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ABSTRACT

This study aimed to progress in designing a probiotic containing autochthonous
Enterococcus gallinarum CRL 1826 for application during the life cycle of Lithobates
catesbeianus in hatchery conditions. We assessed bacterial resistance to chemotherapeutics
used in ranaculture, the presence of genes encoding virulence factors (VF) and vancomycin
resistance, and bacterial survival and maintenance of beneficial properties after
freeze-drying and storage. The strain exhibited resistance to antiseptics, sensitivity to most
chemotherapeutics, presence of vanC, and absence of VF genes. It demonstrated resistance
to freeze-drying and the highest survival when using skim milk+sucrose and storage at
4°C for 24 months. It also displayed bacteriocin activity against Listeria monocytogenes.
Pre-lyophilized and lyophilized cultures grew/resisted individual gastrointestinal
conditions and simulated gastrointestinal digestion, keeping bacteriocin activity and
surface properties. For the first time, we demonstrated that E. gallinarum CRL 1826 is a safe
bacterium with technological and physiological properties that would allow bullfrog gut
colonization. These studies are essential for progressing towards selecting E. gallinarum CRL
1826 as a probiotic to prevent epizootics during bullfrog breeding and control foodborne
bacteria, potentially improving growth performance of L. catesbeianus.
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RESUMEN

En este estudio se avanz6 en el disefio de un probidtico con Enterococcus gallinarum
CRL 1826, autdctono de Lithobates catesbeianus, para su aplicacién durante el ciclo de
vida de este anfibio en criaderos. Evaluamos: resistencia bacteriana a quimioterapéuticos
utilizados en ranicultura, presencia de genes que codifican para factores de virulencia (FV)
y resistencia a vancomicina, y sobrevida y mantenimiento de propiedades benéficas luego
de la liofilizaciéon y almacenamiento. La cepa fue resistente a antisépticos, sensible a la
mayoria de los quimioterapéuticos, posee el gen vanC y ausencia de genes de FV. Resistio
la liofilizacién, con la mayor sobrevida con leche descremada+sacarosa durante su alma-
cenamiento a 4°C, 24 meses. También presenté actividad bacteriocina frente Listeria
monocytogenes. Los cultivos pre-liofilizados y liofilizados crecieron/resistieron en las
condiciones individuales y luego de la digestion gastrointestinal simulada, manteniendo
la actividad bactericiona y propiedades de superficie. Por primera vez, demostramos que
E. gallinarum CRL 1826 es una bacteria segura con propiedades tecnoldgicas y fisioldgicas
que le permitirian colonizar el intestino de rana toro. Estos estudios permiten avanzar en
la seleccion de E. gallinarum CRL 1826 como probidtico para prevenir epizootias durante la
cria de rana toro, controlar bacterias transmitidas por alimentos y, potencialmente, mejorar
el rendimiento de crecimiento de L. catesbeianus.

Palabras clave
Enterococcus gallinarum e caracteristicas de seguridad e liofilizacion e probidticos para
acuicultura e rana toro

INTRODUCTION

In aquaculture, ranaculture is committed to amphibian breeding. Over recent decades,
ranaculture has experienced significant growth, driven by conservation efforts (46) and
commercial interests.

The American bullfrog (Lithobates catesbeianus) provides meat for human consumption
and various by-products such as gut, liver, adipose tissue oil, and carcasses (50).
Additionally, L. catesbeianus is reared in captivity to obtain skin for the pharmaceutical
industry as a source of biologically active molecules including biogenic amines, hormones
(54), anti-tumor agents, antimicrobials, and antioxidants (22, 51).

Profitability of amphibian hatcheries is linked to animal health status, as demonstrated
in other aquaculture activities (17). The microbiome includes the microbiota, microbial
metabolites, and genetic elements (3), exerting physiological functions for the host, including
maintenance of ecological equilibrium, immunological modulation, and infectious disease
prevention (18). However, in intensive breeding systems like bullfrog production, with
high animal densities and consequent crowded conditions, the microbiome may undergo
modifications favoring epizootics caused by pathogens or potential pathogens that usually
belong to native microbiota (31, 35, 36).

The Red-Leg Syndrome (RLS) represents a major infectious disease affecting bullfrog
hatcheries, resulting in high mortality and significant economic losses (11). The RLS-related
pathogens include Aeromonas hydrophila, Citrobacter freundii, Pseudomonas aeruginosa,
and Proteus vulgaris, entering the host via the gastrointestinal tract or skin, and affecting
the animals at different ages (55). Therapeutic and preventive measures often involve using
antiseptics and antibiotics (19, 52). However, these procedures can affect native microbiota
and contribute to antibiotic resistance (52). Consequently, a novel alternative introduces
the application of probiotics to restore the microbiome (18).

Our research group has investigated the microbial population of bullfrog hatcheries,
revealing that lactic acid bacteria (LAB) and RLS-related pathogens are part of the native
microbiota ofanimals and hatchery environments (31, 35,36). Among LAB, Lactococcus lactis
CRL 1584, CRL 1827, Lactiplantibacillus plantarum CRL 1606, and Enterococcus gallinarum
CRL 1826 were preselected as potential probiotics for ranaculture (31, 33, 36, 37, 38).
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However, E. gallinarum CRL 1826 emerged as a promising strain with antimicrobial activity
against native RLS-related pathogens and Listeria monocytogenes (responsible for bullfrog
meat spoilage), adhesion and colonization properties (31, 34), and in vivo safety when
administered to bullfrog embryos (38). Nevertheless, additional studies are needed to
fully validate the hypothesis that E. gallinarum CRL 1826 exhibits suitable properties as a
probiotic for bullfrog breeding.

