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Simple Summary: The use of recycled manure solids as bedding for cattle can raise
concerns about the spread of bacteria resistant to antibiotics, which could pose risks to
both animal and human health. This study investigated whether adding biochar, a material
produced by the pyrolysis of organic matter, to manure bedding can reduce harmful
bacteria and minimize the risk of antibiotic resistance. The effect of supplementing manure
solids with various biochar concentrations was tested in two time periods. The results
indicate that the tested concentrations of biochar did not contribute to a reduction in RMS’
bacterial loads nor in the antimicrobial resistance or virulence potential of the bacterial
species analyzed. Further studies are necessary to evaluate biochar’s ability to eliminate
bacterial agents and determinants from manure solids before proceeding to its broader
application in farming systems.

Abstract: The use of recycled manure solids (RMS) as cow bedding in dairy farms poses
concerns due to its potential to harbor pathogenic and antimicrobial-resistant bacteria. This
study evaluated the impact of RMS supplementation with biochar at three concentrations
(2.5%, 5%, and 10%) on bacterial counts and on the antimicrobial resistance and virulence
profiles of Escherichia coli and Enterococcus isolates. The results show that biochar supple-
mentation did not promote a significant reduction in bacterial numbers. Overall, there
were no significant changes in the isolates’ virulence or resistance profiles, and none of
the isolates obtained were classified as high or moderate threats based on their MAR and
VIR indexes. The most pathogenic Enterococcus isolates found were present in the control
samples. A phylogenetic analysis of E. coli isolates allowed us to identify phylogroup
D strains, predominantly in RMS supplemented with 2.5% and 10% biochar, which are
associated with higher virulence and resistance. These findings indicate that the biochar
concentrations tested were not effective in significantly reducing the bacterial risks associ-
ated with RMS. Further research is needed to evaluate different biochar formulations and
concentrations, aiming to optimize its potential use for RMS supplementation.
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1. Introduction
In an era characterized by escalating global demands for animal-based food, the

sustainability and safety of dairy farming practices have come under rigorous scrutiny. Of
particular concern is the potential contribution of dairy farming to the dissemination
of antimicrobial resistance (AMR), which poses significant environmental and health
threats worldwide. The misuse of antibiotics in dairy farming creates selective pressure,
driving the emergence of antimicrobial-resistant bacteria (ARB). These resistant bacteria
can spread through milk, manure, wastewater, and soil to the dairy farm environment,
potentially affecting both animals and humans [1,2]. Furthermore, resistance genes can
transfer across species and environments via horizontal gene transfer, complicating efforts
to address the global challenge of AMR [2]. Therefore, effective management practices
are needed, particularly for cattle manure, which may serve as a reservoir for ARB and
antimicrobial-resistant genes (ARG) due to intensive milk production practices that generate
large volumes of manure rich in bacteria [3]. These bacteria, whose counts usually range
between 109 and 1010 colony-forming units per gram (CFU/g), may contribute to the
environmental reservoir of resistance, underscoring the urgent need for effective mitigation
strategies [4,5].

Recycled manure solids (RMS) have gained popularity; they are used as bedding
material for dairy cows due to their reduced costs and increased availability. However,
the use of RMS raises concerns about bacterial transmission to the animals, including
antimicrobial-resistant strains [6]. Unprocessed manure may harbor a diverse array of mi-
crobial populations, including potential pathogens, posing risks to animal health. While the
practice of using manure as a soil amendment is prevalent worldwide, due to its nutrient-
rich composition, high organic matter content, and cost-effectiveness for liquid manure
disposal, its use in dairy farming warrants thorough investigation, which is imperative to
assess the potential ramifications for the dissemination of AMR [7,8].

To be used as cow bedding in Europe, RMS must adhere to Regulation 1069/2009
set forth by the European Parliament and the Council of the European Union. This reg-
ulation establishes a maximum threshold of 1000 Enterobacteriaceae CFU/g in manure
by-products [4]. Several manure pre-treatment options, including chemical and physical
treatments, can be applied to control bacterial levels in this product. However, these
methods often fall short in completely eliminating antibiotic residues and pathogens. For
instance, chemical treatments frequently fail to remove all antibiotic residues and may
introduce additional chemicals into the environment [6,9,10]. On the other hand, solid–
liquid separation is effective but expensive and energy-intensive [11]. Composting, despite
reducing pathogen load, requires significant time and space and may not eliminate all
antibiotic residues. Lastly, anaerobic digestion can leave behind resistant bacteria and genes
due to suboptimal destruction conditions [12].

Bedding material can have serious implications in animals’ health since dairy cows
typically spend 40 to 65% of their time lying down, promoting direct contact between the
mammary gland and the bacteria present in the bedding material, including Streptococcus
spp. (e.g. Streptococcus uberis), coliform species (e.g. Escherichia coli and Klebsiella spp.), Pseu-
domonas spp., and Enterococcus spp. [13,14], which can be responsible for intra-mammary
infections and, therefore, bovine mastitis.
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Among the bacterial groups mentioned, the fecal indicator bacteria E. coli and ente-
rococci are fundamental targets in studies exploring the use of recycled manure solids
(RMS) as cow bedding. Renowned for their robustness and prevalence in fecal matter,
these organisms serve as indispensable proxies for assessing microbial contamination levels
and associated health hazards inherent to the use of RMS as bedding material in bovine
husbandry [15].

Besides being a relevant mastitis pathogen, E. coli is also associated with reproduc-
tive diseases and calf diarrhea in cattle and may pose a zoonotic risk. This potential is
underscored by strains like Enterohemorrhagic E. coli (EHEC), which are of major public
health concern. EHEC is linked to severe gastrointestinal diseases in humans, including
hemorrhagic colitis and the potentially fatal hemolytic uremic syndrome [16]. Cattle serve
as the primary reservoir for EHEC, with human infections typically resulting from the
consumption of contaminated meat and dairy products or from direct contact with infected
animals. Moreover, while EHEC can cause life-threatening infections in humans, cattle,
particularly adult cattle, often remain asymptomatic carriers, intermittently shedding the
bacteria over extended periods [16,17].

Enterococci are another reliable indicator of fecal contamination, typically being com-
mensal bacteria from the gastrointestinal tracts of animals and humans. They are also able
to cause mastitis in cattle as well as nosocomial illnesses in humans, such as bacteremia,
endocarditis, and urinary tract infections. Given their wide distribution and resilience in
the environment, enterococci serve as reliable indicators of fecal contamination, playing a
pivotal role in AMR surveillance systems for both human and animal health [18–21].

To reduce udder exposure to pathogenic bacteria and the incidence of associated
infections, cost-effective methods are needed to control RMS microbiota [4,6,22]. Several
studies have evaluated the efficacy of different compounds, including biochar, in reducing
ARB in animals’ manure. Biochar, a by-product of the pyrolysis of agricultural waste
or other types of biomasses, has been described as a cost-effective product for use as an
amendment of animal manure, including in dairy farms [23–27]. Biochar represents a
promising alternative due to its distinctive properties [28]. Its high surface area and porous
structure enable it to adsorb a wide range of substances, including heavy metals, antibiotics,
and organic pollutants, and it also has a noteworthy impact on microbial communities
within manure [25,27,29]. Specifically, biochar pores can serve as habitats for beneficial
microorganisms, promoting their growth and activity while leading to the suppression of
pathogenic organisms, thereby improving soil health and reducing disease transmission
risks [25,27].

Before addressing its widespread use in dairy farms, RMS supplemented with biochar
must be properly characterized concerning its microbial traits with the aim of evaluating its
efficacy in inhibiting the dissemination of pathogenic and antimicrobial-resistant bacteria.
As such, an incubation experiment with RMS supplemented with three different concentra-
tions of biochar was performed over one month in two distinct time periods. To assess the
impact of biochar supplementation on bacterial populations, RMS-supplemented samples
from each condition (2.5%, 5%, and 10% biochar) were tested for the presence of E. coli and
enterococci. Then, the antimicrobial susceptibility and virulence profiles of the isolated
strains were analyzed to evaluate any changes attributable to the biochar treatments.

