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Abstract: Probiotics are live microorganisms that promote host health through microbiota balance
and immune modulation. We assessed an acidogenic bacterial consortium (ABC) with promising
probiotic properties, focusing on its resilience during transit through the digestive tract in ruminants
and determining its optimal in vitro dosage. The ABC exhibited antibiotic resistance, thrived at pH
levels between 5 and 7 for 24 and 48 h, and showed a 77% survival rate in artificial gastric juice.
Moreover, it not only endured bile salt exposure but also multiplied. The ABC exhibited 10.74% of
coaggregation capabilities against E. coli. Optimal dosage determination revealed that 4 × 108 was
the ideal concentration, as higher doses did not yield significant differences in dry matter digestion.
In the in vivo trial with Limousin Heifers, the ABC led to enhanced total volatile fatty acid (VFA)
production, increased daily weight gains, and improved feed conversion rates compared to the
control group. These findings underscore the potential of the ABC as a probiotic to boost animal
productivity and overall health.

Keywords: acidogenic bacterial consortium; probiotic properties; rumen fermentation;
productive variables

1. Introduction

Ruminant nutritionists have developed many feed supplementation methods, such as
antibiotic growth promoters, to enhance production by limiting the effects of pathogenic
infections on ruminant productivity [1]. Maintaining a good balance in the rumen micro-
biota confers the correct growth for the host animal and greater production of animal food
products. The rumen is an efficient animal–microbe mutualism system that benefits both
participants [2], where rumen microbiota provide the main energy source for ruminants, the
end-products of fermentation, volatile fatty acids (VFAs, mainly acetate, propionate, and
butyrate), with the propionate being the only gluconeogenic VFA used by the host animal.

For decades, antibiotics have played a dual role in animal production as therapeutic
agents and growth-promoting additives, with the aim of increasing productivity. However,
the widespread use of antibiotics has led to severe concerns over microbial resistance
and the exacerbation of residual effects in food intended for human consumption [3].
Consequently, several governments, including those in the European Union, the United
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States, and Mexico, have significantly reduced or even banned the use of antibiotics as
growth promoters.

Antibiotic resistance is a major public health issue that must be prevented and con-
trolled, emphasizing the importance of research-driven initiatives to develop effective
alternatives for use in animal production [4,5]. The introduction of alternative additives,
such as plant-based products, prebiotics, and probiotics, was necessary, which are utilized
in the prophylaxis and treatment of gastrointestinal diseases.

Probiotics are microorganisms that confer health benefits on their host animal when
given in adequate doses due to their nutritional, immunological, bacteriostatic, and bacteri-
cidal effects [6–8], and they serve as a viable alternative for the prevention and treatment of
certain calf pathologies, as well as enhancing their productivity [9]. Several studies reported
the benefits of the oral administration of probiotics to ruminants, such as regulating and
balancing the gut microbiota, reducing diarrhea, protecting against infections and diseases,
and promoting the development and growth of animals [10].

Probiotics or directly fed microorganisms (DFM) can be (1) monostrain, containing one
strain of one species, (2) multistrain, containing more than one strain of the same species
or closely related species, for example, Lactobacillus acidophilus and Lactobacillus casei, and
(3) multispecies, containing strains of different species belonging to one or preferably more
genera [11]. The latter are known as bacterial consortia, which are a set of various species of
microorganisms that interact in synchrony for mutual benefit within a community and are
characterized by communication between themselves either through substance exchange or
molecular signals, division of different tasks, and performing multi-step functions [12–14].

The probiotics demonstrated the ability to improve the rumen environment by con-
suming oxygen in the organ, modifying the ruminal environment, benefiting the growth of
strictly anaerobic microbes such as cellulolytic bacteria, enhancing fiber digestibility, modi-
fying the pH, and competing for adhesion sites on the rumen wall and intestinal mucosa.
Furthermore, they have exhibited the capacity to regulate the profiles of VFA production,
particularly propionate, which is the primary gluconeogenic VFA; this capability arises from
specific bacteria present in bacterial consortia that can compete with methanogenic bacteria
for hydrogen. This competition leads to increased volatile fatty acids and reduced methane
production by efficient cow microbiota, aligning with a greater energy efficiency [13,14],
and the production of antagonistic compounds such as bacteriocins A and B that affect the
development of E. coli and Salmonella spp. [15–18].

However, the beneficial response to probiotic supplementation in ruminants needs to
be more consistent, which is dependent on the microbial strain selected, combination of
strains, dose, time, and frequency of supplementation. Thus, it is advisable to source poten-
tial target host probiotic strains from the target host intestine to recognize the nature of the
microbiota of the target host. Furthermore, these microorganisms must be well identified
and evaluated for their potential probiotic activities, such as tolerance to temperature and
pH, gastric digestibility conditions, and antibiotic resistance, to be considered Generally
Recognized as Safe (GRAS, FDA) [19]. In our previous work [20], we evaluated the effect
of oral administration of an acidogenic bacterial consortium (ABC) on changes in VFA
proportions in ruminant sheep, resulting in the capacity to alter ruminal fermentation and
increasing the production of short-chain fatty acids (SCFAs) [20,21].

Therefore, this study aimed to characterize an ABC as a potential probiotic, evaluating
different in vitro probiotic tests (susceptibility to antibiotics, tolerance to temperature and
pH, antagonist effects, and simulated gastric and intestine conditions), as well as its in vivo
effects on VFA production, changes in rumen microbiota, and productivity parameters
such as daily weight gain and blood glucose levels in Limousin heifers.

2. Materials and Methods

In this section, we provide an overview of the materials and methods employed in
our study to assess the safety and efficacy of our new probiotic candidate. The primary
objective of our research is to determine whether this probiotic meets the stringent criteria
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for GRAS status, ensuring its safety for consumption. Also, we conducted in vivo trials
involving Limousine heifers to assess the effects of our probiotic on productive parameters
within the livestock industry, to evaluate the probiotic’s influence on factors such as weight
gain, feed efficiency, and ruminal microbial populations. Our methodology is designed to
evaluate the ABC safety profile, probiotic properties, and potential benefits.

2.1. Broth and Agar Nutrient Medium Preparation

A highly acidogenic bacterial consortium (ABC) obtained from a brewery’s waste was
used [21]. It was genetically characterized, and the results are shown in Table 1. For their
maintenance and preservation, the microorganisms were grown at 37 ◦C under anaerobic
conditions in a nutrient medium (NM) containing (per liter) glucose, 2 g; yeast extract,
1 g; tryptone, 2 g; KH2PO4, 1 g; K2HPO4, 1.66 g; (NH4)2SO4, 0.5 g; CaCl2, 0.1 g; NaCl,
0.1 g; MgSO4, 0.1 g; NaHCO3, 3.5 g; L-cysteine, 0.5 g; vitamin solution, 1.25%; and mineral
solution, 1.25%. The medium was gassed with CO2, and pH was adjusted to 6.5 with HCl,
before autoclaving for 15 min at 121 ◦C [21].

Table 1. Microorganisms present in the acidogenic bacterial consortium (ABC).

