USA) followed by plating on Listeria
chromogenic agar with x10 and x72 supplements (Neogen, Lansing, MI, USA) and Palcam
agar (Neogen, Lansing, MI, USA), incubated at 37 °C for 24-48 h. Bacterial counts were
calculated and expressed as log;y CFU/g. In cases where no colonies were observed on
the plate corresponding to the lowest dilution, a value of one colony was assumed for
calculation purposes.

2.5. Lipid Oxidation and Fatty Acid Analysis

Lipid oxidation was assessed by determining thiobarbituric acid reactive substances
(TBARS), following the methods of Pikul et al. (1989) [27] and Szymaniski et al. (2025) [28].
For each sample, 10 g of meat was homogenized with 34.25 mL of 4% cold perchloric acid
and 750 uL of a 0.01% ethanolic BHT solution using a Bamix m200 blender (ESGE AG,
Mettlen, Switzerland) for 1 min. The resulting homogenate was filtered, and 1 mL of the
filtrate was combined with 1 mL of 0.02 M aqueous 2-thiobarbituric acid. The mixture was
then incubated at 100 °C for 60 min. After cooling to approximately 20 °C, absorbance
was measured at 532 nm using a U-2900 spectrophotometer (Hitachi, Tokyo, Japan). A
blank sample of 1 mL of 4% perchloric acid and 1 mL of 0.02 M thiobarbituric acid solution
served as the reference. TBARS values were expressed as milligrams of malondialdehyde
(MDA) per kilogram of sample.

Cholesterol content was determined using a gas chromatograph equipped with a
flame ionization detector (HP/Agilent 6890 II-FID) (Agilent Technologies, Santa Clara,
CA, USA), following the IBPRS-PIB laboratory’s internal procedure (PA /04, Issue 7, dated
8 June 2021) [29], with results expressed in mg per 100 g of product.

The fatty acid composition was determined by gas chromatography using ISO 12966-
1:2014 [30]. The analytical procedures followed methods similar to those described by [28].
Gas chromatographic analysis was performed using a flame ionization detection sys-
tem (HP 6890 II-FID; Agilent Technologies, Santa Clara, CA, USA) equipped with a BPX
70 column (Trajan Scientific and Medical, Ringwood, VIC, Australia) featuring a highly
polar stationary phase. The column specifications were as follows: a length of 100 m, a
film thickness of 0.20 um, and an internal diameter of 0.25 mm. Heneicosanoic acid (C21:0;
H5149, Sigma-Aldrich, St. Louis, MO, USA) was used as an internal standard. Individual
fatty acids were identified by comparing retention times with the certified reference mate-
rial Supelco 37-Component FAME Mix (CRM47885, Merck KGaA, Darmstadt, Germany).
The resulting data are given in g/100 g total fatty acid.

2.6. Statistical Analysis

This study tested parameters across four time points: baseline (day 0), day 3, day 6,
and day 9. Performance results were reported as medians with interquartile ranges. The
Friedman test was applied to assess the effect of storage duration, while the Kruskal-Wallis
test was used to evaluate treatment effects, both at a significance level of « = 0.05. Nonpara-
metric tests were chosen due to the violation of the normality assumption in the dataset.
Pairwise median comparisons were performed using the Durbin—Conover test and the
Dunn-Sidak correction factor (DSCF). For multivariate exploratory analysis, exploratory
factor analysis (EFA) was employed. Due to deviations from the normal distribution, the
principal axis factoring method was applied, with Oblimin rotation used to account for
correlations among factors. We determined the number of factors using the eigenvalue > 1
criterion, and factor loadings above 0.50 were considered significant. Analyses were per-
formed for days 0 and 9, as complete data were available for these storage time points. To
observe changes in the values of the studied parameters over time, functional principal
component analysis (FPCA) was conducted. FPCA is a statistical method used to analyze
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data that changes continuously (e.g., over time). The aim of FPCA was to identify the
main patterns of variability within functions (continuous variables). These patterns, called
functional principal components, allow for a simplified representation and understanding
of the changes occurring in the data. Suppose that the secured stochastic process X(t) is
subject to the period [0, T] and that, for this process, I use the covariance c(s, t) fors,t € T.
Theoretically, the process X(t) can be applied as follows:

X(t) = igjcj(t)/ 1)
=

where c;(t) is a basis in the space of square-integrable functions defined on the interval
[0, T] L]0, T], and ¢ are random variables [31].

The main goal is to choose the appropriate basis b;(¢) and random variables 7; in the
following way:

T 5 B T B )
/Ob]-(t)dt_l,/o by(1)be(t)dt = 0 (j £ k) @)

The variances were non-decreasing (D,Zl L > D%z > ...). The elements of this basis are called
functional principal components [31].

Since the parameters describing the individual properties of the meat samples were
expressed in different units, data standardization was performed. Furthermore, missing
data were supplemented using linear interpolation.

Statistical calculations were performed using Jamovi (The Jamovi Project, version
2.6.26) and RStudio 2024.12.1-563 (Posit, Boston, MA, USA).

3. Results and Discussion
3.1. Determination of pH and Oxidation Reduction Potential (ORP) Measurement

Table 1 presents the pH and ORP values of minced pork samples during storage.