This study aimed to assess the in vitro safety profile to chemotherapeutics used in
bullfrog farms, the presence of virulence factors and antibiotic-encoding genes, and the
bacterial resistance and maintenance of beneficial properties after freeze-drying, storage,
and exposure to gastrointestinal conditions.

MATERIALS AND METHODS

Bacterial strains and culture conditions

Enterococcus gallinarum CRL 1826 was isolated from healthy L. catesbeianus and identified
by phenotypic and genotypic approaches (31). The LAB strain was grown on de Man, Rogosa
& Sharpe (MRS) broth pH 6.8 (10 h at 37°C) in microaerophilia. Pseudomonas aeruginosa
1007 and 1047, and C. freundii CFb (RLS-related pathogens from ranaculture) were grown in
nutritive broth pH 6.9 for 7 h, while L. monocytogenes Scott A was grown in BHI broth, pH 7.4
for 6 h (29, 34). All cultures were incubated at 37°C in microaerophilia. Bacterial strains were
stored at -20°C in their specific growth media supplemented with 20% (v/v) glycerol.

Chemotherapeutics resistance of native microorganisms from bullfrog hatcheries

Vancomycin resistance of E. gallinarum CRL 1826 was determined via the methodology
proposed by “Clinical and Laboratory Standards Institute” (CLSI) (2015). The strain was
grownin MRSbroth (10hat37°C)and adjustedtoanOD,. 0f0.08-0.10, corresponding with
0.5 of McFarland scale (0.5% BaSO0,). Bacterial suspensions were seeded by spread on Mueller
Hinton (MH) agar discs containing 30 ug vancomycin (Britania Laboratories, Argentina).
The plates were incubated for 24 h at 37°C. Vancomycin susceptibility was determined
by considering breakpoint values proposed by CLSI (2022). The MIC for vancomycin and
other antibiotics (Amikacin, Ceftazidime, Ciprofloxacin, Chloramphenicol, Oxytetracycline,
Penicillin), and Metronidazole (Britania Laboratories, Argentina) frequently applied in
bullfrog hatcheries, was also determined via agar dilution method. Thus, antibiotic solutions
were prepared to final concentrations in MH plates from 0.25 to 512 pg/mL. In each plate,
10* CFU/mL of the strain were inoculated and incubated at 37°C for 24 h. Susceptibility
determination considered breakpoint values (8, 20, 48). Finally, we evaluated the MIC
of P aeruginosa strains, C. freundii, and L. monocytogenes to antiseptics (methylene blue,
malachite green, benzalkonium chloride, CuSO,, KMnO,) commonly used in ranaculture (4).
Final antiseptic concentrations in MH plates ranged from 0.25 to 16,384 pg/mL. Later,
indicator strains were inoculated and incubated as previously indicated. The MIC was
defined as the lowest antiseptic concentration completely inhibiting growth of the tested
microorganisms.

Vancomycin resistance and virulence factors genes in E. gallinarum CRL 1826

For DNA isolation, cells from a 10 h culture of E. gallinarum on MRS broth were harvested
(3,000xg,10 min,at4°C),washed with TEbuffer (10 mM Tris-HClpH 8,10 mM EDTApH 8),and
processed according to Pospiechand Neumann (1995). The polymerase chain reaction (PCR)
technique amplified genes encoding vancomycin resistance (vanA, vanB, and van(C) and
those for virulence factors (agg, gelE, esp, efa, and cylA) in E. gallinarum CRL 1826. Primers
and PCR conditions are described in Supplementary Table S.1. The reaction mixture was
prepared with DNA sample, 20 ng; PCR buffer 10X, 2.5 pL; MgCl, (1.5 mM), 1.25 uL; dNTPs
(200 uM), 1 pL each; Taq DNA polymerase (0.1 U/mL), 0.25 pL; primer forward/f/ and
primer reverse/r/ (0.5 uM), 2.5 pL each; MilliQ water to achieve 25 pL.

10X PCR buffer: 200 mM Tris-HCI pH 8.4; 500 mM KCl.
A MyCycler thermal cycler from BioRad (BioRad, Richmond, California, USA) was used
for the PCR reaction.
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Separation of the amplification products was performed according to Sambrook and
Gething (1989). The run was carried out with 1X TAE buffer (0.04 M Tris-Acetate; 1 mM
EDTA, pH 8) by applying 85 V. A 1 Kb DNA Ladder (Invitrogen, Argentina) was used as a
molecular weight marker. Gels were then stained with ethidium bromide (1 pg/mL) and
DNA visualized with a U.V. light transilluminator (A=320 nm).