Phylum Family

Actinobacteria
Propionibacteriaceae

Nocardioidaceae

Bacteroidetes
Rikenellaceae

Prophyromonadaceae

Chloriflexi
Anaerolinaeceae

Caldilineacea

Firmicutes

Ruminococcaceae
Clostridiaceae
Veillonellaceae
Peptococcaceae
Enterococcaceae

Nitrospira Nitrospiraceae

Proteobacteria

Enterobacteriaceae
Syntrophobacteraceae

Syntrophaceae
Methyloccystaceae

Desulfovibrionaceae
Vibrionaceae

Spirochaetes Spirochaetaceae

The mineral solution was composed of (g/L) FeCl2-4H2O, 2 g; CoCl2-6H2O, 0.05 g;
EDTA, 0.5 g; MnCl2-4H2O, 0.5 g; NiCl2-6H2O, 0. 05 g; Na2SeO3, 0.1 g; AlCl3-6H2O, 0.05 g;
H3BO3, 0.05 g; ZnCl2, 0.05 g; (NH4)6Mo7O24-4H2O, 0.05 g; and CuCl2-2H2O, 0.05 g.

The vitamin solution was composed of (mg/L) biotin, 2; folic acid, 2; pyridoxine-
HCl, 10; riboflavin, 5; thiamine, 5; nicotinic acid, 5; pantothenic acid, 5; vitamin B12, 0.1;
p-aminobenzoic acid, 5; and lipoic acid, 5.

Both solutions were added once the autoclaving process was completed. To prepare the
inoculum, 49 mL of this NM solution was transferred to a 50 mL conical tube, subsequently,
0.5 mL of the ABC glycerol stock culture was inoculated into the tube, and the inoculated
NM solution was then incubated anaerobically at 37 ◦C. The bacterial growth curve and
generation time were measured every 2 h until an OD 600 nm of 0.5–0.6 was reached.

For the agar plates, 23 g of agar (A1296, Sigma-Aldrich, Taufkirchen, Germany) was
placed in the NM and sterilized. After this, like the culture broth, the vitamin and mineral
solution were added and poured into sterile Petri dishes before it solidified, ensuring an
adequate amount (approximately 12 mL) to cover the entire surface of the plate.
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To create and maintain anaerobic conditions in the culture media, GasPak™ EZ
Anaerobe Systems (BD, Sparks, MD, USA) were utilized.

2.2. Acidogenic Bacterial Consortia Characterization and Culture Conditions

The ABC obtained from a brewery’s waste was used [20]. It was genetically character-
ized, and the microbiota compositions are shown in Table 1. For their maintenance and
preservation, the microorganisms were grown at 37 ◦C under anaerobic conditions in a
nutrient medium (NM) broth.

The bacterial growth curve and generation time were measured every 2 h until an OD
600 nm of 0.5–0.6 was reached.

For the agar plates, 23 g of agar (A1296, Sigma-Aldrich, Taufkirchen, Germany) was
placed in the NM and sterilized. After this, like the culture broth, the vitamin and mineral
solutions were added. Then, the growing ABC was added and poured into sterile agar
Petri dishes before it solidified, ensuring an adequate amount (approximately 12 mL) to
cover the entire surface of the plate.

To prepare agar NM and maintain incubation in anaerobic conditions in the culture
media, GasPak™ EZ Anaerobe Systems (BD, Sparks, MD, USA) were utilized at 37 ◦C
for 24 h.

Generation Time of the Bacterial Consortium

Generation time refers to the time required for a cell to divide or a population to
double. To determine the generation time of the consortium, the Ratkowsky equation [22]
was used:

TG = ln2 / µ

where TG = generation time and µ = the growth rate value, which is determined by ln of
T/t, where T = final biomass time and t = initial biomass time. The generation time of ABC
was determined based on bacterial growth from a culture with a 1:10 ratio over 12 h in
MN at 37 ◦C. From this culture, the required amount was taken to inoculate a new culture
to achieve an OD 600 nm of 0.1. Measurements were taken every hour using the UV-Vis
spectrophotometer HP/Agilent 8453 (SpectraLab Scientific Inc., Markham, ON, Canada)
until reaching the maximum logarithmic phase.

2.3. Probiotic Tests
2.3.1. Susceptibility to Antibiotics

To assess antibiotic susceptibility, the ABC was subjected to an antibiogram test which
comprises a profile or pattern of results from antibiotic susceptibility testing specific to a
bacterial strain or species, offering insights into the susceptibility or resistance of bacteria
to various antibiotics. It is desirable for a probiotic not to present antibiotic resistance.

One hundred microliters of ABC culture (OD 600 nm = 0.5–0.6) was seeded on NM
agar plates. Once the ABC was seeded, it was left to dry for 3–5 min, and then, the
following multidiscs with antibiotics were added and incubated anaerobically at 37 ◦C for
24 h: Gram (−): AK Amikacin (30 µg), AM Ampicillin (10 µg), CB Carbenicillin (100 µg),
CL Chloramphenicol (30 µg), NET Netilmicin (30 µg), NF Nitrofurantoin (300 µg), and
NOF Norfloxacin (10 µg). Gram (+): DC Dicloxacillin (1 µg), CLM Clindamicin (30 µg), E
Erythromycin (15 µg), PE Penicillin (10 U), VA Vancomycin (30 µg), and TE Tetracycline
(30 µg). Gram (−) and (+): AM Ampicillin (30 and 10 µg, respectively), CF Cephalothin
(30 µg), CFX Cefotaxime (30 µg), CPF Ciprofloxacin (5 µg), GE Gentamicin (10 µg), and
SXT Sulfamethoxazole/Trimethoprim (25 µg) (MULTIBAC-ID, Investigación Diagnostica,
Iztapala, CDMX, MEX). The diameter of the inhibition zone (mm) was measured, and the
results were expressed as resistant (R), intermediate (I), and susceptible (S) according to the
manufacturer’s instructions.
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2.3.2. Determination of Tetracycline Resistance Genes Tet M, Tet K, and Tet W

To verify antimicrobial safety and determine whether tetracycline resistance was found
in genomic or plasmid DNA, PCR tests for the resistance genes Tet M (F: GTGGACAAAG-
GTACAACGAG; R: CGGTAAAGTTCGTCACACAC), Tet K (F: TTATGGTGGTTGTAGC-
TAGAAA; R: AAAGGGTTAGAAACTCTTGAAA), and Tet W (F: GAGAGCCTGCTATAT-
GCCAGC; R: GGGCGTATCCACAATGTTAAC) were performed. PCR amplification for the
Tet M, Tet K, and Tet W genes was carried out from genomic and plasmid DNA previously
extracted from the ABC. The PCR conditions were 95 ◦C—5 min; 95 ◦C—30 s, 64 ◦C—30 s,
72 ◦C—30 s; 30 cycles and a final alignment of 72 ◦C—7 min.

2.3.3. Resistance to pH

One hundred microliters of ABC culture (OD 600 nm = 0.5–0.6) was inoculated in NM
broth at different pH values of 2, 3, 4, 5, 5.5, 6, 7, and a control at pH = 6.5 was used. Then,
it was incubated anaerobically at 37 ◦C for 24 and 48 h. After incubation, six 10-fold serial
dilutions (v/v, ratio) were made starting at 1:1 × 101 (v/v, ratio). One hundred microliters
of the dilution was taken and plated on NM agar and grown anaerobically at 37 ◦C for 24 h.
Results were expressed as survival in percentage of CFU/mL.