At the beginning of storage (day 0), the pH values of the treated samples (T1 and T2)
were comparable to those of the control group (p > 0.05), indicating that the addition of
LAB+AAB supernatants did not cause any immediate or significant acidification. Despite
the presence of antimicrobial organic acids such as lactic, acetic, and gluconic acids in
the supernatants [21,32], treated samples exhibited a moderate, gradual pH decline up
to day 6, reaching minimum values around 5.38. After day 6, a slight pH increase was
observed in all samples. This was probably associated with proteolytic and enzymatic
activities linked to ongoing microbial metabolism [33]. Notably, the dynamics of pH
changes remained closely aligned with those observed in the control group, indicating
that the antibacterial supernatants exerted their preservative action without substantially
altering the physicochemical balance of the meat. This observation is important from a
technological standpoint, as it preserves the isoelectric point of meat proteins, maintaining
water-holding capacity and preventing excessive fluid losses during thermal processing [34].
In contrast, conventional preservation methods based on the direct addition of organic
acids often trigger a substantial pH decline, which, although effective against spoilage
microorganisms, can impair protein functionality and result in higher economic losses
due to reduced cooking yields [35,36]. This controlled acidification likely results from
the absence of viable acid-producing bacteria and possible interactions between bioactive
metabolites and the meat matrix, leading to a buffered effect [6]. Nevertheless, throughout
the storage period, the treated samples maintained pH values comparable to the control,
supporting the conclusion that LAB+AAB supernatants can extend shelf life without
negatively impacting essential technological properties. These findings are consistent
with previous research reporting that biopreservatives based on bacterial metabolites
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can effectively maintain microbial safety while preserving functional and sensory meat
quality [17,19].

Table 1. pH changes in ready-to-cook minced pork samples during storage.

. Treatment
Parameter Time [Days]
T1 T2 C
0 6.02 £ 0.03 24 6.00 £ 0.04 24 6.03 £ 0.07 a4
pH 3 591 + 0.04 bA 591 + 0.06 PA 591 + 0.02 bA
6 5.54 + 0.04 <A 5.38 £+ 0.02 B 5.65 4+ 0.10 <4
9 5.56 + 0.09 <A 5.55 4+ 0.02 <A 5.54 4+ 0.10 A
0 333.50 + 9.63 24 331.50 + 8.00 24 335.50 4+ 11.50 24
3 336.50 + 7.88 aA 334.00 £ 9.632A  339.50 £ 12.75 abA
ORP (mV) bA bA bA
6 358.00 + 21.63 362.00 + 29.50 348.00 + 15.38

9 34950 + 16254 336.50 & 9.88 <A 374.50 & 32.75 €A

The values are expressed as median + Q. *“—the median, marked with lowercase letters, differs significantly
between times (p < 0.05). B—the median, marked with uppercase letters, differs significantly between treatments
(p <0.05).

In all samples, a general increase in ORP was observed from day 0 to day 6, indicating
progressive oxidation within the meat matrix. In the treated samples T1 and T2, which con-
tained antibacterial supernatants, ORP values peaked on day 6 and significantly (p < 0.05)
declined by day 9. This pattern may suggest some modulation of oxidative processes by the
supernatant-derived compounds, possibly due to their antioxidant or microbial-inhibitory
effects [37]. In contrast, the control sample exhibited a significant (p < 0.05) increase in ORP
by day 9, reaching the highest recorded median (374.5 mV). This trend is consistent with
typical oxidative processes during chilled storage, as oxygen availability and microbial
metabolism can shift the redox balance toward more oxidizing conditions [38]. This sharp
rise could reflect enhanced oxidative stress, likely driven by intensified microbial activity
and associated metabolic byproducts such as peroxides or reactive oxygen species [39]. The
absence of any antimicrobial intervention in the control sample may have allowed for the
more rapid progression of spoilage and oxidation [40]. The ORP trends observed in this
study align with previous findings linking microbial growth and oxidative deterioration in
meat products during storage [41]. The less pronounced ORP changes in treated samples
suggest the potential mitigating effect of the culture supernatants on redox instability [42].

3.2. Color Assessment

The color parameters (L*, a*, b*) of minced pork samples showed dynamic changes
over storage time, with significant shifts mainly associated with storage duration rather
than treatment type (Table 2). The L* values (lightness) generally increased from day 0 to
day 9, particularly in sample T1 and the control sample, suggesting slight surface lightening
during storage. However, no significant differences were noted between treated and control
samples throughout the period, indicating that the antibacterial mixtures did not markedly
affect surface lightness. Redness (a* values) increased slightly by day 3 in all samples,
likely due to oxymyoglobin formation during the initial storage, followed by stabilization
or a minor decline, consistent with known myoglobin oxidation pathways under chilled
conditions [40]. The sample with the T2 addition mixture showed slightly lower a* values
on day 9, though the differences remained statistically insignificant. Similarly, b* values
(yellowness) rose somewhat in all samples over time, likely reflecting pigment oxidation or
mild lipid degradation, as reported in other studies on fresh and cured meats [43]. The lack
of significant differences between treated and control samples across all color parameters
is consistent with findings from Stadnik et al. (2022) [44], who reported that bioactive
compounds from bacterial cultures did not negatively influence meat color. Similarly, Yang
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et al. (2023) [45] found that beef steaks treated with Latilactobacillus sakei RS-25 showed
improved lightness and delayed color degradation during storage without adverse effects
on general quality parameters. Similar results were reported by Incili et al. (2022) [46],
who observed that applying postbiotics had no significant impact on chicken drumstick
samples’ L*, a*, or b* color parameters. These findings suggest that such treatments help
maintain color stability, or at the very least do not negatively impact visual quality. While no
significant improvement in color was observed, the results indicate that the supernatants
had no adverse effect on color. This is favorable from a technological and consumer
standpoint, as color stability plays a crucial role in meat acceptability at the point of
sale [47,48].