2. Materials and Methods
2.1. Incubation Experiment

An incubation experiment was conducted using fresh RMS from a commercial dairy
farm in Portugal, obtained by mechanical separation. RMS was collected from the same
commercial dairy farm at two time periods, namely April and June 2022 (Day 0). In the
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30 days of the trials performed in each time period, the relative environmental humidity in
the humid period (April–May) was much higher (71.5%) than in the dry period (June–July,
56.3%). The highest overall variations in both temperature and humidity were observed in
the dry period (12.6 ◦C and 56.0% as opposed to 9.5 ◦C and 43.0% variations in the humid
period) (https://www.ipma.pt/pt/index.html (accessed on 2 November 2024)). To avoid
variability due to animal differences, only manure from one farm was used in both assays.
The manure was collected directly after mechanical separation, mixed thoroughly to ensure
homogeneity, and then divided into the appropriate experimental groups.

Subsequently, to test the influence of biochar supplementation on this product’s mi-
crobiota, the obtained RMS was divided into five groups as follows: (1) non-supplemented
RMS (negative control); (2) RMS supplemented with 10% H2SO4 (positive control, selected
due to its known effectiveness in reducing bacterial counts through acidification); (3) RMS
supplemented with 2.5% biochar (2.5B); (4) RMS with 5% biochar (5B); and (5) RMS with
10% biochar (10B) (percentages by weight (w/w)). Each group consisted of a total of 15
kg, representing three 5 kg replicates of RMS. Replicates from all groups were placed in
identical and naturally ventilated containers and stored at ambient temperature for 30 days
for each trial period: April–May 2022, corresponding to a more humid and cooler time
period, and June–July 2022, a warmer and drier time period. The containers’ contents were
mixed every other day to ensure aeration.

The biochar used in this study was produced in Portugal, being obtained by pyrolysis
of pine; however, the physicochemical characteristics (e.g., porosity, acidity, and particle
size) were not disclosed by the biochar-producing company at the time of the study. The
biochar used in all assays was from the same production batch.

2.2. Sample Collection

Ten grams of samples of RMS from all experimental groups was collected on days
0, 5, 15, and 30 of the two incubation trials. Sampling time points were selected to repre-
sent both the immediate and longer-term responses of the microbial populations to RMS
supplementation. Day 0 represents the baseline, allowing for an initial assessment of the
microbiota before any treatments had time to produce any effect. Day 5 was chosen to
capture early microbial responses to biochar supplementations, as bacterial populations
often begin to adjust within the first few days. Day 15 represents a midpoint, providing
insights into the sustained effects of the treatments and any ongoing shifts in the microbial
community. Finally, Day 30 was selected as the endpoint to assess the long-term impacts
of the biochar supplementations, allowing for the evaluation of the stability of microbial
changes over a one-month incubation period. These timepoints were intended to provide a
comprehensive overview of bacterial growth and adaptation throughout the study.

Ten grams of biochar-supplemented samples, and those from the negative control,
were suspended in 10 mL of saline solution and homogenized using a stomacher to obtain
a 1:1 suspension that could be used for further processing. Subsequently, ten-fold serial
dilutions (10−1, 10−2, 10−3, 10−4, 10−5, and 10−6) in saline solution were carried out. After
that, 100 µL of the suspensions were inoculated on the surface of MacConkey Agar (MAC)
(VWR, Leuven, Belgium) and Slanetz and Bartley Agar (SB) (AppliChem, Darmstadt,
Germany) plates using sterile glass beads. After 48 h of incubation at 37 ◦C, quantification
of Enterobacteriaceae (total colonies on MAC) and of enterococci (total small round burgundy
colonies on SB) was performed and expressed as CFU/g of bedding sample.

Then, up to four colonies presumptively identified as E. coli (lactose-fermenting
colonies surrounded by a halo of bile salt precipitation on MAC) and as enterococci were
collected from the plates corresponding to each experimental condition and replicate and

https://www.ipma.pt/pt/index.html
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inoculated onto Brain Heart Infusion (BHI) (VWR) agar plates, followed by incubation at
37 ◦C for 24 h.

All isolates were stored in buffered peptone water supplemented with glycerol (20%)
(VWR) at −20 ◦C throughout the duration of the study.

2.3. Isolates’ Identification and Molecular Characterization

For all molecular assays, a negative control (sterile PCR water) was included, and 10%
of independent replicas were performed to validate and assess the results’ reproducibility.

2.3.1. Enterococci

The phenotypical identification of the presumptive enterococci isolates was performed
as previously described [30]. Each isolate was inoculated on Bile Esculin (BE) agar (Schar-
lau, Barcelona, Spain) plates, a selective and differential medium for the isolation and
identification of Enterococcus spp., and incubated at 37 ◦C for 42 h. Gram staining and
catalase testing were performed for all the isolates that produced dark brown to black
colonies in BE agar, aiming to detect Gram-positive and catalase-negative isolates, which
were presumptively identified as Enterococcus spp. [30].

For molecular identification, the DNA from these isolates was obtained using the
boiling method [31]. DNA purity and concentration were assessed using a Nanodrop
spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA), followed by sample
dilution to achieve a final DNA concentration of 50 ng/µL.

Genus identification followed an adaptation of the method described by Ke et al.
(1999) [32]. The reaction mixtures, with a total volume of 25 µL, consisted of 12.5 µL of
Supreme NZYTaq II 2x Green Master Mix (NZYTech, Lisbon, Portugal), 1 µM of each of
the primers Ent1 and Ent2 (StabVida, FCT/UNL, Caparica, Portugal) (Table 1), and 1 µL of
DNA [50 ng/µL] [32]. Amplification was conducted using a XTender96 (VWR) thermocycler
under the following conditions: initial denaturation at 94 ◦C for 3 min, followed by 35 cycles
of denaturation at 94 ◦C for 60 s, annealing at 48 ◦C for 60 s, extension at 72 ◦C for 60 s,
and a final extension at 72 ◦C for 5 min. All PCR products were separated by agarose gel
electrophoresis (1.3%, w/v) in 1x TBE buffer (NZYTech) supplemented with GreenSafe
Premium (NZYTech). The electrophoresis process was conducted at 90 V for 1 h, and the
outcomes were visualized using the ChemiDoc™ Gel Imaging System (Bio-Rad, San Diego,
CA, USA).

Molecular identification of enterococci species was carried out using a multiplex PCR
protocol adapted from [33]. The following species were targeted: Enterococcus faecium
(primers FM1 and FM2), Enterococcus faecalis (FL1 and FL2), Enterococcus hirae (HI1 and
HI2), Enterococcus durans (DU1 and DU2), Enterococcus casseliflavus (CA1 and CA2), and
Enterococcus cecorum (CE1 and CE2) (Table 1). The following positive controls were used:
E. faecalis ATCC 29212®, E. faecium CCUG 36804®, E. hirae ATCC 10541®, E. durans DSMZ
20633®, E. cecorum DSMZ 20682®, and E. casseliflavus DSMZ 20680®. A negative control
(sterile PCR water) was included in each reaction. Additionally, 10% of independent
replicates was tested for result validity and reproducibility.
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Table 1. Primers used for Enterococcus identification at genus and species levels and in fingerprinting
and those used for E. coli fingerprinting and phylogroup identification.