2.3.4. Gastric Juice Resistance Test

Five 15 mL tubes were inoculated with 1 mL of ABC in 10 mL of artificial gastric juice
(2 g NaCl and 3.2 g pepsin/L at pH 2.5); they were incubated at 37 ◦C for 30, 60, 90, and
120 min, extracting one tube at each time. From each tube extracted, 100 µL of the sample
was taken, seeded in plates with NM agar, and incubated at 37 ◦C for 24 h; then, colonies
were counted. Resistance was estimated by comparing the viable cell counts with and
without artificial gastric juice, using the formula

R = (CFC / gj) / (CFU / wogj) × 100

where R is the resistance to gastric juice, CFU is the number of colony forming units, gj
is milliliters of medium with gastric juice, and wogj is the milliliters of medium without
gastric juice.

2.3.5. Resistance to Bile Salts

One hundred microliters of ABC culture (OD 600 nm = 0.5–0.6) were inoculated in
NM broth at pH 6.5 with or without 0.3% ox-bile salt and grown anaerobically at 37 ◦C.
The growth curve of ABC culture was monitored by measuring OD 600 nm every 2 h up to
6 h. The culture was then diluted by 10-fold serial dilutions to 1:1 × 107 (v/v, ratio). One
hundred microliters of the dilution was taken and plated on NM agar and incubated anaer-
obically at 37 ◦C for 24 h. The survival rate was expressed as the percentage of CFU/mL.

2.3.6. Coaggregation Capacity

Coaggregation capacity plays a crucial role in elucidating how pathogens adhere to
host tissues, serving as a pivotal factor in the initiation of infections. In the context of
probiotic tests, it also provides valuable insights into guiding antimicrobial strategies. This
knowledge offers potential avenues to disrupt detrimental bacterial interactions, ultimately
contributing to the promotion of health and well-being.

For the evaluation of coaggregation capacity, ABC was grown in NM until a value
of 0.5 at OD 600 nm was achieved. An aliquot of 750 µL of the ABC was mixed with the
same volume of a suspension of the coaggregation partner E. coli (INCQS 00219, origin
ATCC 8739) and then vortexed for 30 s. The OD value of 600 nm was determined at time
0 (baseline, just after mixing the suspensions) and after 60 min of incubation at 37 ◦C.
Coaggregation was measured using the equation

% coaggregation = [(OD0 − OD60) / OD0] × 100,
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where
OD0 refers to the initial OD value determined at time 0 and OD60 refers to the OD

value of the supernatant after incubation for 60 min.

2.3.7. Tolerance to Temperature

One hundred microliters of ABC culture (OD 600 nm = 0.5–0.6) was inoculated in NM
broth and incubated anaerobically at 30, 37, and 45 ◦C, with OD 600 nm measured at 24
and 48 h. Survival results were expressed as the percentage of CFU/mL.

2.3.8. Antagonistic Activity

Bacterial antagonism was evaluated using the disc diffusion method [23] with modifi-
cations, employing two pathogenic strains (S. typhimurium ATCC 19028 and E. coli ATCC
11229, donated by the Facultad de Medicina, Universidad Autónoma de Quéretaro). The
ABC cultures were incubated anaerobically in NM broth and the pathogenic strains in LB
broth at 37 ◦C overnight. One hundred microliters of pathogens were spread on Mueller–
Hinton agar plates. ABC cultures were centrifuged at 3000 rpm for 5 min, and after that,
ABC cultures supernatants were added to sterile paper discs and placed on the Mueller–
Hinton agar plates. After incubation at 37 ◦C for 24 h, the growth inhibition zone (mm)
was measured. The antagonistic activity was considered positive when the average growth
inhibition zone diameter was ≥10 mm.

2.3.9. Adhesion to Mucus

Sheep small intestinal mucin was prepared according to the methods described by
Vigil et al. [24] and used to assess the adhesion of ABC. Briefly, ABC was labeled by
incubation with 250 µL of 4,6-dichlorotriazinyl aminofluorescein (DTAF) in 500 µL of
PBS at 60 ◦C for 2 h and washed three times by resuspension in PBS and collected by
centrifugation at 10,000× g 10 min at 4 ◦C. Ten µL of labeled ABC was mixed with 200 µL of
ovine mucin and incubated at 37 ◦C for 2 h, washed three times with PBS and diluted 1:1000
and 1:100,000, and fixed with paraformaldehyde (PFA 4%) on microscope slides. Adherence
was expressed as CFU/mL. Viable bacteria adhered to the mucus were observed under
a microscope. ImageJ was used to quantitate viable bacteria. For microscopic analysis,
the MosaiX module for the APOTOME system with the 40×/1.30 DIC (UV) VIS-IR M27
Plan-Apochromat oil immersion objective was used to obtain a full mosaic image (1 mm2).
Three individual image stacks were collected and assembled using the MosaiX system
(Carl Zeiss, Jena, Germany) for each histological slide. ImageJ64 and FIJI were used for
the analysis of the 2D images. Quantitation of particles was performed using Yen’s image
thresholding method [25].

2.4. In Vitro Disappearance of Dry Matter and VFA Production

To assess the ABC’s capacity to modify volatile fatty acid profiles in vitro and to
evaluate its potential as a fiber digestibility enhancer, we conducted in vitro experiments to
measure the dry matter disappearance and VFA production. These analysis results provide
information about the possible effects of the ABC administration in vivo.

To measure the volatile fatty acid (VFA) production and the in vitro dry matter dis-
appearance (IVDMD) by the ABC in rumen liquid, a pre-inoculum was prepared with
the ABC in NM broth and allowed to grow for 8 h under anaerobic conditions at 37 ◦C.
Subsequently, an inoculum was prepared by transferring a volume of 1 mL of the pre-
inoculum to a 50 mL tube with 49 mL of NM broth. The inoculum was incubated at the
same temperature and anaerobic conditions as the pre-inoculum until an OD 600 nm of 0.5,
corresponding to the exponential growth phase of the ABC, was reached. Once the desired
OD was reached, the inoculum was centrifuged at 5000 rpm for 15 min to separate a cell
pellet from the liquid culture medium. The cell pellet was later added to the Daisy jars,
in different doses (4 × 108; 4 × 1010; 4 × 1012) to find the optimal dose; this optimal dose
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shows the minimum amount of CFU/mL in which ABC improves fiber digestibility at the
rumen level. The results of this test were used in the in vivo test.

The rumen fluid was obtained from Brown Swiss bulls (using the same bull for
each sampling to minimize individual variation). the extraction procedure consisted of
introducing a probe into the rumen through the cannula, filtered with clean gauze and
collected in a clean container with an airtight lid, and gassed with CO2. It was kept at 39 ◦C
during transfer to the laboratory, where upon arrival, it was mixed with artificial saliva
buffer solution [21].

The IVDMD technique at 24 and 48 h was performed following the protocol recom-
mended by the manufacturer of the Daisy II incubator (ANKOM Technology, Fairport,
NY, USA) using FN-57 bags with a pore size of 25 µm.

The substrate for the ruminal microorganisms was the same diet consumed by the
Brown Swiss bulls from which ruminal liquid was obtained, and this was previously
ground to 2 mm before being added to the bags.

The bags were previously washed with acetone for five min and completely air-dried,
then weighed individually, and 0.5 g of ground feed was placed inside each bag. They
were heat-sealed and stored at room temperature. In each of the 4 jars in the Daisy II
incubator, we placed 10 FN-57 bags. Subsequently, we added artificial saliva buffer to
the jars, which was prepared by combining buffer A and buffer B in a 5:1 ratio. Buffer
solution A comprised the following per liter: K2HPO4, 10 g; MgSO4-7H2O, 0.5 g; NaCl,
0.5 g; CaCl2.2H2O, 0.1 g; urea, 0.5 g. Buffer solution B contained the following per liter:
Na2CO3, 15 g; Na2S-9H2O, 1 g. The resulting mixture was adjusted to achieve a final pH
of 6.8 and maintained at a temperature of 39 ◦C until it was incorporated into 400 mL
of rumen fluid [21]. Additionally, 5 mL of the ABC culture (OD 600 nm = 0.5–0.6) was
introduced into the mixture.