Table 2. Color changes in ready-to-cook minced pork samples during storage.

Treatment
P COIOI Time [Days] 2
arameters T1 T2 C

0 56.37 4 0.85 37 57.89 + 1.182A 56.74 + 0.59 A

[ 3 56.10 + 1.24PA 5646 +£1.98PA 5588 +1.392A
6 58.44 + 0504  56.92 4+ 0.59 ¢AB 5649 + (.77 2B
9 58.07 + 05194 57454 (05024  57.81 + 1.02bA
0 3.96 + 0.352A 4.05 + 0.36 24 4.69 + 0.77 @A

o 3 6.61 £033P4 6414 0.72PAB 5.83 & 0.34 b8
6 6.12 £0.32¢A 6.46 + 0.29 bA 5.90 + 0.41 B
9 6.13 +£0.18 A 545 + 0.64 A 6.01 +0.32 A
0 9.15+ 0.162A 9.25 + 0.36 24 8.16 4+ 0.31 2B

” 3 9.40 £ 0.28 PA 9.15 £ 0.25 PA 8.43 £ 0.28 "B
6 10.19 4 0.26 <4 10.25 4+ 0.28 <A 9.32 +£0.23¢B
9 9.87 + 0.26 9A 10.06 £ 0.12dA 9.72 + 0.429A

L*a*b*—color parameters. The values are expressed as median + Q. abcd__the median marked with lowercase
letters differs significantly between times (p < 0.05); #B—the median marked with uppercase letters differs
significantly between treatments (p < 0.05).

3.3. Microbiological Quality

The microbial analysis of minced meat samples during 9 days of refrigerated storage
revealed clear temporal patterns and treatment-related differences (Table 3, Figure S1). As
expected, all samples exhibited a gradual increase in total viable counts (TVCs) throughout
storage, characteristic of microbial proliferation under chilled conditions [49]. However,
samples treated with antibacterial culture supernatants (mixtures T1 and T2) maintained sig-
nificantly lower TVC levels compared to the untreated controls at all time points (p < 0.05).
By day 9, the control sample reached 4.55 log CFU /g, while samples with addition mix-
tures T1 and T2 remained below 3.2 log CFU/g, suggesting that the added supernatants
effectively delayed microbial proliferation. The image of TVC agar plates after incubation
at a given temperature and the time for the three tested samples from one of the storage
periods is presented in Figure S2 in the Supplementary Materials. Lactic acid bacteria
(LAB) counts followed a similar trend. By the end of storage, LAB counts in the control
group had significantly increased to 4.26 log CFU/g (p < 0.05), whereas in samples treated
with mixtures T1 and T2, levels remained below 2.5 log CFU/g. Enterobacteriaceae and
Escherichia coli counts exhibited comparable behavior. While all samples steadily increased
over time, the control consistently displayed higher levels, especially by day 9. In contrast,
treated samples showed significantly restricted growth of these Gram-negative bacteria,
with Enterobacteriaceae not exceeding 3.01 log CFU/g and E. coli remaining below the
detection limit of 2 log CFU/g. Coagulase-positive staphylococci levels remained below the
detection limit of 2 log CFU/g across all treatments and time points. Notably, no presence
of L. monocytogenes or Salmonella spp. was detected in any sample throughout the study.
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This confirms the hygienic safety of the initial meat batches and suggests that the storage

conditions were not conducive to the proliferation of these pathogens.

Table 3. Microbial quality in ready-to-cook minced pork samples during storage.

. Treatment
Analyses Time [Days]
T1 T2 C
0 248 £+ 0.1524 243 +0.102B 3.03 £0.12C
3 250 + 0.12bA 2.63 +0.17bB 292 +0.17bC
TVC (log CFU
(log /8) 6 2.80 £+ 0.19 A 295 +0.15<B 328 +0.15<C
9 298 4+ (.11 9A 3.11 4+ 0.19 9B 455 +0.129€
0 15240152 1314015  205+0113€
abA bB AC
LAB (log CFU/g) 3 1.52 +0.12 " 1.93 +0.14 ’ 1.44 £+ 0.19 N
6 1.95+0.13 ¢ 191 +0.16¢ 240 +0.18 ¢
9 245 +0.159A 234 +0.119B 426 +0.14 9€
0 2.31 £ 0.107 24 2.28 4+ 0.20 2B 269 +0.173C
3 229 +0.132PA 246 +0.16°B 278 +0.14 b€
ENT (log CFU
(log /8) 6 252 +0.16 4 2.84 +0.13<B 3.134+0.14<C
9 2.83 +0.199A 3.01 +0.13 9B 401 +0.179€
0 <2.00 <2.00 2.13 +0.13 €
3 <2.00 <2.00 211+ 0.12b€
EC (log CFU
(log /8) 6 211 +£0.11¢4 218 £0.14 B 241 +0.11<C
9 <2.00 <2.00 <2.00
0 <2.00 <2.00 <2.00
3 <2.00 <2.00 <2.00
STA (log CFU/¢g) 6 <2.00 <2.00 <2.00
9 <2.00 <2.00 <2.00
0 nd nd nd
3 nd nd nd
LM (log CFU/g) 6 nd nd nd
9 nd nd nd
0 nd nd nd
3 nd nd nd
SAL (log CFU/g) 6 nd nd nd
9 nd nd nd