Identification Primer Product Length Reference

Enterococcus

Enterococcus spp. Ent1 5′ TACTGACAAACCATTCATGATG 3′ 112 bp [32]Ent 2 5′ AACTTCGTCACCAACGCGAAC 3′

E. faecium FM1 5′ GAAAAAACAATAGAAGAATTAT 3′ 215 bp

[33]

FM2 5′ TGCTTTTTTGAATTCTTCTTTA 3’

E. faecalis FL1 5’ ACTTATGTGACTAACTTAACC 3’ 360 bp
FL2 5’ TAATGGTGAATCTTGGTTTGG 3’

E. hirae
HI1 5’ CTTTCTGATATGGATGCTGTC 3’ 187 bp
HI2 5’ TAAATTCTTCCTTAAATGTTG 3’

E. durans
DU1 5’ CCTACTGATATTAAGACAGCG 3’ 295 bp
DU2 5’ TAATCCTAAGATAGGTGTTTG 3’

E. casseliflavus CA1 5’ TCCTGAATTAGGTGAAAAAAC 3’ 288 bp
CA2 5′ GCTAGTTTACCGTCTTTAACG 3′

E. cecorum
CE1 5′ AAACATCATAAAACCTATTTA 3′ 371 bp
CE2 5′ AATGGTGAATCTTGGTTCGCA 3′

Fingerprinting (GTG)5 5′ GTGGTGGTGGTGGTG 3′ 200–3000 bp [34]

E. coli

Fingerprinting ERIC2 5′ AAGTAAGTGACTGGGGTGAGCG 3′ 380–3280 bp [35]

gadA Forward 5′ GATGAAATGGCGTTGGCGCAAG 3′ 373 bp

[36]

Reverse 5′ GGCGGAAGTCCCAGACGATATCC 3′

chuA
Forward 5′ ATGATCATCGCGGCGTGCTG 3′ 281 bp
Reverse 5′ AAACGCGCTCGCGCCTAAT 3′

yjaA Forward 5′ TGTTCGCGATCTTGAAAGCAAACGT 3′ 216 bp
Reverse 5′ ACCTGTGACAAACCGCCCTCA 3′

TSPE4.C2
Forward 5′ GCGGGTGAGACAGAAACGCG 3′ 152 bp
Reverse 5′ TTGTCGTGAGTTGCGAACCCG 3′

For PCR reactions targeting E. faecium and E. faecalis, 25 µL reaction mixtures were
prepared with 12.5 µL Supreme NZYTaq II 2x Green Master Mix (NZYTech), 1.25 µM
of each primer, and 1 µL of DNA (50 ng/µL). Amplification was performed with the
following cycle conditions: initial denaturation at 95 ◦C for 5 min, followed by 35 cycles
of denaturation at 95 ◦C for 60 s, annealing at 54 ◦C for 1 min, and extension at 72 ◦C for
1 min, with a final extension at 72 ◦C for 10 min. For the identification of E. hirae, E. durans,
E. cecorum, and E. casseliflavus, PCR mixtures containing 12.5 µL of Supreme NZYTaq II 2x
Green Master Mix, 0.75 µM of each primer, and 2 µL of DNA (50 ng/µL) were used under
similar amplification conditions, but we applied 30 cycles and an annealing temperature of
55 ◦C and final extension for 7 min [33].

Genomic fingerprinting of enterococci was performed using a (GTG)5 primer-based
PCR method adapted from [34]. PCR reaction mixture contained 1x reaction buffer, 3 µM
MgCl2, 0.2 µM of each deoxynucleotide triphosphate, 2 µM of the primer, 0.06 U of Taq
(Invitrogen, Waltham, MA, USA), and 100 ng of DNA. Amplification conditions included
initial denaturation at 94 ◦C for 4 min, followed by 40 cycles of denaturation at 94 ◦C for
60 s, annealing at 40 ◦C for 2 min, extension at 72 ◦C for 2 min, a final extension at 72 ◦C for
10 min [34].

PCR products were separated by agarose gel electrophoresis (1.5%, w/v) in 0.5x TBE
buffer, stained with GreenSafe Premium (NZYTech), and visualized using the ChemiDoc™
Gel Imaging System (Bio-Rad, Image Lab, Version 6.1.0). Genomic profiles were analyzed
using hierarchical clustering with BioNumerics® 6.6 (Applied Maths, Kortrijk, Belgium).
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2.3.2. E. coli

The presumptive identification of E. coli isolates was performed by Gram staining
(Gram-negative non-sporulating bacillus), an oxidase test (oxidase-negative), and IMViC
testing, which followed an adapted protocol derived from Fernandes et al. (2022) focusing
on testing for indole, motility, Voges–Proskauer, and citrate utilization [37]. Isolates that
exhibited a positive reaction for indole and motility, along with a negative reaction for
Voges–Proskauer and citrate, were presumptively identified as E. coli and subjected to
genomic fingerprinting and phylogenetic grouping.

DNA from the E. coli isolates was obtained utilizing the boiling method [31]. DNA pu-
rity and concentration were assessed using a Nanodrop spectrophotometer (ThermoFisher
Scientific), and all samples were diluted to achieve a final DNA concentration of 50 ng/µL.
Isolates’ genomic fingerprinting was accomplished through ERIC-PCR following the
methodology outlined by Silva et al. (2009). The PCR mixture consisted of 10 µL of
sterile PCR water, 12.5 µL of MasterMix (NZYTech), 0.5 µL of the ERIC2 primer (Table 1)
(Stabvida), and 2 µL of template DNA [50 ng/µL] for a final volume of 25 µL. Amplification
was conducted using an XTender96 (VWR) thermocycler under the following conditions:
initial denaturation at 95 ◦C for 7 min, followed by 30 cycles of denaturation at 90 ◦C for
30 s, annealing at 52 ◦C for 60 s, extension at 72 ◦C for 8 min, and a final extension at
72 ◦C for 16 min [35]. All products were separated by agarose gel electrophoresis (1.5%,
w/v) in 0.5x TBE buffer (NZYTech) supplemented with GreenSafe Premium (NZYTech).
Electrophoresis was conducted at 70 V for 2 h.

As for enterococci, all electrophoresis outcomes were visualized using the Chemi-
Doc™ Gel Imaging System (Bio-Rad), and fingerprinting results were assessed using
BioNumerics® 6.6 (Applied Maths) as previously described.

Phylogenetic grouping of the E. coli isolates was performed using primers focusing on
the gadA, chuA, and yjaA genes and the DNA fragment TSPE4-C2 (Stabvida) (Table 1) [36].
PCR was conducted in a reaction volume of 20 µL, comprising 0.4 µL of each primer with a
final concentration of 1 µM, 10 µL of Master Mix (NZYTech), 5.8 µL of sterile PCR water,
and 1 µL of bacterial DNA [200 ng/µL]. Amplification was conducted using an XTender96

(VWR) thermocycler under the following conditions: initial denaturation at 94 ◦C for 4 min,
followed by 30 cycles of denaturation at 94 ◦C for 30 s, annealing at 65 ◦C for 30 s, extension
at 72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min [36]. Three positive controls (E. coli
strain J96 belonging to phylogenetic group B2, E. coli strain KS52 belonging to phylogenetic
group A, and E. coli strain 22.8 D belonging to phylogenetic group D) were included.

PCR products underwent separation through agarose gel electrophoresis (2%, w/v)
in 0.5x TBE buffer (NZYTech) supplemented with GreenSafe Premium (NZYTech). Elec-
trophoresis was carried out at 70 V for 2 h, and the results were observed as previously
described.

2.4. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing of the Enterococcus spp. and E. coli representative
isolates selected based on PCR fingerprinting was performed using the disk diffusion
method following the Clinical and Laboratory Standards Institute (CLSI) standards [38,39].
To ensure the validity and reproducibility of the assays, 10% independent replicas were
performed. Reference strains E. coli ATCC 25922, Staphylococcus aureus ATCC 25923, and
E. faecalis ATCC 29212 were used as control strains.

The antibiotics tested were selected based on their frequent use on dairy farms and in
human medicine and included compounds from several antibiotic classes. For Enterococcus
spp., the antibiotics tested included penicillins (ampicillin, 10 µg; amoxicillin–clavulanic
acid, 20/10 µg); glycopeptides (vancomycin, 30 µg); tetracyclines (oxytetracycline, 30 µg);
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aminoglycosides (high-dose gentamicin, 120 µg); and fluoroquinolones (enrofloxacin, 5 µg)
(Oxoid Limited®, Hampshire, UK). For E. coli, the antibiotics tested included penicillins
(ampicillin, 10 µg; amoxicillin–clavulanic acid 20/10 µg); tetracyclines (oxytetracycline,
30 µg); sulphonamides (trimethoprim/sulfamethoxazole, 1.25/23.75 µg); fluoroquinolones
(enrofloxacin, 5 µg); and cephalosporins (ceftiofur, 30 µg) (Oxoid Limited®).