The nylon bags with the substrate (diet) were recovered. They were washed with
running water. After washing, the bags were dried in an oven at 60 ◦C for 12 h and were
weighed. The following formula was used to calculate the percentage of IVDMD:

% Disappearance = 100 − (P3 − (P1 × C)) × 100 / P2

where
P1 = Original weight of the bag;
P2 = Weight of the sample;
P3 = Final weight of the bag (after in vitro fermentations);
C = Correction factor (final weight of the blank bag/original weight of the blank bag).
For the quantification of volatile fatty acids (VFAs; acetate, propionate, and butyrate) at

three distinct time points (0, 24, and 48 h), two samples from each jar were taken and placed
in separate 15 mL conical tubes, with approximately 10 mL of ruminal fluid per tube for
VFA extraction, and each collected sample was read in duplicate in the gas chromatograph.

The sample preparation for gas chromatograph was as follows: 1.5 mL of the ruminal
fluid collected was centrifuged at 3500× g for 10 min at 4 ◦C to sediment the cell pellet,
then 1200 µL of supernatant was recovered in a clean Eppendorf tube, and 240 µL of 25%
metaphosphoric acid was added to obtain a 5:1 ratio. The tubes were incubated on ice for
30 min to sediment the proteins and then centrifuged at 12,000× g for 15 min at 4 ◦C. The
supernatants were finally filtered with glass fiber membranes and stored in 1:5 dilution at
−20 ◦C until analysis.

An Agilent 7890B gas chromatograph was used. The chromatography conditions were
as follows: 170 ◦C oven, 190 ◦C injector, 210 ◦C detector, a column with a flow rate of
2.5 mL/min, and an FID (Flame Ionization Detector).

2.5. Effect of the Addition of Fresh ABC to Limousin Heifers

The in vivo experiment was carried out at the Centro de Enseñanza, Investigación y
Extensión en Producción Animal en el Altiplano (CEIEPAA-UNAM), located in Tequisquia-
pan, Querétaro.
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The protocol was approved by CICUAE-UNAM (CICUAE.DC-2019/4.2, UNAM).
Fourteen Limousin heifers (n = 7), weighing approximately 200 kg at the beginning of the
experiment and with an age of 9 months, were used. These heifers had a BCS of 3–3.5. The
animals were housed in individual pens and fed a diet based on forage (alfalfa dry) and
concentrate Nucalf 2, NUTEC® (1.5 kg/animal/day).

Two treatments were tested: the ABC (4 × 108 CFU) treatment, which was offered
daily to the animals mixed with 50 g of ground corn, and the control treatment with
50 g of ground corn without probiotics. The animals were assigned in pairs to either
treatment using a pair-feeding statistical design. Every 28 days (on 2 consecutive days), the
animals were weighed, and blood samples were collected to measure blood glucose levels,
while ruminal fluid samples were obtained to assess whether ABC alters the microbiota
composition and VFA quantification.

For the growth of the ABC, the reagents described in the in vitro experiment were used
in the process. Subsequently, an inoculum was prepared by transferring a volume of 1 mL
of the pre-inoculum to a 50 mL Erlenmeyer flask with 49 mL of NM broth. The inoculum
was incubated at the same temperature and anaerobic conditions as the pre-inoculum
until an OD 600 nm = 0.5, corresponding to the exponential growth phase of the microbial
consortium, was reached. Once the desired OD was reached, the inoculum was centrifuged
at 5000 rpm for 20 min to separate the cell pellet from the liquid culture medium.

Blood was taken from the jugular vein. Following the aseptic procedures for obtaining
the sample, it was collected in vacutainer tubes without anticoagulant; the blood sample
was centrifuged to obtain the serum and from this, the concentration of glucose per animal
was determined [26], measuring the absorbance in a spectrophotometer at 540 nm.

Rumen fluid was obtained using the oral probing technique [27]. Two samples were
collected per animal, these were placed in 15 mL conical tubes, in an approximate amount
of 10 mL of ruminal fluid per tube. One of the samples was used for DNA extraction and
subsequent analysis of the microbial species present in the rumen, and the other for VFA
quantification using the same procedure described in Section 2.4.

2.5.1. DNA Extraction and Microbiota rRNA 16s Sequencing

To verify if the ABC modified the microbial population in the rumen samples present in
our study, genomic DNA was used to determine the bacterial diversity. DNA extraction was
performed according to the RBB+C method [28]. DNA concentration was measured with
a Qubit 3.0 fluorometer (Life Technologies, Carlsbad, CA, USA), and DNA integrity was
verified by agarose gel electrophoresis (1%). The purified DNA was subject to partial 16S
DNA gene sequencing to confirm bacteria identity. Sequencing of the rumen microbiome
was performed by Research and Testing Laboratory (RTL) Genomics (Lubbock, TX, USA)
with Illumina Myseq sequencer. Illumina produces FASTQ files with a phred offset of
+33. FASTQ files contain all the raw sequence data generated by the sequencer; they may
contain information regarding the primer for amplicon sequencing. To allow for more
run flexibility, RTL genomics used a 2-step PCR process for Illumina sequencing that uses
universal adapters and sequences the forward and reverse primers. FASTQ files generated
by Illumina sequencer come in 2 forms depending on the method used: paired or single
end. In this case, we used pair-end sequence.

Results were expressed as relative abundance (%). Data quality control and analyses
were mostly performed using the USEARCH V.11 pipeline. The FASTQ forward and reverse
files were merged into a single FASTQ file per sample, quality control and processing
included removing adapters and cutting the sequences to length-based filtering of 400 bp
(reads smaller than 200 bp were excluded from the analysis). The resulting read files were
then aligned to RDP V.16 to define operational taxonomic units (OTUs) for taxonomic
assignment; the OTUs table was generated at 97% identity. The Uclust method was used to
cluster the reads into OTUs [29].
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2.5.2. Relative Quantification of Lactobacillus spp. and Propionibacterium spp.

In order to verify the microbial population in ABC obtained from 16S sequencing,
qPCR was performed. DNA extraction was performed according to the RBB+C method [22].
A total of 50 ng of DNA measured in a Nanodrop 1000 spectrophotometer were analyzed in
a StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The primers
used were universal primers: BACT1369 F: CGGTGAATACGTTCYCGG; PROK1492 R:
GGWTACCTTGTTACGACTT [23]; Lactobacillus F: AGCAGTAGGGAATCTTCCA; Lac-
tobacillus R: CACCGCTACACATGGAG [24]; Propionibacterium F: ACGGGAGGCA-
GAGTGGG; and Propionibacterium R: TCTCCTACDMKCYCTTTAC. Conditions of PCR:
40 cycles; 95 ◦C 10 min, 95 ◦C 10 s, 56 ◦C 15 s, 72 ◦C 15 s. Melting curve: 56 ◦C 1 min, in-
creasing temperature up to 95 ◦C. Samples were analyzed in duplicate. Relative abundance
of the DNA target was calculated using the Bacchetti de Gregoris et al. [25] method.