Explanatory notes: TVC—total viable count; LAB—lactic acid bacteria; ENT—bacteria Enterobacteriaceae fam-
ily; EC—Escherichia coli; STA—coagulase-positive staphylococci (Staphylococcus aureus and other species);
LM—TListeria monocytogenes; SAL—Salmonella spp.; nd—not detected; CFU—colony-forming unit. The values are
expressed as median + Q. P4 _the median marked with lowercase letters differ significantly between times
(p < 0.05); A#BC—the median marked with uppercase letters differ significantly between treatments (p < 0.05).

Although LAB are commonly present in meat and can contribute to spoilage under
extended refrigeration [9], their growth was more gradual in treated samples. These results
suggest that the supernatants not only suppressed spoilage organisms but also modulated
the growth of LAB, potentially delaying quality loss [8]. Although Enterobacteriaceae
are typically present in low numbers on fresh, intact meat, their spoilage potential is
substantial due to their ability to produce discoloration and undesirable sulfurous or putrid
odors [50]. These findings are in line with previous studies, such as Xu et al. (2023) [50],
who reported significant reductions in Enterobacteriaceae and Pseudomonas spp. in vacuum-
packed ground beef treated with mixed protective cultures containing Lactilactobacillus
sakei and Staphylococcus carnosus. Similarly, Trabelsi et al. (2019) [3] observed a decrease
in Enterobacteriaceae in probiotic-treated vacuum-packed beef, further supporting the
antimicrobial potential of protective cultures against spoilage-associated Gram-negative
microorganisms. In addition to Listeria monocytogenes and members of the Enterobacteriaceae
family, other microorganisms, such as Brochothrix thermosphacta and Clostridium spp., also
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represent significant concerns regarding the microbiological quality of meat. Although
these species were not included in the present analysis due to the defined scope of the
study, their relevance to meat spoilage and public health is well recognized and will be
addressed in future, more comprehensive investigations.

The antimicrobial efficacy of the LAB and AAB supernatants used in pairs in this study
is likely attributed to their production of organic acids (e.g., lactic, gluconic, and acetic
acids), hydrogen peroxide, and bacteriocin-like compounds. These metabolites acidify the
environment and disrupt microbial cell membrane integrity, which does not necessarily
have to result in a statistically significant change in the pH value of the entire meat matrix.
This phenomenon could reduce the viability of spoilage and pathogenic microorganisms
over the storage period. Organic acids create an unfavorable environment by lowering the
intracellular pH and interfering with nutrient transport across bacterial membranes [51,52].
Moreover, hydrogen peroxide exhibits oxidative activity against microbial membranes,
enhancing the antimicrobial spectrum. The combined effects of LAB and AAB supernatants
observed in this study may thus provide a synergistic barrier against spoilage bacteria, as
supported by previous research evaluating fermented antimicrobial metabolites in meat
systems [17,19,53].

In summary, the antibacterial mixtures demonstrated strong bioprotective potential
by effectively inhibiting the growth of spoilage microorganisms throughout refrigerated
storage. Their application could represent a promising strategy with which to enhance
microbiological safety and extend the shelf life of fresh minced meat products.

3.4. TBARS and Lipid Oxidation Measurements

The TBARS assay was also employed to evaluate lipid peroxidation levels in minced
meat samples over a 9-day refrigerated storage period (Table 4). Lipid oxidation is a critical
factor affecting meat quality, leading to rancidity and off-flavors, thereby diminishing
consumer acceptability [43]. By day 3, a significant increase (p < 0.05) in TBARS values was
observed across all samples, signifying the initiation of lipid oxidation processes. This trend
aligns with findings by Kaczmarek et al. (2021), who reported a similar early rise in TBARS
values in ground pork during chilled storage [43]. This increase can be attributed to the
susceptibility of unsaturated fatty acids to oxidative reactions upon exposure to oxygen and
pro-oxidant factors inherent in meat matrices [43]. Between days 3 and 6, TBARS values
continued to rise, albeit at a reduced rate, suggesting a progression in lipid oxidation. This
phase may involve accumulating secondary oxidation products, such as aldehydes and
ketones, contributing to off-flavors and odors in meat products [54]. Interestingly, by day 9,
a decline in TBARS values was noted in all samples. This reduction could be due to the
decomposition of malondialdehyde (MDA) or its interaction with other meat components,
leading to less detectable free MDA. Such interactions may involve MDA binding to pro-
teins or participation in further chemical reactions, resulting in less measurable MDA [55].
Samples treated with antibacterial supernatants (T1 and T2) consistently exhibited lower
TBARS values than the control throughout the storage period. This observation suggests
that compounds in the supernatants may exert antioxidative effects, possibly by scavenging
free radicals or chelating metal ions that catalyze lipid oxidation [44]. These findings
are consistent with Stadnik et al. (2022) [44], who demonstrated that lactic acid bacteria
fermentation can enhance oxidative stability in dry-cured meats.