Bacterial suspensions, with a turbidity equivalent to 0.5 on the McFarland scale
(equivalent to approximately 1.5 × 108 CFU/mL), were inoculated using the lawn technique
on the surface of Mueller–Hinton agar (Oxoid Limited®) plates. Antibiotic disks were
then placed on the agar surface, and plates were incubated for 18 h at 36 ◦C, except for
vancomycin testing plates, which were incubated for 24 h at the same temperature. After
incubation, the diameters of the inhibition halo around the disks were measured, and results
were interpreted according to CLSI guidelines M31 A3 [40], VET09 [39], and M100 [38].

The Multiple Antibiotic Resistance (MAR) index for each isolate was calculated accord-
ing to Singh et al. (2017), considering the number of antimicrobials to which the isolates
were resistant to divided by the number of antimicrobials tested. An average of each MAR
was then calculated for the isolates from each treatment condition [41].

2.5. Virulence Assays

The phenotypic virulence profile of all representative isolates was established by assess-
ing their ability to produce hemolysin, gelatinase, biofilm, DNase, proteinase, and lecithi-
nase using specific media following the procedures used by Fernandes et al. (2022) [37].
Positive and negative controls, along with 10% independent replicas, were also tested.

Hemolysin production was evaluated on Columbia agar medium supplemented with
5% sheep blood (bioMérieux, Marcy-l’étoile, France) using S. aureus ATCC® 25923 as
positive control and E. coli ATCC® 25922 as negative control. A positive reaction was
indicated by the formation of a halo around the colonies after incubation at 37 ◦C for 72 h.

Gelatinase activity was assessed using nutrient gelatin agar (Oxoid Limited ®), with
Pseudomonas aeruginosa ATCC® 27853 as positive control and E. coli ATCC® 25922 as
negative control. After an incubation period of 48 h at 37 ◦C, the cultures were refrigerated
for 30 min at 4 ◦C, with liquefaction of the medium being considered a positive result.

Biofilm formation was evaluated in BHI agar medium (VWR) supplemented with 0.8%
Congo Red (Sigma-Aldrich, St. Louis, MO, USA) and 5% sucrose (Millipore Sigma-Aldrich,
ON, Canada), with E. faecium ATCC® 29212 being used as positive control and E. coli
ATCC® 25922 as negative control. Positive reactions were characterized by the formation
of colonies ranging from brown to black after incubation at 37 ◦C for 72 h.

DNase activity was assessed in DNase agar (VWR) supplemented with 0.01% toluidine
blue (Merck KGaA, Darmstadt, Germany), using S. aureus ATCC® 25923 as positive control
and E. coli ATCC® 25922 as negative control. A pink halo around the colonies after
incubation at 37 ◦C for 72 h indicated a positive reaction.

Proteinase activity was evaluated in Skim Milk Agar (VWR), testing P. aeruginosa
ATCC® 27853 as positive control and S. aureus ATCC® 29213 as negative control. The
presence of a transparent halo around the colonies after 48 h of incubation at 37 ◦C denoted
a positive reaction.

Lecithinase activity was assessed in Tryptic Soy Agar (VWR) supplemented with 10%
egg yolk emulsion (VWR), with P. aeruginosa ATCC® 27853 being used as positive control
and E. coli ATCC® 25922 as negative control. A positive reaction resulted in the formation
of a white precipitation halo around the colonies after incubation at 37 ◦C for 72 h.

The virulence index (VIR) for each isolate was determined by dividing the sum of all
positive virulence phenotypes exhibited by the isolates by the total number of virulence
factors tested [41]. An average of each VIR was then calculated for each treatment.
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Finally, isolates were classified according to their threat level. According to the MAR
and VIR classification system created by Singh et al. (2017) [41], isolates can be categorized
as a high threat if they exhibit a MAR index ≥ 0.30 and a VIR index ≥ 0.50; as a moderate
threat if the MAR index is <0.30 and the VIR index is ≥0.50; as a low threat if the MAR
index is ≥0.30 and the VIR index is <0.50; and, finally, as no threat if the MAR is <0.30 and
the VIR index is <0.50.

2.6. Data Analysis

To evaluate the effect of biochar supplementation on bacterial counts, specifically of
Enterococcus spp. and Enterobacteriaceae, a comprehensive statistical analysis was performed
using SAS (version 9.4, SAS Institute Inc., Cary, NC, USA) [42]. The bacterial counts were
first adjusted by adding a constant of 1, and then they were log-transformed to normalize
the data. A linear mixed-effects model (PROC MIX, SAS) was employed to account for the
repeated measures design of the study. The model included treatment (C−, C+, 2.5%, 5%,
and 10%) and time (0, 5, 15, and 30) as fixed effects, with replicate as a random effect. This
model allowed us to account for the hierarchical structure of the data and the correlation
between repeated measurements on the same replicate. The Kenward–Roger method was
used for degrees of freedom calculation to improve the accuracy of the fixed-effect tests.
Least squares means (LS-means) were computed for each treatment and time point, and
pairwise comparisons were adjusted using the Tukey method to control the family-wise
error rate. The covariance structures used were the ones resulting in the lowest Akaike
information criteria, CS (compound symmetry) for Enterococcus and AR (1) (first-order
autoregressive) for Enterobacteriaceae. The significance of biochar treatments in the isolates’
antibiotic susceptibility and virulence profiles was determined using a generalized linear
mixed model with a logit link and binary distribution for the outcome variable, following
the PROC GLIMMIX procedure in SAS. Manual backward elimination, guided by a p-value
threshold of 0.157 as suggested by Heinze and Dunkler (2017), was conducted without
initially filtering individual variables to establish the final models [43]. The variable
“condition” was included in the model regardless of its statistical significance. In the final
models, differences were considered significant when p ≤ 0.05. The distribution of the
different E. coli phylogenetics groups was analyzed with Chi-Square Test of Independence
(PROC FREQ).

Given that the MAR and virulence indexes could only assume one of the following
values (0.10, 0.11, 0.12, 0.18, 0.19, 0.23, and 0.33 for the MAR index and 0.17, 0.19, 0.22,
0.23, 0.26, 0.32, and 0.37 for the virulence index), they were analyzed as ordinal response
variables and fitted to cumulative logistic regression models (PROC LOGISTIC).

3. Results
3.1. Bacteria Quantification

The raw data regarding bacterial counts in both CFU/g and log units are available in
Tables S2 and S3 in the Supplementary Files.

Results from bacterial quantification on the RMS samples supplemented with biochar
(2.5%, 5%, and 10%) did not show significant differences from those from the control group.
The bar charts in Figure 1 illustrate the mean Enterobacteriaceae counts across different
treatments and time points. As depicted, Enterobacteriaceae counts showed different trends.
In the assay performed during the dry period (June–July), a log decrease was observed
by Day 30 in the negative control (of 0.28 log units), as well as in the RMS supplemented
with 5% biochar (of 0.13 log units) and in the RMS supplemented with 10% biochar (of
0.27 log units); on the contrary, a log increase was observed by Day 30 in the RMS samples
supplemented with 2.5% biochar (of 0.58 log increase). The same tendency was observed
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in the assay performed during the wet period (April–May) by Day 30, in which all RMS
samples (including the negative controls and the biochar-supplemented samples) showed
an increase in Enterobacteriaceae log units, ranging from 0.43 (for the samples supplemented
with 10% biochar) to 1.91 (for the samples supplemented with 2.5% biochar).
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Figure 1. Graphic representation of Enterobacteriaceae quantification [Log10(CFU/g)]. (a) Bacteria
quantification [Log10(CFU/g)] in MAC inoculated with samples collected during assay performed in
dry period; (b) bacteria quantification [Log10(CFU/g)] in MAC inoculated with samples collected
during assay performed in wet period. Logarithmic values were calculated based on average CFU
obtained from three replicates for each treatment and time point.