2.6. Statistical Analysis

Data were obtained in triplicate (antibiotic susceptibility, bile salts resistance, resis-
tance to pH, temperature tolerance, antagonistic activity, and relative quantification of
Lactobacillus spp. and Propionibacterium spp.) or duplicate (in vitro adhesion assay, disap-
pearance of dry matter, and VFA production in vitro) and expressed as standard error of the
mean (SEM); differences between samples were analyzed by one-way analysis of variance
(ANOVA) and Tukey’s Kramer tests, and the differences with p < 0.05 were considered
significant. Data were analyzed using the SAS version 9.3 software (SAS Institute, Cary,
NC, USA).

For the evaluation of the effect of the probiotic on the productive variables, as well
as the quantification of blood glucose and VFA production, a pair feeding analysis was
performed thus resulting in 7 pairs, and subsequently, a Student’s t-test for paired samples
was used for data analysis.

t =
XD− µ0
SD /√n

For this equation, the difference D between all the pairs has to be calculated:
XD is the mean of the differences;
SD is the standard deviation of the differences;
µ0 is the constant different from 0;
n is the sample size.
Taxonomic assignment was performed using the RDP V.16 reference database with

97% identity. Data were analyzed in the R platform (3.6) with the Phyloseq library.

3. Results
3.1. Growth Rate

According to the ABC growth curve and the analysis of the equation according to [30],
the ABC generation time (GT) was determined to be 8.8 h, calculated based on the equation
GT = ln2/µ [22]. The growth curve is shown in Figure 1.
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Figure 1. Growth curve of ABC in NM broth. The bars represent the SEM. GT = generation time.

3.2. Probiotic Tests
3.2.1. Susceptibility to Antibiotics

The results of the antibiograms are presented in Table 2. The ABC recorded susceptibil-
ity to the antibiotic’s sulfamethoxazole + trimethoprim, vancomycin, ampicillin (commonly
used for digestive disorders), and cephalothin; however, the ABC recorded resistance
against gentamicin and tetracycline.

Table 2. Antibiograms for Gram-positive and Gram-negative bacteria tested in the ABC.

Gram-Positive ABC Gram-Negative ABC

SXT (25 µg) Susceptible AM (10 µg) Susceptible
PE (10 u) Resistant AK (30 µg) Susceptible

VA (30 µg) Susceptible GE (10 µg) Susceptible
TE (30 µg) Resistant CF (30 µg) Susceptible
AM (10 µg) Susceptible NET (30 µg) Susceptible
CPF (5 µg) Intermediate CL (30 µg) Intermediate

GEN (10 µg) Resistant SXT (25 µg) Intermediate
NF (300 µg) Susceptible

SXT = sulfamethoxazole + trimethroprim, PE = penicillin, VA = vancomycin, TE = Tetracycline, AM = ampicillin,
CPF = ciprofloxacin, GEN = gentamicin, AK = amikacin, GE = gentamicin, CF = cephalotin, NET = netilmicin,
CL = chloranmphenicol, NF = nitrofurantoin, ABC = acidogenic bacterial consortium.

3.2.2. Tetracycline Resistance Genes Tet R Tet M and Tet W

Genomic and plasmid DNA extraction of ABC was performed for PCR and determined
where tetracycline resistance was present.

Tet R and Tet W genes were not found in ABC, and in the case of the Tet M gene, it
was found in the genomic DNA.

3.2.3. Resistance to pH

Table 3 shows the number of CFUs from the resistance test of the ABC at different pH
for 24 and 48 h. For 24 and 48 h at pH 6.5 and 7, there is a higher CFU growth, in contrast
to acidic pH 2 and 3, which did not record growth at 48 h. No differences were found in the
number of CFUs at pH 5.5 at 48 h and pH 6 at 24 h (2.6 × 1010 and 1.9 × 1010, respectively),
and similarly, there was no difference in CFUs at pH 5.5 and 6 incubated for 48 h compared
to CFUs at pH 7 incubated for 24 h (2.6 × 1010, 3.0 × 1010 and 3.5 × 1010, respectively). The
highest number of CFUs is observed when the ABC is incubated at pH 6.5 and 7 for 24 and
48 h (3.7 × 1010, 4.1 × 1010, 3.5 × 1010, and 4.0 × 1010, respectively).
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Table 3. pH resistance of ABC at 24 and 48 h.

pH 2.0 3.0 4.0 5.0 5.5 6.0 6.5 7 SEM

24 h 6.6 × 107 a,+ 3.3 × 108 a,+ 5.0 × 109 a,b,+ 6.0 × 109 a,b,+ 8.7 × 109 b,+ 1.9 × 1010 c,+ 3.7 × 1010 e,+ 3.5 × 1010 d,e,+ 2.7 × 108

48 h 0 a,+ 0 a,+ 3.8 × 109 a,b,+ 9.8 × 109 b,+ 2.6 × 1010 c,d,* 3.0 × 1010 d,* 4.1 × 1010 e,+ 4.0 × 1010 e,+ 2.7 × 108

a–e Different superscripts in the same row indicate significant differences (p < 0.0001, n = 3). +,* Different super-
scripts in the same column indicate significant differences between time points (p < 0.0001, n = 3). ABC = acidogenic
bacterial consortium, SEM = standard error of the mean.

3.2.4. Gastric Juice Resistance Test

The pH value in the abomasum varies from 2 to 4 depending on the diet. Therefore,
ABC was challenged at pH 2, 3, and 4 for 2 h which is the average time the digesta remains
in the abomasum. Table 4 shows the results of the CFU after the ABC was incubated at
different pH. At pH 4, the highest number of CFUs was observed (5.0 × 105) compared to
pH 2 and 3 (3.6 × 104 and 9.0 × 104, respectively). Table 5 shows the survival results of
the ABC. The ABC has a survival of 100% at 60 min of incubation and 76.7% at 150 min of
incubation, meaning that ABC is able to withstand the acidity and the presence of pepsin.

Table 4. CFUs of ABC at 2 h incubated in NM at different pH.

2.0 3.0 4.0

CFUs 3.0 × 107 a 9.0 × 107 a 5.0 × 108 b

SEM 782,209.60 782,209.60 782,209.60
a,b Different superscripts in the same row indicate significant differences (p < 0.01, n = 3). CFUs = colony forming
units, ABC = acidogenic bacterial consortium, SEM = standard error of the mean.

Table 5. Survival rate (%) of ABC on artificial gastric juice.

Bacteria 30 min 60 min 90 min 120 min 150 min

ABC 25.0 100.0 83.3 65.0 76.7
ABC = acidogenic bacterial consortium.

3.2.5. Resistance to Bile Salts

Table 6 shows the results of the challenge to bile salts. In the ABC, no differences were
found between the control bacteria (grown in NM) and the treatment (NM enriched with
bile salts). The ABC was found to be resistant to bile salts.

Table 6. CFUs of ABC incubated for 6 h in NM and bile salts.

Bacteria Incubation Broth CFUs SEM

ABC NM 1.6 × 106 842,120.3
ABC NM + Bile salts 1.4 × 106 842,120.3

(p > 0.05, n = 3) CFUs = colony forming units, ABC = acidogenic bacterial consortium, SEM = standard error of the
mean, NM = nutrient medium.

3.2.6. Tolerance to Temperature

Figure 2 shows the results of tolerance to the different temperatures at 24 and 28 h. At
24 h, a higher DO was observed compared to at 48 h. Growth was better at 30 ◦C, then
37 ◦C, and finally, at 45 ◦C (p < 0.05).
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Figure 2. Temperature (◦C) resistance of ABC at different hours of incubation. Different letters
indicate significant differences. (p < 0.05, n = 3).