Viability and bacteriocin activity of E. gallinarum CRL 1826 after freeze-drying
and storage
The LAB strain was grown in MRS (10 h at 37°C). Cells were harvested by centrifugation
(3,000 x g, 10 min at 4°C), washed twice with sterile distilled water, and centrifuged. The
pellets were re-suspended in lyoprotectants (w/v): 10% lactose (L), 10% sucrose (S), 10%
skim milk (SM), 10% whey protein concentrate (WPC; Lacprodan 35, Arla-Foods Ingredients,
Argentina), 5% L + 5% S (L-S), 5% SM + 5% L (SM-L), 5% SM + 5% S (SM-S), 5% WPC + 5%
L (W-L), and 5% WPC + 5% S (W-S) to obtain ~10"! CFU/mL. Cells were also re-suspended
in neutral sterile distilled water (control). Finally, samples were frozen at -20°C for 12 h,
and lyophilized according to Montel Mendoza et al. (2014). Dried cells were distributed in
glycogelatin capsules, packed in plastic bottles with silica gel, and stored at 4 and 25°C for
24 months. The number of viable cells (CFU) before and after freeze-drying was determined
by the serial dilution method and plated on MRS agar (1.5% w/v). Cell viability for each
lyoprotectant was expressed as Survival Factor (SF), and calculated as follows:
SF=1 - (Log CFU

-Log CFU ;) / Log CFU

before afte: before

CFU, . =CFU/mL x total culture volume (mL)

before

CFU . =CFU/mL x [total weight pre-lyophilized sample (g) / weight lyophilized sample (g)]
Cell viability during storage was expressed as Survival Factor during ¢t month of Storage
(SFS), and calculated as follows:

SFS=1 - (Log CFU,-Log CFU) / Log CFU,

CFU =initial CFU/g x total weight of dried sample (g); CFU =t time CFU/g x total weight
of dried sample (g).

The maintenance of bacteriocin activity of E. gallinarum CRL 1826 was determined after
lyophilization and during storage by the plate dilution method (34). Thus, the LAB strain
was inoculated in MRS broth, and incubated for 72 h at 37°C with subsequent cultures every
24 h. When cultures reached an OD~1.0 (540 nm), cell-free supernatants were obtained
and stored (-20°C) until bacteriocin activity determination (33). The antimicrobial titer
was defined as the reciprocal of the greatest two-fold dilution producing a clear inhibition
zone of ~1 mm, expressed as arbitrary units per milliliter of culture supernatant (AU/mL).
Besides, bacteriocin activity was expressed as relative activity to freeze-dryng (RA) and
storage (RAS), and calculated by equations:

RA=1- (AU/mL,-AU/mL ) / AU/mL, RAS =1 - (AU/mL-AU/mL) / AU/mL,
a=after freeze-drying; b=before freeze-drying O=after freeze-drying; t=month of storage

Growth and viability of E. gallinarum CRL 1826 at different pH values, bile salts,

and digestive enzymes

Assays were conducted with pre-lyophilized (PL) and lyophilized (L) (5% SM + 5% S)
E. gallinarum CRL 1826 cells. Thus, 10° CFU/mL were inoculated in the following media:
LAPTgbroth atpH 2, 3,4, 5, 6, 6.8 (optimal bacterial growth), 7, and 8; LAPTg broth + pepsin
0.05; 0.15; 0.3, and 0.6% at pH 2; LAPTg broth + bile 0.1; 0.3; 0.5; 1; 1.5; 3; 6, and 10% at
pH 8, and LAPTg broth + pancreatin: 0.01; 0.05; 0.1; 0.15, and 0.2% at pH 8. Cultures were
incubated at 37°C and bacterial growth was determined by optical density (OD,,, Jfor24h.
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In media without OD changes, 10° CFU/mL were inoculated and incubated for 18 min at
different pH and pepsin concentrations, 10 min with 1 to 10% bile, and 90 min with 0.3
to 0.5% bile. Subsequently, CFU/mL were determined on LAPTg agar (incubation at 37°C,
24 h, in microaerophilia) and a Survival Factor (SF) was calculated. Likewise, cells from each
medium were grown as described, determining AU/mL.

Simulated gastrointestinal digestion model

For these experiments, we considered the highest individual concentrations of each
factor allowing high E. gallinarum CRL 1826 viability and bacteriocin activity, as well as
gastrointestinal conditions reported for adult amphibians (47). Therefore, 10° CFU/mL of
PL and L cultures were resuspended in PBS solution (pH 7.4) + pepsin 0.6%, and incubated
for 90 min at 37°C. During this time, a gradual pH decrease (7.4 to 2) was induced using
1IN HCI and samples were taken at 0, 30, 60, and 90 min (Phase 1: stages a, b, c, and d,
respectively). Then, the suspensions were centrifuged and cells were resuspended in PBS
solution pH 8 + 1% bile (OX-bile, FLUKA) for 10 min (Phase 2: stage e). Subsequently, cells
were collected and inoculated in PBS solution pH 8 containing 0.3% bile + 0.1% pancreatin
(SIGMA-ALDRICH), and samples were taken at 30, 60, and 90 min (Phase 3: f, g, and h,
respectively). At each stage, SF and AU/mL were evaluated. Finally, surface properties
(hydrophobicity and autoaggregation) were determined according to Niederle et al. (2019).

Statistical analysis

Data processing was done using Minitab (30) and Infostat (13) softwares. Results are the
average of three independent assays, evaluated by ANOVA or General Linear Models. When
residuals showed a normal distribution, a post-test (at 0.05 significant levels) for multiple
comparisons was performed. When assumptions were not met, nonparametric variance
analysis was applied (Mood’s median test).

RESULTS

Susceptibility to antimicrobials of E. gallinarum CRL 1826, RLS-related pathogens,
and L. monocytogenes
Table 1 shows MIC values for chemotherapeutics frequently used in bullfrog hatcheries.