Figure 2 illustrates the mean Enterococcaceae counts across different treatments and time
points. By Day 30, a decrease in Enterococcaceae log units was observed in the two assays for
all the conditions tested. In the assay performed during the dry period (June–July), the log
decreases observed ranged between 6.10 log in the RMS samples supplemented with 5%
biochar and 6.46 log in the negative control samples, while in the assay performed during
the wet period (April–May), the log decreases observed ranged between 3.27 log in the
negative control samples and 5.51 log in the RMS samples supplemented with 10% biochar.
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Figure 2. Graphic representation of Enterococcaceae quantification [Log10(CFU/g)]. (a) Bacteria
quantification [Log10(CFU/g)] in SB inoculated with samples collected during assay performed
in dry period; (b) bacteria quantification [Log10(CFU/g)] in SB inoculated with samples collected
during assay performed in wet period. Logarithmic values were calculated based on average CFU
obtained from three replicates for each treatment and time point.

As seen in Table 2, significant reductions in Enterococcus spp. counts were observed
over time. However, the effects of biochar supplementation at 2.5%, 5%, and 10% on
reducing Enterococcus spp. counts were not statistically significant. Similarly, for Enter-
obacteriaceae, no significant differences were found between biochar treatments and the
negative control for either bacterial group.

Table 2. A summary of comparisons for Enterococcus spp. and Enterobacteriaceae counts. This table
presents post hoc comparisons of the log-transformed bacterial counts for both Enterococcus spp. and
Enterobacteriaceae across different treatments and time points. Significant comparisons are highlighted
in green, demonstrating the effects of time on bacterial reduction.

Comparisons Enterococcus spp.
p-Value

Enterobacteriaceae
p-Value

Day 0 vs. Day 5 <0.0001 0.9715
Day 0 vs. Day 15 <0.0001 0.9436
Day 0 vs. Day 30 <0.0001 0.4090

Negative Control vs. 2.5% Biochar 0.7346 0.8808
Negative Control vs. 5% Biochar 0.1156 0.9951

Negative Control vs. 10% Biochar 0.3881 0.9967

3.2. Enterococcus Identification and Molecular Characterization

From the incubation assay, a total of 103 presumptive enterococci isolates were ob-
tained from all RMS treatment groups during the assay performed in the wet period, from
which only 31 were confirmed as belonging to the genus Enterococcus by phenotypic tests.
Similarly, during the assay performed in the dry period, 109 presumptive enterococci
isolates were collected from all RMS treatment groups, with 22 being phenotypically con-
firmed as belonging to the genus Enterococcus. Of these 53 isolates, 50 were confirmed as
belonging to the genus Enterococcus by PCR and further identified to the species level.
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In this study, the identification of Enterococcus isolates at species level, including
E. faecium, E. faecalis, E. hirae, and E. durans, was achieved using specific primers designed
for each target species. However, for E. cecorum and E. casseliflavus, the size of the PCR
products obtained did not match the expected sizes for either species (371 bp and 288 bp,
respectively). Subsequently, the PCR products were subjected to a sequencing analysis, and
the isolates’ identification as E. gallinarum was confirmed using the BLAST (Basic Local
Alignment Search Tool) algorithm, as seen in Table S1 in the Supplementary Files.

As observed in Table 3, E. faecium was detected only in the wet period, with 16% being
found in the negative control samples, 3% in the samples of RMS supplemented with 5%
biochar, and 6% in the samples of RMS supplemented with 10% biochar. E. faecalis appeared
in 6% of the samples of RMS supplemented with 5% biochar during the wet period. E. hirae
showed a 32% prevalence in the samples of RMS supplemented with 2.5% biochar during
the dry period and also appeared in 11% of the samples with 5% biochar. E. gallinarum
was identified in 13% of the samples of RMS supplemented with 2.5% biochar and 16%
in the samples of RMS supplemented with 10% biochar during the wet period, whereas
it showed a 16% prevalence in the negative control during the dry period. Enterococcus
sp. had a higher presence in the wet period, with 10% being found in the negative control
samples and 6% in the samples of RMS supplemented with 2.5% and 5% biochar. In the
dry period, it appeared in 11% of the negative control and 11% of the samples with 10%
biochar. The samples with fewer occurrences of the Enterococcus species known for their
elevated health risks, E. faecium and E. faecalis, were the samples of RMS supplemented
with 2.5% biochar during the dry period.

Table 3. The species distribution (%) of Enterococcus in RMS for each condition. The overall percentage
represents the sum of isolates for both periods divided by the total number of isolates for both periods.
C+—positive control; C−—negative control; 2.5B—RSM supplemented with 2.5% biochar; 5B—RSM
supplemented with 5% biochar; 10B—RSM supplemented with 10% biochar.

Period C+ C− 2.5B 5B 10B

E. faecium
Wet 0 16 0 3 6
Dry 0 0 0 0 0

Overall 0 10 0 2 4

E. faecalis
Wet 0 0 0 6 0
Dry 0 0 0 0 0

Overall 0 0 0 4 0

E. durans

Wet 0 0 0 0 0
Dry 0 0 0 0 0

Overall 0 0 0 0 0

E. hirae

Wet 0 10 0 0 3
Dry 0 5 32 11 5

Overall 0 6 12 4 4

E. gallinarum
Wet 0 0 13 0 16
Dry 16 5 5 0 0

Overall 6 0 10 0 10

Enterococcus sp.
Wet 0 10 6 6 3
Dry 0 11 0 0 11

Overall 0 8 6 4 6

The (GTG)5 fingerprinting analysis allowed to compare the profiles of Enterococcus
isolates and select 40 representative isolates for further tasks. Using a reproducibility cut-
off of 88.5%, the isolates with identical fingerprinting profiles, obtained from the samples
collected in the same period, treatment group, and sampling day, were excluded.
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The dendrogram (Figure 3) revealed clonal relationships among the Enterococcus
isolates from the RMS samples supplemented with biochar under different conditions.
Isolates from the wet period (WS) and dry period (DS) were analyzed for clonal similarity.
Globally, there are isolates with different profiles indicating a level of genetic diversity, with
seven clusters representing clonal relationships (≥ 85% similarity).
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to their clonal similarity and matching collection parameters. However, isolates within blue dashed
rectangles, despite being clones, were not excluded as they were collected in different periods,
days, or conditions. Yellow line—cut-off line of 88.5% (reproducibility value). D—day of sample
collection; C+—positive control; C−—negative control; 2.5B—RMS supplemented with 2.5% biochar;
5B—RMS supplemented with 5% biochar; 10B—RMS supplemented with 10% biochar; WS—wet
period DS—dry period

3.3. E. coli Identification and Molecular Characterization

The sample culture yielded 192 and 170 presumptive E. coli isolates from assays
performed during the wet and dry periods, respectively. Using the phenotypic identification
method described in the Materials and Methods Section, 28 and 44 isolates were confirmed
as E. coli from the wet and dry periods, respectively. This discrepancy between presumptive
and confirmed isolates highlights the challenges of accurate identification. The method
involved an initial selection based on colony morphology on MacConkey agar, followed by
biochemical tests. However, false positives can occur due to non-target bacteria exhibiting
similar phenotypic traits [44].

Using ERIC fingerprinting, it was possible to compare the profiles of the 72 E. coli
isolates and select 42 representatives for further analysis based on a reproducibility cut-off
of 68.8%.

The dendrogram (Figure 4) illustrates the relationships among E. coli isolates from
RMS samples. Some genetic diversity is observed, but there are also major clusters with
≥68.8% similarity, containing isolates from different periods and biochar supplementation.

The results from the fingerprinting assay allowed us to exclude isolates with the
same fingerprinting profile that were obtained from samples collected in the same period,
treatment group, and sampling day.

The phylogenetic prevalence of E. coli isolates in the RMS samples, depicted in Figure 5,
shows distinct trends across different conditions and periods.

In the assay performed in the wet period (Figure 5a), isolates from the positive control
(C+) condition exhibited the highest prevalence of phylogroup A (40%), followed by
phylogroup B1 (5%). In contrast, RMS supplemented with 2.5% biochar (2.5B) had a
notable presence of phylogroup B1 (5%), with that of phylogroup A remaining low (5%).