Table 4 also shows lipid stability in raw pork meat on days 0 and 9. All treatments
significantly reduced cholesterol content after 9 days of storage (p < 0.05). The control
sample demonstrated the smallest decrease in cholesterol levels (43.50 £+ 1.11 mg/100 g),
compared to the fall of 41.80 £ 0.400 mg/100 g in T1 and 40.22 £ 0.04 mg/100 g in T2.
This suggests a potential antioxidative role of the antibacterial mixtures, contributing to
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reduced cholesterol oxidation. Cholesterol degradation is known to be influenced by both
oxidative stress and microbial enzymatic activity, particularly under prolonged storage,
and reductions in its content may reflect lipid peroxidation processes [56].

Table 4. TBARS and lipid stability parameters in ready-to-cook minced pork samples during storage.

Treatment
Parameter Time
T1 T2 C

0 0.52 +0.132A 0.46 + 0.132A 0.49 + 0.09 24
TBARS (mg 3 0.69 & 0.17 bA 0.69 & 0.19 bA 0.70 & 0.21 bA
MDA /kg of product) 6 0.40 4+ 0.14 <A 0.45 + 0.10 A 0.40 + 0.09 A
9 0.34 + 0.05 94 0.37 4+ 0.03 A 0.43 + 0.09 94
Cholesterol 0. 53.22 + 1.03 24 53.95 + 1.4524A 53.42 + 0.35 24
(mg/100 g) 9 41.80 + 0.40 bA 40.22 + 0.04 bB 4350 4 1.11 b€
Peroxide value 0 0.55 + 0.102A 0.62 + 0.09 2A 0.94 4+ 0.18 24
(mg/100 g) 9 5.10 + 0.41 bA 2.35 4+ 0.32 bAB 1.29 + 0.24 2B
Acid value 0 0.91 + 0.06 24 1.35 + 0.15 24 0.70 + 0.04 24
(mg/100 g) 9 1.20 + 0.05 bA 1.11 £ 0.09 24 1.01 £ 0.07 bA

TBARS—thiobarbituric acid reactive substance; MDA—malondialdehyde. The values are expressed as me-
dian + Q. #P¢d__the median values, marked with lowercase letters, differ significantly between times (p < 0.05).
ABL__the median marked with uppercase letters differ significantly between treatments (p < 0.05).

Peroxide values (PVs), indicators of primary lipid oxidation, increased significantly
in all samples over time (p < 0.05). On day 9, sample T1 showed the highest PV
(5.10 + 0.41 mg/100 g), followed by T2 (2.35 £ 0.32 mg/100 g), while the control (C) had
the lowest (1.29 £ 0.24 mg/100 g). Although T1 and T2 showed higher PVs than the control,
this may be due to the early-stage accumulation of oxidation products or initial interactions
between reactive components in the treatments and lipid substrates. This apparent rise in
PV does not necessarily negate antioxidant potential, as further degradation or stabiliza-
tion might occur at later stages. Additional studies are required to better understand the
long-term oxidative behavior of these treatments.

Acid values (ACs), markers of hydrolytic rancidity, increased slightly in all samples
without significant differences at day 9 (p > 0.05). The similar ACs in T1, T2, and the control
suggest that the antibacterial mixtures did not accelerate lipid hydrolysis, aligning with
Arrioja et al. (2020), who reported similar protective effects in beef [53]. While acid values
increased in both the control (C) and T1 samples by day 9, a decrease was observed in
the T2 sample, indicating that the specific antibacterial mixture used in T2 may have been
more effective in limiting hydrolytic rancidity than T1. To better understand the underlying
mechanisms, it is essential to consider that lipid degradation in meat during storage
involves both oxidative and hydrolytic processes, which may be inversely modulated
depending on treatment [57]. PV reflects early lipid oxidation, while AV indicates the
hydrolysis of triglyceride into free fatty acids [57].

The parallel suppression of microbial growth and lipid oxidation observed in this
study supports the multifunctional role of LAB and AAB-derived supernatants as biopreser-
vative agents. Similar dual effects were reported by Papadochristopoulos et al. (2021) [58],
who found that natural antimicrobials not only reduced microbial load in raw meat but also
limited lipid peroxidation, leading to improved shelf life. Yu et al. (2021) [59] also demon-
strated that bioactive compounds from microbial fermentation, such as organic acids and
bacteriocins, exerted both bacteriostatic and antioxidative properties in pork sausages. Like-
wise, Dominguez et al. (2019) [56] and Wu et al. (2022) [60] observed a correlation between
lower microbial counts and reduced TBARS values in meat systems treated with natural
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preservatives, suggesting the existence of a mechanistic link where microbial inhibition
reduces the enzymatic and oxidative degradation of lipids. This relationship is particu-
larly relevant given that some spoilage microorganisms (e.g., Enterobacteriaceae) produce
pro-oxidative metabolites and enzymes that can accelerate lipid degradation. Therefore,
the combined reduction in both microbial load and lipid oxidation in treated samples may
indicate a synergistic preservation effect, where the inhibition of microbial metabolism also
indirectly enhances oxidative stability. These findings reinforce the value of multi-target
preservation strategies in extending the quality and safety of chilled meat products.