Table 1. Minimum inhibitory concentration (pug/mL) of antimicrobials frequently
used in ranaculture.

Tabla 1. Concentracién inhibitoria minima (pg/mL) de antimicrobianos frecuentemente
utilizados en ranicultura.

Chemotherapeutics | E. gallinarum CRL 1826 Breakpoint
Penicilin <0.25 216°
Ceftazidime 512 264¢
Amikacin 8 22567
Ciprofloxacin 1 242
Oxytetracyclin 1 >16°
Chloramphenicol 4 =322
Metronidazole >512 232?
Vancomycin 2 =322




* Antiseptic
concentrations used in
bullfrog hatcheries (4).

* Concentraciones de
antisépticos utilizados en
la cria de rana toro (4).

(A) Vancomycin
resistance genes

1: amplification product
vanA gen; 2: vanB;
3:vanC; 4: ladder

1Kb DNA marker.

(B) Virulence factor
genes. 1: agg; 2: cyl4; 3:
gelE; 4: esp; 5: efa; 6:
ladder 1Kb DNA marker.
(A) Genes de resistencia
a vancomicina

1: producto de
amplificacién del gen
vanA; 2: vanB; 3: vanC;
4: marcador de peso
molecular de ADN de

1 Kb. (B) Genes de
factores de virulencia.
1: agg; 2: cylA; 3: gelE;
4: esp; 5: efa;

6: marcador de peso
molecular de ADN de

1 Kb.
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Based on breakpoint values, E. gallinarum CRL 1826 was sensitive to most antimicrobials
except ceftazidime and metronidazole, whose MIC values were 512 and >512, respectively.
Concerning vancomycin, the disc diffusion assay revealed that the LAB strain was sensitive
(data not shown), and the MIC value below the breakpoint. Moreover, MIC of antiseptics
for E. gallinarum CRL 1826, C. freundii, P. aeruginosa, and Listeria monocytogenes was also
determined (table 2).

Table 2. MIC (pg/mL) of antiseptics frequently used in ranaculture.
Tabla 2. CIM (pg/mL) de antisépticos frecuentemente utilizados en ranicultura.

E. gallinarum CRL 1826 32 4,096 4 1,024 8,192
C. freundii Cfb >128 >16,384 >256 2,048 >16,384
P. aeruginosa 1007 >128 >16,384 >256 2,048 16,384
P, aeruginosa 1047 >128 >16,384 >256 2,048 16,384
L. monocytogenes 16 16,384 8 1,024 4,096
Dose* 2 0.25 5 0.5 1,000

Therefore, all strains showed MIC values greater than the dose usually used in ranaculture,
excepting E. gallinarum CRL 1826 when using malachite green. Therefore, E. gallinarum
CRL 1826 is sensitive to antibiotics and resistant to antiseptics used in bullfrog farms.

Vancomycin resistance and virulence factors genes in E. gallinarum CRL 1826

The presence of vanA, vanB, and vanC genes was determined by PCR amplification
(figure 1A). In lane 3, an approximately 800 bp band was detected and matched with the
amplification product of vanC gene (822 bp). Concerning virulence factor genes described
for Enterococcus, the LAB strain did not display any tested factor (figure 1B) when compared
to the standard band size (Supplementary, Table S.1). Thus, our results demonstrate that
E. gallinarum CRL 1826 is a safe LAB strain.

1,600 bp
1,000 bp
500bp

1,600 bp
1,000 bp
500 bp

Figure 1. Vancomycin resistance and virulence factor genes in E. gallinarum CRL 1826.

Figura 1. Genes de resistencia a vancomicina y de factores de virulencia en
E. gallinarum CRL 1826.



*: indicates significant
differences (p>0.05);
WPC: whey protein
concentrate.

*: indica diferencias
significativas (p>0,05).
WPC: concentrado
proteico de suero.
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Effect of the drying medium on survival and bacteriocin activity to lyophilization

of E. gallinarum CRL 1826

We determined the freeze-drying resistance of the LAB strain using nine lyoprotectants.
The three average SF values ranged between 0.81 to 0.97 (figure 2).
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Figure 2 Viability (SF) and bacteriocin activity (RA) scatter plot of lyophilized
E. gallinarum CRL 1826. WPC: whey protein concentrate.

Figura 2 Diagrama de dispersion de viabilidad (SF) y actividad bacteriocina (RA) de
E. gallinarum CRL 1826 liofilizado. WPC: concentrado proteico de suero.

Optimal cell viability recuperation was detected in water, SM-L, WPC-L, L-S, WPC-S, and
SM, with SF values from 0.93 to 0.97, without significant differences (p<0.05, Fisher test).
Bacteriocin production in lyophilized cultures was calculated as relative activity (RA)
(table 3). Thus, the nine lyoprotectant solutions increased RA values (0.11-0.37) when
compared with those obtained in water (0.08) after freeze-drying (figure 2). However,
the highest RA values were detected when the LAB strain was lyophilized in L. (RA=0.35)
and WPC-L (RA=0.37), without significant differences (p<0.05, Fisher test). Considering
RA and SF values, the optimal freeze-drying condition was WPC-L (figure 2). However, no
correlation was found between both factors (Pearson correlation coefficient: 0.08).

Table 3. Bacteriocin activity of lyophilized E. gallinarum CRL 1826.
Table 3. Actividad bacteriocina de E. gallinarum CRL 1826 liofilizado.