3.2.7. Coaggregation Capacity

The ABC demonstrated a coaggregation capacity of 10.74% against E. coli during the
60 min test.

3.2.8. Antagonistic Activity

ABC showed positive inhibition against E. coli because they had a zone of inhibition
of 10.5 ± 0.5 mm. No inhibition was observed for S. typhimurium (8 ± 1.5 mm).

3.2.9. Adhesion to Mucus

Figure 3 shows the results of the adhesion to mucins, was much higher for the ABC
compared to P. acidipropionici counts. In contrast, no viable bacteria were found in the
negative control. These results suggest the potential for PCB adherence and colonization of
the intestinal tract.

3.3. Disappearance of Dry Matter and VFA Production In Vitro

Table 7 shows the results of IVDMD. As can be seen at 24 h, there was no difference
between treatments, but at 48 h, there was a better DMD in the treatments in which the
ABC was added (51.73%, 51.43%, and 51.97% for treatments 4 × 108, 4 × 1010 and 4 × 1012,
respectively); however, no difference was found between them.

Table 7. Dry matter disappearance (%) at 24 and 48 h.

Time (h) Control ABC
4 × 108

ABC
4 × 1010

ABC
4 × 1012 SEM

24 45.43 a,+ 44.32 a,+ 43.38 a,+ 45.17 a,+ 0.91
48 48.86 b,* 51.73 c,* 51.43 c,* 51.97 c,* 0.91

a,b,c Different superscripts in the same row indicate significant differences (p < 0.01, n = 5). +,* Different superscripts
in the same column indicate significant differences between time points (p < 0.0001, n = 3). ABC = acidogenic
bacterial consortium; SEM = standard error of the mean.
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Figure 3. Adherence to mucins of ovine gut. (A) Negative control, (B) positive control P. acidipropionici
+ mucins, (C) bacterial consortium without mucins, (D) bacterial consortium + mucins.

The dose of 4 × 108 was selected for further experiments.
Table 8 shows the effect of ABC addition on VFA production in vitro. Increases of 72.7,

74.8, and 48.3% were observed with the addition of the ABC for acetate, propionate, and
butyrate, respectively. For total VFAs, the increase was 72.7% (p < 0.05).

Table 8. Effect of the addition of the ABC to the rumen fluid on the VFA production in 24 h of in vitro
fermentation.

Control ABC

mMol/L Mean SEM Mean SEM

Acetate 23.8 a 5.7 41.6 b 4.7
Propionate 8.9 a 1.3 13.2 b 1.09

0.86Butirate 2.8 a 1.0 6.5 b

Total VFAs 35.5 - 61.3 -
Acetate: Propionate ratio 2.7:1 a 0.11 3.2:1 b 0.09

a,b Different superscripts between rows indicate statistical differences (p < 0.05, n = 3). ABC = acidogenic bacterial
consortium; SEM = standard error of the mean; VFAs = volatile fatty acids.

3.4. Effect of the Addition of Fresh ABC to Limousin Heifers

The animals were weighed on day 1 and then every 28 days for two consecutive days,
to record their growth and development. When analyzing the data, a difference (p ≤ 0.001)
between treatments can be observed (Table 9), showing an improvement in the weight gain
of up to 10 kg more in the animals that were supplemented with the ABC.
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Table 9. Effect of ABC on body weight (IW, FW), dry matter intake (DMI), daily weight gain (DWG),
and feed conversion (FC) of Limousin heifers.

Productive Parameters (kg) Control SEM ABC SEM

IW 274.9 a 11.6 283.0 b 14.3
FW 348.5 a 7.1 371.8 b 5.5

DWG 0.87 a 0.04 1.06 b 0.03
DMI 11.9 a 1.7 11.1 b 0.97
FC 11.4 a 2.18 9.22 b 1.80

a,b Different superscripts between columns indicate statistical differences (p ≤ 0.001, n = 7). IW = initial weight,
FW = final weight, DMI = dry matter intake, DWG = daily weight gain, FC = feed conversion, ABC = acidogenic
bacterial consortium, SEM = standard error of the mean.

This was also demonstrated in the daily weight gain (DWG) (Table 9) of the animals
where the difference between treatments (p < 0.001) was greater for the animals that received
the ABC, with a DWG of 200 g more than the control group, which may demonstrate that
the ABC has a beneficial effect on the animals’ DWG.

Table 9 shows the effect of the ABC on the dry matter intake (DMI), daily weight gain
(DWG), and feed conversion (FC) of Limousin heifers (p < 0.001).

3.4.1. Serum Glucose Determination

Glucose quantification was performed to determine the effect that increased VFA
could have on circulating blood glucose. When analyzing the data by paired means, this
was significant (p = 0.05) for the ABC group. Statistical analysis of each sample showed
that the ABC group at day 85 had a significant increase in glucose, 90.52 (SD = 2.6) vs. 81.69
(SEM = 3.02) for the ABC and control groups, respectively (Table 10).

Table 10. Effect of ABC addition on blood glucose.

Days Control
(mg/dL) SEM ABC

(mg/dL) SEM

Day 1 79.07 4.14 80.46 4.43
Day 29 78.27 4.14 79.05 4.43
Day 57 84.48 4.14 88.86 4.78
Day 85 81.69 b 3.02 90.52 a 2.62

a,b Different superscripts between rows indicate statistical differences (p < 0.001, n = 7). ABC = acidogenic bacterial
consortium, SEM = standard error of the mean.

3.4.2. ABC Effects on VFA Production

Table 11 shows the effect of probiotic addition on the molar concentrations of VFA in
the rumen fluid. The concentration of acetate produced an increase of 14.5%, and there was
an increase of 19% for propionate (p < 0.05). Butyrate was not different (p > 0.05). The total
VFA difference was 15.4% (p < 0.05).

Table 11. Effect of ABC consortium addition on feed over VFA production (mmol/L) at the rumen level.

Control SEM ABC SEM

Acetate 94.87 a 71.35 108.46 b 65.62
Propionate 17.60 a 10.1 20.98 b 9.01

Butyrate 7.98 a 14.9 9.62 a 15.8
Total VFAs 120.45 139.06

a,b Different superscripts between rows indicate statistical differences (p ≤ 0.05, n = 7). ABC = acidogenic bacterial
consortium, SEM = standard error of the mean, VFAs = Volatile fatty acids.

3.4.3. ABC Effects on Ruminal Microbiota

The possible changes in bacterial and archaeal populations in the rumen liquid after
ABC administration are shown in Figures 4 and 5. No different changes in the bacterial
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population at the species level were found between the ABC treatment and the control
group (Figure 4). However, upon analysis of Archaea species, a decrease in methane-
producing species was found (Figure 5, p < 0.05).
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Figure 4. Effect of ABC on the relative abundance of bacterial species inhabiting the rumen of
Limousin heifers.

3.4.4. Relative Quantification of Lactobacillus spp. and Propionibacterium spp.

The relative abundance of Lactobacillus spp. in the ABC was 0.091%, whereas the
relative abundance of Propionibacterium spp. was 0.013%.
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Figure 5. Effect of ABC on the relative abundance of Archaea species inhabiting the rumen of
Limousin heifers.