3.5. Fatty Acid Profile

The fatty acid composition of minced meat samples treated with antimicrobial mixtures
(T1 and T2) and a control (C) was analyzed at two time points—on day 0 and day 9—of
refrigerated storage at 4 = 1 °C (Table 5). The main fatty acid classes analyzed included
saturated (SFAs), monounsaturated (MUFAs), and polyunsaturated fatty acids (PUFAs).
Saturated fatty acids were the most abundant, particularly palmitic (C16:0) and stearic acid
(C18:0). Their levels remained relatively stable across all treatments, with minor increases
observed on day 9. These trends are consistent with findings by Coombs et al. (2018) [61],
suggesting that storage-related lipid oxidation had a minimal impact on SFA stability in
lamb meat. In the MUFA category, oleic acid (C18:1cis9) was dominant, starting at 39%
and remaining stable or decreasing slightly in treated samples (T1 and T2). At the same
time, a marginal increase was noted in the control. This stability aligns with the results
that Horbariczuk et al. (2019) [62] reported, indicating that vacuum packaging may help
to preserve MUFA levels during short-term chilled storage. PUFAs, particularly linoleic
(C18:2) and o-linolenic acid (C18:3n3), showed slight decreases over time, which were
more pronounced in the control. After 9 days, C18:2 dropped by 0.5% across all treatments.
Still, the most minor reduction was observed in samples T1 and T2, suggesting that the
antimicrobial mixtures may offer mild protective effects against oxidative degradation [56].
Similarly, a-linolenic acid remained relatively stable in the treated groups, whereas a slight
decrease was recorded in the control. This preservation is consistent with the previous
work by Okon et al. (2025) [15], who reported that natural antimicrobial treatments could
delay PUFA oxidation in meat products. Adding antimicrobial mixtures T1 and T2 did
not adversely affect the fatty acid composition and may have contributed to the better
preservation of PUFAs. These findings suggest the potential of such treatments to maintain
lipid quality in vacuum-packed minced meat during chilled storage.

Table 5. Individual fatty acid content [g/100 g total fatty acid] in ready-to-cook minced pork samples
during storage.

Category Fatty Acids Time [Days] Treatment

T1 T2 C
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Table 5. Cont.
Category Fatty Acids Time [Days] Treatment
T1 T2 C
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MURS  Heprdecensicacd 171 5 0300  030r0m 0300
s Starc acid 150 S mmionn nmions oo
Mups  PRESRSSIES T 1sitans 5 amiowm  0mioma  omiome
MUFA Otci acd 15169 S mmionn  moioses  mmiome
MUFA Vaccenic acd Is1cs1 o Tmionw  amiomn ;s
Mura  ORpeie S mtconer 0 URT0RM amiowe  aniomw
PUFA Linoeic acid () 152 S Dwioma  byions  bwios
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SFA—saturated fatty acids; MUFA—monounsaturated fatty acids; PUFA—polyunsaturated fatty acids. The values
are expressed as median + Q. *P—the median marked with lowercase letters differ significantly between times
(p < 0.05). ~BC—the median marked with uppercase letters differ significantly between treatments (p < 0.05).

3.6. Exploratory Factor Analysis (EFA)

Exploratory factor analysis (EFA) was conducted to identify latent structures that
explain the variability among meat quality parameters in samples treated with a mixture of
antimicrobial agents.

On day 0 (Tables 6 and 7, Figure S3, Table S1), three factors were extracted, explaining
a cumulative variance of 75.38%. The first factor, “Microbiology” (32.88%), included
ENT, TVC, LAB, EC, b*, and STA, reflecting microbial activity and associated changes in
yellow color. The second factor, “Oxidation-Color” (27.58%), comprised ORP, TBARS,
a*, L*, b*, and pH, indicating oxidative processes and color parameters. The third factor,
“Lipids” (14.92%), included cholesterol, acid value, and peroxide value, representing lipid
degradation. A weak negative correlation was observed between microbiological counts
and the “Oxidation—Color” factor (r = —0.025), while lipid degradation showed positive
correlations with both microbiological counts (r = 0.147) and “Oxidation-Color” (r = 0.167).
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Table 6. Factor loadings for day 0 of storage.

Components Factors Specificity Factor

[Day 0] 1 2 3 P Y

ENT 1.005 —0.014
TVC 0.974 0.041
LAB 0.900 0.180
EC 0.779 0.384
b* —0.778 0.537 0.086
STA —0.579 0.657
ORP 0.919 0.172
TBARS 0.902 0.187
a* 0.826 0.202
L* 0.787 0.266
pH 0.747 0.385
cholesterol 0.885 0.235
peroxide value 0.783 0.297
acid value -0.717 0.368

ENT—Enterobacteriaceae; TVC—total viable count; STA—Staphylococcus aureus; LAB—lactic acid bacteria count;
EC—Escherichia coli count; ORP—oxidative reduction potential; TBARS—thiobarbituric acid reactive substances;
L*a*b*—color parameters.

Table 7. Level of variance explanation for day 0 of storage.