In the assay performed in the dry period (Figure 5b), RMS supplemented with 10%
biochar (10B) showed a higher prevalence of phylogroup D (5%) compared to the control
conditions. The 2.5% biochar condition also displayed a significant presence of phylogroup
B1 (10%).

Overall, the prevalence of phylogroups (Figure 5c) indicates that the positive control
(C+) and RMS supplemented with 10% biochar (10B) had the highest occurrences of
phylogroup A (25% and 20%, respectively), with phylogroup D being more prevalent in
the biochar-treated samples. However, these differences were not statistically significant.
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Vet. Sci. 2025, 12, 43 16 of 26Vet. Sci. 2025, 12, x FOR PEER REVIEW 17 of 28 
 

 

 

Figure 5. The prevalence of E. coli phylogenetic groups. The prevalence of E. coli phylogenetic 
groups (A, B1, D) in RMS samples across different conditions and periods. (a) The prevalence of 
isolates obtained in the wet period (n = 17). (b) The prevalence of isolates obtained in the dry 
period(n = 25). (c) The overall resistance rates (n = 42). C+—positive control; C−—negative control; 
2.5B—RSM supplemented with 2.5% biochar; 5B—RSM supplemented with 5% biochar; 10B—RSM 
supplemented with 10% biochar. 

In the assay performed in the wet period (Figure 5a), isolates from the positive control 
(C+) condition exhibited the highest prevalence of phylogroup A (40%), followed by 
phylogroup B1 (5%). In contrast, RMS supplemented with 2.5% biochar (2.5B) had a 
notable presence of phylogroup B1 (5%), with that of phylogroup A remaining low (5%). 

In the assay performed in the dry period (Figure 5b), RMS supplemented with 10% 
biochar (10B) showed a higher prevalence of phylogroup D (5%) compared to the control 
conditions. The 2.5% biochar condition also displayed a significant presence of 
phylogroup B1 (10%). 

Overall, the prevalence of phylogroups (Figure 5c) indicates that the positive control 
(C+) and RMS supplemented with 10% biochar (10B) had the highest occurrences of 
phylogroup A (25% and 20%, respectively), with phylogroup D being more prevalent in 
the biochar-treated samples. However, these differences were not statistically significant. 

Figure 5. The prevalence of E. coli phylogenetic groups. The prevalence of E. coli phylogenetic
groups (A, B1, D) in RMS samples across different conditions and periods. (a) The prevalence of
isolates obtained in the wet period (n = 17). (b) The prevalence of isolates obtained in the dry
period(n = 25). (c) The overall resistance rates (n = 42). C+—positive control; C−—negative control;
2.5B—RSM supplemented with 2.5% biochar; 5B—RSM supplemented with 5% biochar; 10B—RSM
supplemented with 10% biochar.

3.4. Antimicrobial Susceptibility Testing

Table 4 presents the antimicrobial resistance (AMR) profile of Enterococcus isolates
from RMS supplemented with varying concentrations of biochar (2.5%, 5%, and 10%),
alongside the positive (C+) and negative (C−) controls, across different antibiotic classes.

The key findings indicate that for penicillins, resistance to ampicillin was the high-
est in the 10% biochar group (55%), followed by the 2.5% biochar group (30%), with no
resistance being detected in the positive control. No resistance was observed for amoxicillin–
clavulanic acid across all conditions. For glycopeptides, vancomycin resistance was 100%
in the positive control, whereas the 10% biochar group showed the highest resistance (9%)
among the supplemented groups. In the case of tetracyclines, the highest resistance to
oxytetracycline was observed in the 5% biochar group (40%), with no resistance being de-
tected in the negative and positive control groups. Aminoglycosides showed no resistance
to high-dose gentamycin across all conditions. For fluoroquinolones, the highest resistance
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to enrofloxacin was observed in the 10% biochar group (36%), with no resistance being
found in the positive control.

Table 4. Results from antimicrobial susceptibility tests for Enterococcus isolates (ntotal = 40). Isolates
across all time points for each condition with corresponding susceptibility and resistance rates for
each antibiotic tested. R (%): percentage of resistant isolates; I (%): percentage of intermediate isolates;
S (%): percentage of susceptible isolates. N/A—no breakpoints available.

Penicillin’s Glycopeptides Tetracyclines Aminoglycosides Fluoroquinolones

Condition Ampicillin Amoxicillin–
Clavulanic Acid Vancomycin Oxytetracycline High-Dose

Gentamycin Enrofloxacin

%R

C+ (n = 3) 0 0 66.7 0 0 0
C− (n = 11) 27.3 0 0 0 0 18.2
2.5B (n = 10) 30 0 0 0 0 10

5B (n = 5) 0 0 0 40 0 0
10B (n = 11) 54.5 0 9.1 18.2 0 36.4

%I

C+ (n = 3) N/A 0 33.3 0 0 100
C− (n = 11) N/A 0 9.1 18.2 0 36.4
2.5B (n = 10) N/A 0 40 10 0 50

5B (n = 5) N/A 0 20 0 0 0
10B (n = 11) N/A 0 9.1 18.2 0 9.1

%S

C+ (n = 3) 100 100 0 100 100 0
C− (n = 11) 72.7 100 90.9 81.8 100 45.5
2.5B (n = 10) 100 100 60 90 100 40

5B (n = 5) 100 100 80 60 100 100
10B (n = 11) 45.5 100 81.8 63.6 100 54.5

The enterococci from the RMS samples supplemented with 5% biochar exhibited the
lowest overall resistance rates for this bacterial group, being primarily resistant to oxytetra-
cycline (40%). However, the differences observed in the resistance rates demonstrated by
these bacteria to various antibiotics were not statistically significant.

According to Table 5, the AMR profiles of E. coli isolates varied across the conditions
tested. Regarding penicillins, resistance to ampicillin appeared to be higher in the isolates
from the positive (36%) and negative controls (29%) when compared to those from the
biochar-supplemented groups. In fact, 11% of the isolates from the samples supplemented
with 2.5% biochar showed resistance to this antibiotic, while 8% of those from the samples
supplemented with 10% biochar presented a resistance profile. Also, none of the isolates
from the samples supplemented with 10% biochar were resistant to ampicillin. Additionally,
no resistance to amoxicillin–clavulanic acid was observed in any of the conditions tested.
However, the observed differences in resistance rates were not statistically significant.

According to the classification presented by Magiorakos et al. (2012), no isolate was
considered multidrug resistant (MDR) [45]

Table 5. Results from antimicrobial susceptibility tests for E. coli (ntotal = 42). Isolates across all time
points for each condition with corresponding susceptibility and resistance rates for each antibiotic
tested. R (%): percentage of resistant isolates; I (%): percentage of intermediate isolates; S (%):
percentage of susceptible isolates. Results in bold represent highest %R for each antibiotic.

Penicillin’s Tetracyclines Sulphonamides Fluoroquinolones Cephalosporins

Condition Ampicillin Amoxicillin–
Clavulanic Acid Oxytetracycline Trimethoprim–

Sulfamethoxazole Enrofloxacin Ceftiofur

%R

C+ (n = 11) 36.4 0.0 0.0 0.0 0.0 0.0
C− (n = 7) 28.6 0.0 14.3 0.0 0.0 0.0
2.5B (n = 9) 11.1 0.0 11.1 0.0 0.0 0.0
5B (n = 3) 0.0 0.0 0.0 0.0 0.0 0.0

10B (n = 12) 8.3 0.0 16.7 0.0 0.0 0.0
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Table 5. Cont.