4. Discussion
4.1. Probiotic Tests

The use of probiotics is subject to various laws to ensure their safety for both human
and animal consumption. In the USA, microorganisms used for consumer purposes
must have Generally Regarded as Safe (GRAS) status, regulated by the Food and Drug
Administration (FDA). In Europe, the European Food Safety Authority (EFSA) introduced
the term Qualified Presumption of Safety (QPS). The EFSA considers that bacterial strains
carrying antibiotic resistance related to acquired genetic determinants have a high potential
for horizontal spread and should not be incorporated into food. Otherwise, it considers
that bacterial strains possessing antibiotic resistance by intrinsic or chromosomal mutation
have a minimal or low potential for horizontal resistance spread and can generally be
incorporated into food [31,32].

Resistance to gentamicin, erythromycin, and tetracycline was reported within the
ABC; the bacterial genera present were Lactobacillus spp., Enterococcus spp. and Bacillus spp.
Albuquerque et al. [33] and Argyri et al. [34], who worked with different strains of Lac-
tobacillus spp., found intrinsic resistance to gentamicin, erythromycin, tetracycline, and
kanamycin. Baccouri et al. [35], working with Enterococcus faecalis OB14, reported resistance
to gentamicin and erythromycin. Enterococcus spp. resistance to gentamicin has been
described as intrinsic, non-transmissible, and widely distributed [36,37]. This erythromycin
resistance in Lactobacillus spp. has been associated with a single mutation in the 23S rRNA
gene [38]. An important point and one to be taken with caution is the observed tetracycline
resistance; some studies have described the tetracycline resistance genes tet (M), tet (L), tet
(K), and tet (S) as chromosomal in lactic acid bacteria [38,39], while others have shown tet
(M) as localized on plasmids [40], which can commonly move between bacteria. For the
case of this ABC, the only gene of resistance to tetracycline was the Tet M, which is in the
genomic DNA and does not represent a risk factor to transmit this resistance according to
what has been established by the EFSA; when resistance is found in the chromosomal part
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of the consortium, there is a minimal factor for the spread of horizontal resistance, and it
can be incorporated into food [31,32].

Probiotics exert their beneficial effects on the host by modifying the composition
and activity of the intestinal microbiota [41]. To achieve this, the bacterial strains used
as probiotics must survive challenges in the host’s digestive tract (DT) [42] including
variations in pH throughout the ruminant DT compartments (reticulum–rumen, omasum,
abomasum, small intestine, and colon), as well as resistance to bile in the intestine [43]. Our
ABC exhibits robust survivability, particularly at low pH levels, with optimal survival at
pH 6 and above, and it also demonstrates resistance to bile salts.

The pH is probably the most important factor affecting the microbial population and
its activities. The rumen fermentation products, particularly acetate, propionate, lactate,
and CH4, are strongly affected by ruminal pH, mediated largely by the effect of pH on
microbes [44]. The sensitivity of ruminal bacteria to pH is dictated by the pH gradient
across their cell membranes and their ability to regulate intracellular pH. These physiolo
gical pH ranges in the rumen and other parts of the DT are influenced by dietary factors.
For instance, Kern et al. [45] measured the pH of the digestive tract of cattle fed with hay at
a daily rate of 2% of body weight for 30 d. The DT pH values were 6.9, 3.1, 7.3, 7.0, and
7.2 for the rumen, abomasum, ileum, cecum, and terminal colon, respectively. Wheeler
et al. [46] collected pH data from cattle fed with concentrates at 48.5 and 59.6% of the
ration, reporting pH of 5.38 to 6.58, 2.27 to 4.16, 5.75 to 6.78, and 5.0 to 6.8 for the rumen,
abomasum, ileum, and colon, respectively.

Ruminal pH greatly influences microbial activity, with the magnitude and duration of
pH levels being key factors. The ABC thrived optimally at pH 6.5 and 7, both at 24 and 48 h,
as shown by CFU counts (Table 3), similar to those reported by Maldonado et al. [47] who
worked with different strains of Lactobacillus spp. obtained from the rumen of Bradford
and Brangus cattle and found that Lactobacillus spp. tolerated acid pH (3.0) differently
by the tested strains. Only Lactobacillus fermentum were able to grow at pH 3.0, which
agrees with our results obtained for pH 2.0, 3.0, and 4.0 even though at 24 h there were still
CFUs. The intolerance of Enterococcus spp. and Weissella spp. to highly acidic conditions is
consistent with their inability to adapt to acid stress, as previously reported [48]. However,
physiologically, ruminal pH does not reach values as low as 2.0, 3.0, 4.0, and 5.0 (without
presenting any lethal pathology).

The ABC used in this work exhibited significant survival across a simulated gastroin-
testinal tract. Since probiotics should survive in the stomach (in this case the abomasum)
where gastric juice is present, tolerance to acid pH is an important selection criterion for
probiotics, with the pH of the abomasum being in the range of 2 to 4 depending on the type
of diet [45,46] and a residence time of about 2 h.

Normally, this low pH causes strong decreases in bacterial counts as reported by
Albuquerque et al. [33], who worked with several strains of Lactobacillus spp. Only one
strain in Lactobacillus fermentum 296 was able to survive after 2 and 3 h at pH of 2.0, which
agrees with our results, even though at pH of 4.0, there was a significantly higher amount
of CFUs. Although there is survival of the ABC at this pH for 2 h, in vivo in the abomasum,
probiotics are not necessarily challenged at pH values as low as 2.0 and 3.0 because the
abomasal environment can be buffered by food components.

Bile comprises a complex mixture of components, encompassing proteins, ions, pig-
ments, cholesterol, and diverse bile salts, which have demonstrated protective properties
against pathogenic bacteria. The precise mechanisms underlying how bile triggers cell
death remain poorly understood, and it remains uncertain whether cell death arises from
membrane damage or from damage at the DNA-level, or both [49].

The ABC is resistant to bile salts at 0.3% and our result is like that reported by Sánchez
et al. [50], who observed resistance to bile salts in four strains of Lactobacillus spp. isolated
from calves. A factor that may favor the survival of these microorganisms in vivo in the
duodenum is the presence of feed, since the bacteria may not be exposed to bile salts, and
thus toxicity on the membranes could be avoided.
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One of the relevant properties of some probiotics is the ability to coaggregate with
certain pathogens and, consequently, prevent their access to the mucous membranes. We
demonstrated that the bacterial consortium presents a 10.74% coaggregation capacity
against Escherichia coli. This result is similar to those mentioned by Albuquerque et al. [33],
who studied nine strains of Lactobacillus spp. as potential probiotics; they reported that the
coaggregation capacity of their strains ranged between 2.4 and 41.3%. It is postulated that
the coaggregation capacity depends on the bacterial species involved, being specific among
strains and affected by the environmental conditions in which this interaction takes place.
The pH and salt concentration of the medium modify this characteristic, probably because
of the influence on the surface charges of the bacteria; thus, low pH and high electrolyte
concentration favor it [51].

Another important characteristic of a probiotic is its ability to promote bacterial
colonization of the intestinal mucosa [52]. In general, we observed good adhesion of ABC
to mucus; in Video S1, we could observe the CFUs of the acidogenic bacterial consortium
(ABC) adhered to mucins. Cueto-Vigil et al. [24] showed LAB had high adhesion to mucus,
while López and Espinoza [53] found that Lactobacillus plantarum can adhere to and colonize
intestinal cells in vitro. The ability of probiotics to reduce pathogenic microorganisms in the
digestive tract may be due to the production of bacteriocin and exclusion due to competition
by adherence to the intestinal epithelium. Indeed, some strains of Lactobacillus spp. and
Bifidobacterium spp. have hydrophobic surface proteins that promote non-specific adhesion
to animal cells, cover receptor binding sites, and prevent pathogenic microorganisms from
binding to intestinal epithelium [53,54].