Lyoprotectant Activity (AU/mL) Relative Activity (RA)
WPC 56,320° 0.11°
Skim milk 61,440° 0.12°
Lactose 184,320° 0.35¢
Sucrose 143,3601 0.27¢
Skim milk + lactose 61,440° 0.12°
Skim milk + sucrose 133,120¢ 0.25¢
Lactose + sucrose 94,320¢ 0.18¢
WPC + lactose 194,560¢ 0.37¢
WPC + sucrose 133,120¢ 0.25¢
Water 42,240° 0.08°
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Viability and bacteriocin activity of lyophilized E. gallinarum CRL 1826 during storage
Survival of freeze-dried cultures in different lyoprotectants during storage at 4°C was
analyzed by general linear models (figure 3).

* Indicates significant
differences compared

B 1month ™3 months ®6months ™®12months ™24 months
to 1-month storage

for each lyoprotectant 1.0 -
(p>0.05). 0.9 -

WPC: whey protein 0.8 4
concentrate. 0.7 4

* Indica diferencias 0.6 -
significativas respecto 0.5 4
del almacenamiento 04 4
durante 1 mes para cada 0.3 4
lioprotector (p>0,05). 0.2 -
WPC: concentrado 0.1 -~
proteico de suero. 0.0 -

WPC

Skim milk

Lactose

Sucrose

Skim milk + lactose
Skim milk + sucrose
Lactose + sucrose
WPC + lactose

WPC + sucrose
Water

Figure 3. Viability (SF) of lyophilized E. gallinarum CRL 1826 during 24 months
of storage at 4°C.

Figura 3. Viabilidad (SF) de E. gallinarum CRL 1826 liofilizado y almacenado durante
24 meses a 4°C.

Therefore, cell viability values over 0.90 during 24 months were obtained in SM-S,
without significant differences up to 12 months (p<0.05). Cell viability for lyophilized LAB
strain stored at 25°C was analyzed by Mood’s median test, where the general median value
was 0.47 (figure 4).
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Figure 4. Viability (SF) of lyophilized E. gallinarum CRL 1826 during 24 months
storage at 25°C.

Figura 4. Viabilidad (SF) de E. gallinarum CRL 1826 liofilizado y almacenado durante
24 meses a 25°C.
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Thus, after 24 months, viability was greater than the median when using SM and SM-S,
with mean SF values of 0.72 and 0.49, respectively. In those cultures, dried in S, L, and
SM-L, cell viability was only detected at 1-month storage (figure 4, page XXX). Regarding
bacteriocin production (RA), a Mood’s median test analyzed the freeze-dried cultures in
different lyoprotectants and stored at 4 and 25°C (median: 0.14 and 0.006, respectively).
Therefore, during 24 months of storage at 4°C the best RA values were obtained in WPC
(figure 5), while at 25°C the greatest RA values were detected in SM and SM-S (figure 5).
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Figure 5. Bacteriocin activity (RA) of lyophilized E. gallinarum CRL 1826 during
24 months storage.

Figura 5. Actividad bacteriocina (RA) de E. gallinarum CRL 1826 liofilizado durante
24 meses de almacenamiento.

Growth/resistance and bacteriocin activity of E. gallinarum CRL 1826 in individual

gastrointestinal conditions

Tests compared pre-lyophilized (PL) and lyophilized (L) bacterial cultures with the best
lyophilisation matrix. Thus, PL cultures of E. gallinarum CRL 1826 grew = 3 logarithmic
units in LAPTg broth pH 5 to 8, 0.1% bile, and 0.01 to 0.2% pancreatin (table 4, page XXX). In
these conditions, the highest bacteriocin activities (79,600 AU/mL) were detected at pH 6.8
(control) and pH 7. Likewise, PL cultures resisted all tested conditions (SF=0.44-0.99) (table
4, page XXX), except 6 and 10% bile for 10 min. Moreover, the highest bacteriocin activity
(8,080 AU/mL) was determined with 1% bile for 10 min.



*: indicates significant
differences (p>0.05);
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Table 4. Growth (Log CFU/mL), viability (SF) and bacteriocin activity (AU/mL) of
pre-lyophilized (PL) and lyophilized (L) E. gallinarum CRL 1826 when subjected to
individual gastrointestinal conditions.

Tabla 4. Crecimiento (Log CFU/mL), viabilidad (SF) y actividad bacteriocina (AU/mL) de
E. gallinarum CRL 1826 preliofilizado (PL) y liofilizado (L) cuando se somete a condiciones
gastrointestinales individuales.