Penicillin’s Tetracyclines Sulphonamides Fluoroquinolones Cephalosporins

Condition Ampicillin Amoxicillin–
Clavulanic Acid Oxytetracycline Trimethoprim–

Sulfamethoxazole Enrofloxacin Ceftiofur

%I

C+ (n = 11) 36.4 0.0 0.0 0.0 0.0 0.0
C− (n = 7) 28.6 14.3 14.3 14.3 0.0 0.0
2.5B (n = 9) 33.3 0.0 0.0 0.0 0.0 11.1
5B (n = 3) 33.3 0.0 0.0 0.0 0.0 33.3

10B (n = 12) 41.7 0.0 0.0 0.0 0.0 0.0

%S

C+ (n = 11) 27.3 100.0 100.0 100.0 100.0 100.0
C− (n = 7) 42.9 85.7 71.4 85.7 100.0 100.0
2.5B (n = 9) 55.6 100.0 88.9 100.0 100.0 88.9
5B (n = 3) 66.7 100.0 100.0 100.0 100.0 66.7

10B (n = 12) 50.0 100.0 83.3 100.0 100.0 100.0

3.5. Virulence Assays

Regarding enterococci’s ability to produce virulence factors, biochar supplementation
did not promote a reduction in virulence factors’ production by RMS isolates, and the
changes that occurred were not statistically significant (Table 6). For Enterococcus spp.,
hemolysin production was the highest in the positive control group (100%), followed by
the 5% biochar group (80%). Biofilm production was the most prevalent in the 5% biochar
group (60%), followed by the negative control group (45%). Proteinase production peaked
in the 10% biochar group (82%). Gelatinase, DNase, and lecithinase were not detected in
any of the conditions.

Table 6. Virulence profiles of Enterococcus (ntotal = 40) and E. coli (ntotal = 42). Isolates across all time
points for each condition. p (%): percentage of positive isolates.

Condition Hemolysin
Gelatinase

DNase
Lecithinase

Biofilm Proteinase

Enterococcus %P

C+ (n = 3) 100 0 0 0

C− (n = 11) 55 0 45 55

2.5B (n = 10) 60 0 40 30

5B (n = 5) 80 0 60 80

10B (n = 11) 73 0 36 82

E. coli %P

C+ (n = 11) 100 0 36 0

C− (n = 7) 100 0 57 0

2.5B (n = 9) 100 0 11 0

5B (n = 3) 100 0 0 0

10B (n = 12) 100 0 33 0

For E. coli, hemolysin production was uniformly high at 100% across all conditions.
Biofilm production was the highest in the negative control group (57%), followed by the
positive control group (36%). Gelatinase, DNase, proteinase, and lecithinase production
were not detected in any conditions.

Table 7 presents the distribution of hemolysin production across different Enterococcus
species isolated from RMS samples. E. gallinarum and Enterococcus sp. isolates exhibited
the highest percentages of hemolysin production (33% and 30%, respectively), while lower
percentages were observed for E. faecalis (11%), E. faecium (7%), and E. hirae (4%).
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Table 7. Hemolysin production (%) across Enterococcus species isolated from RMS samples.

Hemolysin

E. faecalis 11%

E. faecium 7%

E. hirae 4%

E. gallinarum 33%

Enterococcus sp. 30%

A statistical analysis of antibiotic resistance and virulence factors was conducted to
understand the impact of the bacterial group and biochar condition on these parameters.
The results are summarized in Table 8.

Table 8. A statistical analysis of antibiotic resistance and virulence factors. This table presents the
p-values (significant p-value < 0.05) from the statistical analysis of the effects of the bacterial group
and biochar condition on antibiotic resistance and virulence factors. Highlighted in gray are the
results of the analysis performed for only one bacterial group. Highlighted in yellow are all isolates
that presented the same phenotype. The dash (-) represents variables not included in the final models.

Antibiotic/Virulence Factor Bacteria
(p-Value)

Condition
(p-Value)

Ampicillin 0.03 0.43
Oxytetracycline - 0.80

Trimethoprim-Sulfamethoxazole 1.00
Enrofloxacin - 0.92

Amoxicillin-clavulanic acid - 1.00
Ceftiofur 0.95

Vancomycin 0.60
Gentamicin -
Hemolysin - 0.51
Gelatinase - -

Biofilm - 0.63
DNase - -

Lecithinase - -
Proteinase - 0.45

Regarding antibiotic resistance, the statistical analysis revealed that E. coli presented
increased odds (3.10) of being resistant to ampicillin in comparison to enterococci. How-
ever, no significant differences were found regarding antimicrobial resistance profiles and
different biochar supplementations (p = 0.43). No significant differences were found across
any of the tested variables regarding resistance to other antibiotics.

Also, regarding virulence factors, no significant differences were found regarding any
of the variables tested.

3.6. Isolates’ Pathogenicity Potential—MAR and Virulence Indexes

The MAR and VIR indexes were calculated for each Enterococcus spp. and E. coli
isolates across different biochar supplementation conditions. The average (AVG) and
standard deviation (STD) values for each condition are summarized in Table 9.
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Table 9. MAR and VIR averages for each treatment condition. AVG—average; STD—standard
deviation. Results in bold show values above cut-off. For each parameter, means with different
superscript letters indicate significant differences between groups.

C+ C− 2.5B 5B 10B
AVG STD AVG STD AVG STD AVG STD AVG STD

Enterococcus
MAR 0.33 0.00 0.18 0.12 0.23 0.25 0.10 0.15 0.26 0.11
VIR 0.17 a 0.00 0.26 ab 0.16 0.22 0.11 0.37 b 0.14 0.32 b 0.12

E. coli
MAR 0.12 0.08 0.19 0.24 0.11 0.08 0.11 0.10 0.11 0.08
VIR 0.23 0.08 0.26 0.09 0.19 0.06 0.17 0.00 0.22 0.08

The MAR results were not statistically significant, while the VIR index showed a
statistical trend for the relation between condition and bacteria (p = 0.10), since the isolates
from the positive control and from the RMS supplemented with 2.5% biochar had a signifi-
cantly lower VIR index than those from the RMS supplemented with 5% and 10% biochar.
The MAR values indicate that Enterococcus isolates from the positive control exhibited the
highest resistance, whereas isolates from the RMS supplemented with 5% biochar showed
the lowest resistance. The VIR values for Enterococcus spp. were the highest amongst the
isolates from the RMS supplemented with 5% biochar.

For E. coli, the highest MAR value was observed in the negative control, while the VIR
values were relatively similar across different conditions, with the highest values being
observed in the isolates from the negative control. The 5% biochar supplementation showed
the lowest virulence index.

Moreover, only isolates from the positive control group met the criteria for being
classified as a low threat, indicating a lower pathogenicity potential. In contrast, isolates
from all other conditions were classified as posing no threat based on the averages of their
MAR and virulence indexes.

4. Discussion
Understanding the dynamics of bacterial populations in recycled manure solids (RMS) is

crucial for improving animal and environmental health. Previous findings by Hutchison et al.
(2005), Gurtler et al. (2018), and Rapp et al., (2023) demonstrate significant pathogen reduc-
tions in manure when using aerobic digestion processes [46–48]. The significant reduction in
bacterial counts over time is likely due to aerobic digestion, which promotes the breakdown
of organic matter, creating less favorable conditions for the survival of certain bacterial genera.
Studies indicate that aerobic digestion, especially during the thermophilic phase, plays a cru-
cial role in reducing organic matter and pathogen load [46–48]. High temperatures during this
phase favor the proliferation of thermophilic bacteria, such as those from the genera Bacillus
and Thermus. These bacteria are essential in breaking down complex organic compounds,
thereby reducing nutrient availability for other bacteria and creating an environment less
conducive to their survival [49,50].

The initial degradation processes are carried out by mesophilic organisms. As the
temperature rises due to the intense digestive activity of microorganisms, thermophilic
populations take over and continue the conversion of organic compounds into carbon
dioxide. This active stage of composting is characterized by rapid decomposition, persisting
until the organic substrates are depleted. Subsequently, microbial activity declines, leading
to a drop in temperature. During the curing phase, mesophilic organisms repopulate the
compost, and humid substances accumulate, resulting in mature compost [50].

In our study, not all conditions tested promoted a reduction in the RMS’ bacterial
counts, and the decreases observed were not statistically significant. In comparison, Ref. [51]
reported a 30% reduction in E. coli numbers, equivalent to a 1.79 Log10(CFU/g) reduction
from a baseline of 5.98 Log10(CFU/g), when applying pine biochar to poultry manure.
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The reductions obtained in the Enterococcus spp. counts are comparable to those
obtained by Perez-Mercado et al. (2019), who reported a decrease of 4.4 Log10(CFU/g)
in Enterococcus sp. when using biochar as a filter for farm wastewater [29]. This similar-
ity highlights biochar’s potential in reducing bacterial populations, although achieving
statistical significance remains challenging.