Among the benefits of various probiotics is the ability to improve the digestibility of
feedstuffs and it is thought that, consequently, animal performance is improved. As can be
seen in Table 7, dry matter disappearance was not affected by the treatments at 24 h. This
was also reported by Ghorbani et al. [55] who worked with two probiotic bacterial strains
and their combination (Propionibacterium P15 1× 109 CFU/g and Propionibacterium P15 plus
Enterococcus faecium 1 × 109 CFU/g) with a dosage of 10 g/animal/d in cannulated steers;
they found no differences in DM digestion (in situ) on any of the substrates used. These
findings have also been reported with other probiotic bacterial strains by authors such as
Cagle et al. [56], with Saccharomyces cerevisae. Newbold et al. [57], also with Saccharomyces
cerevisae, did not observe that degradation was significantly affected by treatment. Souza
et al. [16], working with Bacillus subtilis spores, and Qiao et al. [58], also with a Bacillus
subtilis, found no differences in dry matter digestibility.

Concerning VFA production, the ABC increases it by almost 15–19% in acetate and
propionate, respectively. The use of probiotics in ruminants is recommended to improve
intestinal health and productive variables in young animals. Different products have been
used to manipulate ruminal fermentation [59]; our ABC has been shown to increase VFA
production both in vitro and in vivo (Tables 8 and 11), which makes it a product with great
potential for use in both dairy and beef cattle.

It is necessary then to clarify that the disappearance of dry matter does not have to
be paired with VFA production, and we could speculate that the increase in VFA is due
to a greater efficiency in the utilization of energy substrates available to ruminal bacteria,
which is a possible mechanism of action of the ABC. It could also be due to less wastage
of substrates or less availability of nitrogen, since a forage was used as a substrate for
the bacteria and since this was limited, the bacteria had more carbohydrates available for
conversion to VFAs.

4.2. Effect of the Addition of Fresh ABC to Limousin Heifers

Comparing the results obtained in this work with the use of the probiotic where the
feeding of the animals was based on forages, we can see the efficacy of its use on weight
gain, where there was an increase in DWG (1 kg daily), going from an average of 283 kg
to 371 kg of weight in 84 days. If this growth trend is maintained, 400 kg calves could be
obtained in 112 days.
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Krehbiel et al. [41] reported that probiotic supplementation to fattening cattle can
produce an increase of approximately 2.5 to 5% in DWG and 2% in feed efficiency. Arantza-
mendi et al. [60] described the use of Bacillus toyoi (Toyocerin®), in three different farm
units and locations, with beef cattle, showing improvements for DWG of 10% and 6.2%
for the final gain. Dick et al. [61] and Vyas et al. [62], where Propionibacterium spp. were
tested as probiotics in steers, observed no change in DWG between the control and treated
groups, nor was a reduction in DMI observed.

Triphati [63] tested three different yeast strains Kluyveromyces marximanus, Saccha-
romyces cerevisiae, Saccharomyces uvarum, and a combination of the three in a 1:1:1 ratio. A
difference was observed in the weight gain of the animals supplemented with Saccharomyces
cerevisiae and with the yeast mixture, where weight gains were 21% and 16%, respectively.

Alvarez [64] used a mixture of Lactobacillus acidophilus, Bacillus thermophilum, Bacillus
subtilis, and Saccharomyces cerevisiae, and found no effect on DWG. These data agree with
those reported by Krehbiel et al. [41], who concluded that the response in dry matter intake
in animals consuming probiotics has been inconsistent and is dependent on factors such as
climate, sanitary condition of the farm, and the health of the animals.

When observing the molar concentrations (Table 11) for the total VFA produced, it
is evident that with the addition of the ABC, there is an increase in the concentration
of VFAs. The concentration of acetate produced had an increase of 15%, and 19% for
propionate. Butyrate was not different. The capacity shown by the ABC to modify the
rumen environment causing an increase in VFAs (Tables 8 and 11) was notorious even with
the use of forages, since diets with high forage content usually produce a lower amount of
these; however, the acidogenic potential of the ABC could not be determined. The addition
of concentrate or grain to the substrate may cause the expected impact on the propionic
fraction, increasing the molar ratio of propionate at the expense of acetate causing a better
acetate: propionate ratio [65].

Most of the work completed to study the effect of microbial additives on productive
performance in ruminants has been carried out with growing and fattening animals or in
production (dairy) [66].

Most studies report an increase in propionate and a decrease in the acetate: propionate
ratio with supplementation of Propionibacterium acidipropionici [67–69] or propionate [70–72]
in a variety of ruminant diets, suggesting that it is a useful tool to increase the glycogenic
potential of the diet. Other researchers have reported no differences in total VFAs, but
acetate was either decreased [67,69] or not altered [68] by supplementation with Propioni-
bacterium acidipropionici. In the present study, an increase in total VFAs was observed for
animals in the treated group, but there was no change in the acetate: propionate ratio.

Several studies have reported a successful establishment of products from one of the
most important lactate-utilizing species in the rumen, Megasphaera elsdenii in sheep and
cattle, where an increase in ruminal fermentation was seen to result in increased production
of VFAs and helped to regulate ruminal pH preventing acidosis, although its mechanism
of action is not fully elucidated [73,74].

These data on bacterial probiotics are consistent with the performance shown by
the ABC, where it exerts an effect on ruminal fermentation, increasing weight gain and
increasing VFAs of the animals that were supplemented with the consortium.

5. Conclusions

The evaluated ABC exhibits significant potential for use as a Direct-Fed Microbial
(DFM) or probiotic due to several key attributes. Firstly, it demonstrates innocuousness,
lacking antibiotic resistance and antibiotic resistance plasmids, it displays remarkable
survivability under diverse digestive tract conditions encountered in ruminants. This
includes tolerance to varying pH levels in the reticulum and rumen (ranging from 5.5 to
7.0), as well as robust survival in the abomasum, even in acidic environments. Furthermore,
it exhibits resilience, with a 76.7% survival rate in the presence of HCl, pepsin, and pH 2.0,
along with resistance to bile salts. Additionally, the ABC displays the ability to coaggregate
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with Escherichia coli (10.74%) and enhances in vitro dry matter digestion (IVDMD) at 48 h
(51.73%).

The ABC contributes to improved total volatile fatty acid (VFA) production both
in vitro and in vivo, resulting in enhanced daily weight gain (DWG) and feed conversion
in Limousin beef cattle. These attributes collectively position it as a promising candidate
for probiotic use, especially in animals consuming high-forage diets.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ruminants3040028/s1, Video S1: Colony-forming units (CFUs) of
the acidogenic bacterial consortium (ABC) adhered to mucins. Staining with (5-(4,6-Dichlorotriazinyl)
Aminofluorescein) (DTAF identified by color green, Thermo Fisher Scientific, USA) for the bacterial
membrane and HOECHST-33342 (Blue, Thermo Fisher Scientific, Waltham, MA, USA) for DNA. The
microscopy was performed with CONFOCAL-780LSM (Zeiss) 63X. The visualization was performed
with AMIRA software (Thermo Fisher Scientific, Waltham, MA USA) in the CAVE VR System
(automatic virtual environment, University of Illinois, Chicago, IL, USA).
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