Log UFC/mL SF AU/mL

Condition PL L PL L PL L
pH 2 NG NG 0.96° 0.6 235° 1,520°
pH3 NG NG 0.96° 0.8 7,440 1,320°
pH 4 NG 10.34° 0.96° NT 4,810 11,520¢
pH5 9.39° 10.449 NT NT 760° 11,520¢
pH6 9.83¢f 10.99¢ NT NT 1,320° 14,400"%
pH 6.8 (control) 9.96' 11.27¢ NT NT 79,600/ 15,9008
pH7 10.01™ 11.19* NT NT 79,600/ 15,9008
pH8 10.367 10.48" NT NT 2,280% 17,820"
Pepsin 0.05% NG NG 0.784 0.568" 2,520%® 0°
Pepsin 0.15% NG NG 0.76" 0.49¢ 1,840 02
Pepsin 0.3% NG NG 0.76" 0.45¢ 2,520% 0°
Pepsin 0.6% NG NG 0.53¢8 0.41% 520° 0°
Bile 0.1% 9.65° 10.26" NT NT 8,240¢ 22,500
Bile 0.3% NG 9.81e 0.96° NT 6,720 22,500
Bile 0.5% NG 9.82e 0.88" NT 1,680° 15,9008
Bile 1% NG 9.68c 0.54% NT 8,080¢ 14,400%
Bile 1.5% NG 9.99m 0.66! NT 1,140° 15,9008
Bile 3% NG 9.85¢ 0.44b¢ NT 3402 11,520¢
Bile 6% NG NG 0.03* 0.83m 0° 420°
Bile 10% NG NG 0? 0.75k 0° 295°
Pancreatin 0.01% 9.94» 9.91k NT NT 1,520° 15,9008
Pancreatin 0.05% 9.81¢ 9.86¢" NT NT 520° 7,840
Pancreatin 0.1% 9.95" 9.72¢ NT NT 2,040%® 8,640
Pancreatin 0.15% 9.744 9.724 NT NT 1,140° 8,640
Pancreatin 0.2% 9.881 9.65° NT NT 1,020° 9,280¢%

Lyophilized cultures (L) grew in a greater number of conditions. For example,
LAPTg broth at pH 4, and 0.3-3% bile. Moreover, the highest bacteriocin activities
(22,500 AU/mL) were detected with 0.1 and 0.3% bile (table 4). Also, L cultures resisted
acid pH (2 and 3), 6 and 10% bile, and all pepsin concentrations. In these conditions, the
highest bacteriocin activity (1,520 AU/mL) was determined at pH 2 for 18 min and was
not detected with pepsin (table 4). Therefore, L cultures showed the greatest mean growth
value (10.17 Log CFU/mL) and resistance (SF=0.83) significantly higher than for PL
(8.50 Log CFU/mL and SF=0.73, respectively) (LSD Fisher, p>0.05).



Stages: a-d: gradual pH
decrease of PBS solution
(7.4 to 2) + pepsin 0.6%,

0, 30, 60, and 90 min; e:
PBS solution pH 8 + 1%
bile; f-g: PBS solution pH
8 containing 0.3% bile +
0.1% pancreatin, 30, 60,
and 90 min. *®: indicates
significant differences
(p>0.05).

AU/mL: bacteriocin
activity;

H: hydrophobicity;

AA: autoaggregation.
Etapas: a-d: disminucién
gradual del pH de
solucién PBS (7,4 a 2)

+ pepsina 0,6%, 0, 30,
60 y 90 min; e: solucion
PBS pH 8 + bilis 1%;

f-g: solucién PBS pH 8
conteniendo bilis 0,3%
+ pancreatina 0,1%, 30,
60 y 90 min. *": indica
diferencias significativas
(p>0,05).

AU/mL: actividad
bacteriocina;

H: hidrofobicidad; AA:
auto-agregacion.
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Viability and beneficial properties of E. gallinarum CRL 1826 in a simulated

gastrointestinal digestion model

Overall, LAB strain viability decreased during the simulated gastrointestinal
digestion process. The L cultures showed higher viability values (mean SF=0.92) than
PL (mean SF=0.82). Both PL and L cultures showed no significant differences in viability
between stages b to d (Phase 1: pH 7.4 to 2.0 + pepsin 0.6%, 90 min). Moreover, the lowest
viability values were observed at stages f to h (Phase 3: pH 8 + 0.3% bile + 0.1% pancreatin;
30, 60, and 90 min), where no significant differences were determined (p>0.05) (table 5).

Table 5. Viability (SF) and beneficial properties of pre-lyophilized (PL) and lyophilized (L)
E. gallinarum CRL 1826 in a simulated gastrointestinal digestion model.

Tabla 5. Viabilidad (SF) y propiedades benéficas de E. gallinarum CRL 1826
preliofilizado (PL) y liofilizado (L) en un modelo de digestion gastrointestinal simulado.

SF AU/mL H (%)
Stages
PL L PL L PL L
a 1.00f 1.00f 6° 1,253 66.87%¢ 81.27v¢
b 0.93¢ 1.08" 332 1,333 72.03%*¢ 81.13b
c 0.95¢ 1.09" 302 1,426 67.03¢ 84.03¢
d 0.93¢ 1.058 40° 1,333« 52.17° 60.77%¢
e 0.70° 0.864 0? 1,920¢ 71.20%¢ 79.70°<
f 0.65° 0.83¢ 110 920 78.77" 79.975¢
g 0.68® 0.84¢ 180 1,160 75.37%¢ 75.63%¢
h 0.68 0.83¢ 832 853 76.63%¢ 70.70%¢
AA (%)
Stages 1h 4h
PL L PL L
a 23.73% 14.37*¢ 48.50% 24.67¢
b 19.60°" 10.73*f 37.40 16.40%¢
c 15.70¢ 12.70%f 41.37 18.63%¢
d 12.37%f 11.30°f 34.17"k 17.030¢
e 10.33%¢ 15.87%¢ 48.57% 25.30M
f 7.83° 13.30%f 24.20%1 20.07°0
g 28.0087 10.80%f 41.807* 18.90¢
h 19.80°" 14.40%¢ 36.60" 21.40¢h