Factors Total % of Variance Cumulative %
1 4.603 32.877 32.877
2 3.861 27.576 60.453
3 2.089 14.922 75.375

A comparable factor structure was observed on day 9 (Tables 8 and 9, Figure 54,
Table S2), explaining 80.17% of the total variance. The “Microbiology” factor (39.79%)
consisted of TVC, LAB, ENT, EC, and STA. The “Color-Oxidation” factor (28.62%) com-
prised pH, TBARS, ORP, L*, a*, and b*. The “Lipids” factor (11.77%) included cholesterol,
acid value, and peroxide value. On day 9, microbial load positively correlated with the
“Color-Oxidation” factor (r = 0.139), whereas lipid degradation was weakly and negatively
correlated with both microbial load (r = —0.039) and “Color-Oxidation” (r = —0.128). The
factor structures obtained reflect the multifaceted nature of meat quality deterioration
during storage.

Table 8. Factor loadings for day 9 of storage.

Factors
Co;r];]:;n;]nts 1 ) 3 Specificity Factor

ENT —0.689 0.531
TVC 0.924 0.105
LAB 0.804 0.217
EC 0.922 0.040
b* 0.753 0.445
STA 0.758 0.250

ORP 0.997 —0.004
TBARS 0.978 0.027
a* 0.992 0.007
L* 0.988 0.016
pH 0.931 0.112
cholesterol 0.664 0.362
peroxide value 0.727 0.235
acid value 0.682 0.434

ENT—Enterobacteriaceae; TVC—total viable count; STA—Staphylococcus aureus; LAB—lactic acid bacteria count;
EC—Escherichia coli count; ORP—oxidative-reduction potential; TBARS—thiobarbituric acid reactive substances;
L*a*b*—color parameters.
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Table 9. Level of variance explanation for day 9 of storage.
Factors Total % of Variance Cumulative %
1 5.570 39.787 39.787
2 4.006 28.615 68.402
3 1.648 11.768 80.170

The dominance of the “Microbiology” factor at both time points aligns with previous
research, emphasizing microbial growth as a primary determinant of spoilage in stored
meat [63]. The increasing influence of this factor over time suggests that microbial pro-
liferation becomes more critical in shaping overall quality as storage progresses. The
“Oxidation—Color” factor captures the interplay between oxidative degradation and visual
quality, which are closely linked to consumer perception. The association between micro-
bial activity and increased oxidation, especially on day 9, supports findings that microbial
metabolism may accelerate lipid oxidation and pigment degradation [64]. Interestingly,
the “Lipids” factor showed only modest contributions to the overall variance but revealed
meaningful interactions with the other two factors. The weak negative correlation between
lipid degradation and microbial or oxidative parameters could suggest that antimicrobial
treatments provide some protection against lipid oxidation, consistent with prior studies
highlighting the synergistic effects of antimicrobial and antioxidant agents in meat preser-
vation [65,66]. These findings emphasize the interdependent roles of microbial activity,
oxidative stability, and lipid degradation in determining meat quality. Antimicrobial agents
appear to modulate these interactions, potentially delaying spoilage and preserving sensory
attributes during storage [67,68].

3.7. Functional Principal Component Analysis (FPCA)

In this study, ready-to-cook minced meat samples were subjected to functional prin-
cipal component analysis (FPCA) to investigate the effect of storage time on various
parameters, including pH, ORP, color, and microbiological quality. For this purpose, mea-
surements were collected at 0, 3, 6, and 9 days of refrigerated storage. To the best of our
knowledge, the use of FPCA for the dynamic evaluation of meat quality during storage has
been limited, underscoring the innovative nature of the present study.

The scree plot analysis (Figure 2) indicated that two functional principal components
were sufficient to capture approximately 95.90% of the total variance observed in the
dataset. The first component (PC1) explained 92.44% of the total variance, while the second
component (PC2) accounted for an additional 3.46%.

PC1 mainly reflected the overall mean levels of the studied parameters across the
storage period. The FPCA shows that higher PC1 values indicated above-average quality
characteristics and were observed between the 4th and 6th day of storage. The analysis of
PC1 values demonstrated that samples associated with the T2 treatment and samples related
to the T1 treatment located in the upper right corner had the highest scores, suggesting the
superior maintenance of quality attributes. Conversely, the control group samples displayed
lower PC1 values, indicating faster deterioration in quality. Although PC2 accounted for
a small proportion of the total variance (3.46%), it appeared to reflect differences in the
timing of quality parameter changes. Positive PC2 values suggested that the samples
were approaching or had passed their maximum quality peak, typically observed between
days 4th and 6th, while negative values indicated that the samples were at their peak
quality state.

The biplot of PC1 and PC2 further confirmed that the samples treated with T2 and T1
generally maintained better quality characteristics for a longer duration than the control
group (Figure 3).
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Figure 2. Summary of functional principal component analysis. Different colors represent different
numbers of observations, but in this case, only red points are shown because all observations are
concentrated on dates with sample size > 4. No points are shown for dates with no observations.

Among the tested variants, the T2 treatment was the most effective in preserving
meat quality over the storage period, followed by T1, while the untreated control samples
exhibited the most rapid decline in quality parameters. These findings align with previous
studies employing principal component analysis (PCA) to assess meat quality. For instance,
Carieque et al. (2004) utilized PCA to evaluate carcass and meat quality in light lambs,
identifying key variables such as pH, color, and water-holding capacity as significant con-
tributors to meat quality differentiation [69]. Similarly, Hu et al. (2007) applied PCA to pork
quality assessment, highlighting the importance of pH, color, moisture, and intramuscular
fat in distinguishing quality traits [70]. While these studies focused on static measurements,
the current research extends the application by incorporating the temporal aspect through
FPCA, offering a more dynamic understanding of quality changes during storage. The
superior performance of the T2 treatment in preserving meat quality over time suggests
its potential efficacy as a preservative agent. The ability of FPCA to effectively capture
and differentiate the temporal quality trajectories among treatments underscores its utility
in meat science research. The insights gained through FPCA could aid in developing
improved preservation strategies and quality monitoring systems for the meat industry,
ultimately extending shelf life and reducing food waste. Future studies could further
explore the application of FPCA in conjunction with other analytical techniques to enhance
the monitoring and prediction of meat quality changes during storage [71].
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Figure 3. Biplot functional principal component analysis.

4. Conclusions

This study confirmed that cell-free supernatants derived from Lacticaseibacillus paracasei
B1, Lactiplantibacillus plantarum 024, Gluconobacter oxydans KNS32, and Komagataeibacter
saccharivorans KOM1 can serve as effective biopreservative agents for ready-to-cook minced
pork. Their application enhances the following:

(1) Microbiological safety by inhibiting spoilage-related microbial growth;
(2) Oxidative stability, through a reduction in lipid oxidation;
(8) Technological quality, by maintaining parameters such as pH and color during refrig-

erated storage.
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The synergistic use of lactic acid bacteria (LAB) and acetic acid bacteria (AAB) prepara-
tions presents a novel, natural alternative to synthetic preservatives, aligning with current
consumer demand for clean-label food products.

Among the tested formulations, the mixture containing Lactiplantibacillus plantarum
024 and Gluconobacter oxydans KNS32 proved particularly effective in slowing down
spoilage processes. Multivariate analyses, including exploratory factor analysis (EFA)
and functional principal component analysis (FPCA), indicated that microbial growth
control was the key to overall quality preservation. At the same time, oxidative and color
parameters acted as secondary quality indicators. The findings emphasize the importance
of microbiological stability in extending shelf life, particularly in minimally processed meat
products vulnerable to rapid spoilage.

While promising, the study was conducted under controlled laboratory conditions
and did not simulate real-world factors such as temperature variation or transport. We
believe that the research should be continued to expand the range of possible solutions and
conditions, and include more food samples.

Future research should address the following factors:

(1) Sensory evaluation (flavor, aroma, texture) and consumer acceptance;
(2) Validation under industrial conditions, including logistical stressors;
(3) Broader formulation testing to confirm scalability and robustness.

Given their demonstrated antimicrobial activity, ease of preparation, and cell-free
nature, these supernatants offer a feasible and scalable approach for commercial applica-
tion in meat processing environments. In conclusion, this study highlights the synergistic
potential of LAB and AAB preparations as innovative natural preservatives for minimally
processed meat products, providing a strong basis for further development toward indus-
trial application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods14111934/s1. Figure S1. Growth of tested microorganisms
in ready-to-cook minced meat samples during storage; A—TVC, total viable count; B—LAB, lactic
acid bacteria; C—ENT, bacteria Enterobacteriaceae family; D—EC, Escherichia coli. Figure S2. The
photos of TVC agar plates after incubation at a given temperature and time for the three tested
samples from one of the storage periods; C—control sample; T1—sample with the addition hkCFS
of Lacticaseibacillus paracasei B1 and CFS of Komagataeibacter saccharivorans KOM1; T2—sample with
the addition hkCFS of Lactiplantibacillus plantarum O24 and CFS of Gluconobacter oxydans KNS32.
Table S1. Correlations between factors for day 0 of storage. Figure S3. Scree plot for the components
on day 0 of storage. Table S2. Correlations between factors on day 9 of storage. Figure S4. Scree plot
for the components on day 9 of storage.
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Figure S1. Growth of tested microorganisms in ready-to-cook minced meat samples during storage; A—TVC, total viable count; B—LAB, lactic acid bacteria; C—ENT, bacteria Enterobacteriaceae

family; D—EC, Escherichia coli;




T2

Figure S2. The photos of TVC agar plates after incubation at a given temperature and time for the three tested samples from one of
the storage periods; C—control sample; T1—sample with the addition hkCFS of Lacticaseibacillus paracasei Bl and CFS of
Komagataeibacter saccharivorans KOM1; T2—sample with the addition hkCFS of Lactiplantibacillus plantarum O24 and CFS of
Gluconobacter oxydans KNS32



Table S1. Correlations between factors for day 0 of storage

1 2 3

1 — -0.025 0.147
2 — 0.167

Eigenvalue

Component number

Figure S3. Scree plot for the components on day 0 of storage

Table S2. Correlations between factors on day 9 of storage

1 2 3

1 — 0.139 -0.039
2 — -0.128

Eigenvalue

1 12 13 14

Tt 2 3 4 5 6 7 8 9 101

Component number

Figure S4. Scree plot for the components on day 9 of storage
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