“,_n

The highest bacteriocin activity (1,920 AU/mL) was observed in L cultures at stage “e
with significant differences at stages f and h (table 5). However, PL cultures presented lower
activity during whole digestion, increasing slightly between stages f and h without significant
differences (table 5). Concerning surface properties, hydrophobicity values did not show
significantdifferences for PL or L cultures (table 5). The highest value was observed in L cultures
(84.03%) at stage “c”, remaining above 52.17% during the assay. Moreover, auto-aggregation
(AA) mean values in PL cultures (28.12%) were significantly higher than those observed for L
cultures (16.62%), independently of sampling stage. The AA values were always higher at 4 h
(table 5). Overall, opposite stages (a and h) exhibited no significant differences in any culture.
The highest value (48.57%) was observed in PL cultures at stage “e” at 4 h, while the lowest
value (7.83%) was detected in PL cultures at stage “f” at 1 h (table 5).
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Di1SCUSSION

Designing a probiotic product involves safety considerations (resistance to
chemotherapeutics and absence of virulence factors), technological aspects (lyophilization
and spray drying), and physiological studies (tolerance to host conditions such as pH,
digestive enzymes, and bile) (2).

In high-scale aquaculture, chemotherapeutics could lead to resistance among pathogenic
bacteria (52). Therefore, probiotics represent an alternative to chemotherapeutics reducing
disease outbreaks (18).

Enterococcus genus presents both beneficial and technological properties for constituting
probiotic products. However, this genus is not universally considered Generally Regarded
As Safe (GRAS) given virulence factors and vancomycin resistance genes (2). Evaluating
sensitivity and resistance to various antimicrobials, including vancomycin, is regulated
(15). Moreover, microorganisms should not contain antimicrobial resistance genes that
could be horizontally transferred to members of the autochthonous microbiota or potential
pathogens (37).

According to their beneficial properties, E. gallinarum CRL 1826 from bullfrog was
selected as a probiotic candidate for ranaculture (31, 33). The LAB strain showed antibiotic
sensitivity, except for ceftazidime, related to the intrinsic resistance of Enterococcus to
cephalosporins (12). Metronidazole sensitivity explains the antagonistic activity mainly on
anaerobic bacteria (29).

Nowadays, vancomycin resistance genes in Enterococcus are associated with
three well-defined phenotypes, according resistance degrees, induction, and transfer.
Likewise, only the vanC gene is chromosomal, constitutive, and non-transferable (6).
Enterococcus gallinarum CRL 1826 could be accepted as a safe strain since its vancomycin
sensitiveness (MIC=4-32 mg/L), and only present vanC gene.

Considering that E. gallinarum is associated with infections in aquaculture (44), and that
the esp gene was revealed in E. gallinarum from ready-to-eat seafood (21), we demonstrated
the absence of virulence factors genes of the CRL 1826 strain supporting their GRAS
characteristics.

Concerning antiseptics, E. gallinarum CRL 1826, RLS-related pathogens
(C. freundii, P. aeruginosa), and L. monocytogenes resulted to be highly resistant to doses
used in bullfrog hatcheries. Thus, we could hypothesize that the bioaugmentation with this
LAB strain in hatchery conditions would eliminate the pathogens and potential pathogens
by competitive exclusion or antibiosis (11, 34, 38).

Technologically, freeze-drying preserves cell viability and beneficial properties during
probiotic product design, storage, and transport (32). Lyoprotectants, including sugars,
amino acids, and proteinaceous compounds often mitigate cellular damage during
freeze-drying (32).

Cocci generally exhibit greater resistance to lyophilization compared to bacilli. This can
be explained by its low surface/volume ratio, as demonstrated in E. faecium, Streptococcus
thermophilus, L. lactis subsp. lactis, and L. lactis subsp. cremoris strains (24). However, the
behavior towards lyophilization is related to strain characteristics, such as an E. faecium
strain (potential probiotic isolated from oysters) with low viability recovery in skim milk
(36.2%) (25), while Romyasamit et al. (2022) demonstrated 96% of viability recovery for
the same lyoprotectant in two E. faecium strains with probiotic potential for functional food,
medicine, and feed industries. Enterococcus gallinarum CRL 1826 showed 93% viability
recovery in skim milk and intrinsic resistance to lyophilization (water).

Regarding bacteriocin activity maintenance, we demonstrated a diminution of relative
activity after lyophilization. However, antimicrobial titer values could be suitable for
RLS-related pathogens and foodborne bacteria control (33).

As relative indices to initial lyophilization stages and storage, we defined survival
and bacteriocin activity parameters (SF, RA). These parameters allowed data analysis
independently of the initial values of viability and bacteriocin activity. Similar criteria
were applied by Vera Pingitore et al. (2012) who studied a bacteriocin produced by
Lactobacillus salivarius and evaluated specific activity after lyophilization and storage.
Our study demonstrated a non-correlation between bacterial viability and bacteriocin
activity, indicating that factors were differently affected by freeze-drying conditions.
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However, Jawan et al. (2022) verified a correlation between these two factors when analyzed
as absolute values.

Despite lyoprotectants enhance survival during lyophilization, they may not provide
protection during storage (9). Thus, the CRL 1826 strain viability decreased gradually and a
total loss was observed at 25°C in L, S, and SM-L after one month of storage.

Skim milk+sucrose was the best lyoprotectant for E. gallinarum CRL 1826 strain during
storage. In ranaculture, L. plantarum CRL 1606 lyophilized in SM-S showed high viability
recovery at 4 and 25°C up to 18 months’ storage (31). The protein matrix added to sugars
increasedviabilityrecoveryconcerningtheindividualcomponents. Using SMwouldrepresent
an extra source of proteins and carbohydrates for bullfrog feeding, considering that balanced
feed used in hatcheries provides 40% of proteins (fish meal, meat meal, and milk powder).

Enterococcus gallinarum CRL 1826 kept its bacteriocin activity after lyophilization in
SM and SM-S during 24 months’ storage at 4 and 25°C. These results are in agreement with
Jawan et al. (2022) who demonstrated that Lactococcus lactis Gh1, isolated from an Iranian
traditional flavor enhancer, maintained the ability to produce bacteriocin with various
lyoprotectants during 2 months of storage at 4°C.

Adult bullfrog specimens have a developed gastrointestinal tract (GIT) that represents
one entry route for RLS-related pathogens (35). Considering that probiotics must be applied
in bullfrog hatcheries during life cycle and that these microorganisms must resist host
conditions and reach the intestine foradhesion and colonization, we evaluated GIT restrictive
conditions on viability and maintenance of beneficial properties of E. gallinarum CRL 1826.
All studies were performed by considering physiological concentration ranges (47) in
sequence, temperature, and time.

The pH affects growth factors transport across the cell membrane of LAB and antagonistic
efficacy (14). In PL cultures of E. gallinarum CRL 1826 exposed for 18 min at pH 2, viability
recovery was similar to initial values (SF=0.96), whereas PL cultures of Enterococcus avium,
E. pseudoavium, and E. raffinosus (from carp) treated at pH 2.5 up to 5 h showed viability
diminution around 2 log units (43).

Bacteriocins constitute an important competitive advantage for microorganisms,
particularly interesting for bioinputs (40). The highest bacteriocin production by
E. gallinarum CRL 1826 was detected at pH 6.8 and 7, and the lowest at pH 2. Bacteriocins
are stable over a wide pH range, with high activity at neutral and basic pH (14). Thus, PL
cultures of Pediococcus pentosaceus 1101, from fermented meat products, showed the
highest bacteriocin activity at pH 5.5 and 7 (14).

Considering that pH/time interaction and pepsin presence could affect bacterial
survival (26), we observed that pepsin diminished E. gallinarum CRL 1826 growth of PL
and L cultures, probably given by enzymatic action since viability values were lower than
those obtained at pH 2 (table 4, page XXX) (LSD Fisher, p>0.05).

Bile significantly affects protein and DNA and participates in the emulsification of fats and
cell membranes (49). Our bile concentration ranged from 0.1 to 10%. Thus, PL and L cultures
of E. gallinarum CRL 1826 maintained viability up to 90 min in 0.5% bile. In this sense,
different behaviors have been reported for PL cultures of aquaculture enterococci. Some
resisted up to 3 h (40) while others perished after 4 and 24 h (5, 27) with 0.3% bile. Pereira
et al. (2018) measured OD 630 nm, and reported that PL cultures of L. plantarum strains,
isolated from bullfrog hatcheries, tolerated 5% bile for 24 h. Nevertheless, PL cultures of
E. gallinarum CRL 1826 resisted 0.5% bile for 90 min, while L cultures resisted 10% bile for
10 min.

Pancreatin from porcine pancreas contains proteases, lipase, and amylase, that
cleave specific molecules for their assimilation (10). This enzyme complex could affect
E. gallinarum CRL 1826 and, consequently, its probiotic effect. However, we observed that
PL and L cultures of the LAB strain grew in all concentration ranges (0.01-0.2%) tested.

When E. gallinarum CRL 1826 was subjected to simulated gastrointestinal digestion,
we observed that L cultures over-performed (growth/resistance, bacteriocin activity, and
surface properties maintenance) than PL cultures. This behavior could relate to a protective
effectofthe freeze-drying matrix (SM-S) that would interfere with gastrointestinal conditions
as reported for a L. rhamnosus strain (28). Moreover, some authors postulate an adaptation
mechanism of probiotics called “cross-protection”, occurring when microorganisms are
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pre-adapted and gain greater tolerance towards different types of stress than the original
(1, 16). In our experimental conditions, lyophilization of E. gallinarum CRL 1826 could act as
a pre-adaptation process improving bacterial survival to simulated gastrointestinal digestion.

Finally, PL and L cultures of E. gallinarum CRL 1826 maintained hydrophobicity and
auto-aggregation when subjected to the simulated gastrointestinal digestion model that
would enhance its capability of gut colonization.

CONCLUSION

Enterococcus gallinarum CRL 1826 exhibits promising characteristics as a probiotic for
bullfrog hatcheries, offering viability and bacteriocin activity even after lyophilization and
under simulated gastrointestinal conditions. These properties, combined with its safety
profile, make it a potential solution for preventing RLS outbreaks and controlling foodborne
bacteria, with potential benefits for bullfrog growth performance.

SUPPLEMMENTARY MATERIAL

https://docs.google.com/document/d/1TilVRmyx6FpD5iHolsoowCzZwDxggrwu/
edit?usp=sharing&ouid=111310786017351827239&rtpof=true&sd=true
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