A species diversity analysis provided insights into the microbial communities’ com-
position and richness. The most predominant Enterococcus species detected were E. hirae
and E. gallinarum. E. hirae, commonly found in plants and cattle, is an indicator of healthy
animals because its presence is associated with normal, commensal gut microbiota in cattle,
often isolated from bovine feces and manure [52]. E. hirae pathogenicity is not as well
characterized as for other enterococcal species; however, isolates from this species have
been associated with infections mainly in humans, including pyelonephritis, endocarditis,
and biliary tract infections [20]. E. gallinarum is generally not associated with infections,
but there are reports of this species presenting low-level resistance to vancomycin, which is
concerning as vancomycin is often used as a last-resort antibiotic for treating serious in-
fections caused by Gram-positive bacteria [53,54]. The emergence of vancomycin-resistant
enterococci (VRE) can lead to limited treatment options and has significant public health
implications. Enterococcus species with higher health risks, such as E. faecium and E. faecalis,
were identified in the negative control and RMS supplemented with 5% and 10% biochar.
It is important to note that only four isolates from each condition and time point were
selected for further characterization. This selection was carried out randomly, which may
have influenced the variation in species identified in the control and treatment groups.

For E. coli, phylogenetic group D was observed exclusively in isolates from 2.5%
and 10% biochar-supplemented RMS. Phylogenetic group D E. coli strains are particularly
concerning because they are often associated with extraintestinal infections in humans,
such as urinary tract infections, sepsis, and neonatal meningitis [35,55]. Additionally,
these strains can harbor multiple virulence factors and antibiotic resistance genes, making
infections difficult to treat. In animals, phylogroup D E. coli can cause various diseases,
including colibacillosis in poultry and mastitis in dairy cattle [17,56,57]. The presence of
these potentially pathogenic strains in biochar-supplemented RMS highlights the need
for a further evaluation of biochar’s impact on microbial communities and its potential to
influence pathogen prevalence.

The clonal analysis of both Enterococcus and E. coli isolates from RMS supplemented
with biochar revealed some insights into the microbial community dynamics in dairy
farming environments. Biochar supplementation does not appear to be crucial for the
establishment of specific strains. Common to both bacterial groups is the presence of
clones across different treatments and conditions, possibly representing the most persistent
strains.

Overall, although no statistically significant differences were found between treat-
ments, the variations between microbial populations suggest that biochar supplementation
could influence the microbial community.

The structure of biochar provides a surface for microbial attachment, and its chemical
properties could affect nutrient availability and microbial competition. In spite of the fact
that the same batch of biochar was used in all assays, the different concentrations of biochar
used for supplementation may have created micro-environments within the RMS that
favored certain microbial species over others.

Analyzing bacterial AMR and virulence profiles offered deeper insights into the
pathogenicity potential of these microorganisms. Enterococci from RMS samples supple-
mented with 5% biochar exhibited the lowest overall resistance rates, though resistance
to oxytetracycline was notable at 40%. Similarly, E. coli showed intermediate resistance to
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ampicillin and ceftiofur at 33%. Studies have demonstrated that up to 20% of the admin-
istrated dose of oxytetracycline can be excreted by dairy cattle feces, which substantially
contributes to its presence in manure [1]. These findings suggest that the high excretion
rates of oxytetracycline may contribute to the resistance patterns observed, as the antibi-
otic’s presence in manure provides selective pressure that promotes the development and
persistence of resistant bacterial populations [58]. This high excretion rate results in el-
evated concentrations of oxytetracycline residues in manure, making it one of the most
prevalent resistances detected [59]. However, while high excretion rates of oxytetracycline
contribute to its presence in manure and may promote resistant bacteria populations, direct
correlations between antibiotic use and resistance are complex and influenced by multiple
factors, including environmental conditions, bacterial strain variability, and gene transfer
mechanisms [59]. Some resistance to other antibiotics was also observed, but none of the
isolates met the criteria for multidrug resistance (MDR).

Other studies have demonstrated biochar’s antimicrobial properties in various con-
texts [23,24,26,27,60]. For example, Jang and Kan (2022) found that biochar can effectively
remove various ARGs, though some, such as tetO and ermB, may persist. Jauregi et al.,
(2023) reported that composting manure with 5% biochar increased the removal rate of spe-
cific ARGs, such as those encoding resistance to sulphonamides and tetracyclines [60,61].
This aligns with our findings, particularly the absence of resistance to trimethoprim–
sulfamethoxazole in any condition except an intermediate resistance found in the negative
control.

While biochar’s effects on soil microbial diversity and antibiotic resistance have been
studied [23,24,60,61], its influence on bacterial virulence potential remains less understood.
Our findings show that biochar supplementation did not significantly reduce the production
of virulence factors by bacterial isolates. Yan et al. (2023) previously suggested that biochar
might enhance microbial quorum sensing and biofilm formation, potentially improving
cell viability and communication [62]. For Enterococcus, only isolates from RMS samples
supplemented with 2.5% biochar exhibited a lower virulence factor prevalence than those
from the negative control, specifically regarding the production of biofilm (40%) and
proteinase (30%). E. coli isolates from RMS supplemented with 5% biochar showed a lower
virulence, with hemolysin being the only virulence factor detected. Regarding Enterococcus
species, E. gallinarum and Enterococcus sp. exhibited the highest proportions of hemolysin-
positive isolates, which might suggest a higher potential for pathogenicity. In contrast,
E. faecalis, E. faecium, and E. hirae, although traditionally associated with high pathogenicity
in clinical contexts, demonstrated significantly lower rates of hemolysin production. This
finding might reflect species-specific variations in virulence factor expression or differences
in environmental adaptation.

The pathogenic potential of bacterial isolates, assessed using MAR and virulence
indexes, indicated that none of the isolates were classified as a high or moderate threat.

One important limitation of the present study is that it focused on two bacterial
groups used as indicators for antimicrobial resistance dissemination, lacking a metagenomic
approach. As such, in the future, such an approach should be implemented on a larger
number of samples collected at different seasons, aiming to better understand the effect of
biochar supplementation on the resistome and virulome of RMS.

5. Conclusions
Considering animal and environmental health, this study aimed to evaluate the po-

tential promising role of biochar in tackling AMR and virulent strains present in RMS.
However, supplementation with different concentrations of biochar did not result in signif-
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icant differences regarding bacterial loads or the presence of resistant and virulent bacteria
in RMS.

The limitations of this study include its sampling design, with manure collected only
twice—once in a wet period and once in a dry period—making it impossible to assess
temporal or seasonal effects robustly. Additionally, the focus on Enterococcus spp. and E. coli
limits the conclusions that can be drawn, and in the future, a metagenomic approach should
be applied to provide a broader understanding of the influence of RMS supplementation
with biochar, including in its resistome and virulome.

In conclusion, while the concentrations of biochar tested did not result in significant
changes in bacterial loads nor the presence of resistant and virulent bacteria in RMS, this
study provides an initial exploration of the potential of RMS supplementation with pine
biochar. Further studies with larger sample sizes, expanded sampling points, and broader
microbiological analyses are required to better evaluate biochar’s role in improving RMS
microbial safety, aiming at its application in agricultural systems.
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of PCR product sequences obtained from Enterococcus isolates. The table lists the primers used,
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dry and wet periods, Table S3: Enterococcaceae quantification in CFU/g and [Log10(CFU/g)] in SB
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7. Buta-Hubeny, M.; Korzeniewska, E.; Hubeny, J.; Zieliński, W.; Rolbiecki, D.; Harnisz, M.; Paukszto, Ł. Structure of the Manure

Resistome and the Associated Mobilome for Assessing the Risk of Antimicrobial Resistance Transmission to Crops. Sci. Total
Environ. 2022, 808, 152144. [CrossRef]

8. Marutescu, L.G.; Jaga, M.; Postolache, C.; Barbuceanu, F.; Milita, N.M.; Romascu, L.M.; Schmitt, H.; De Roda Husman, A.M.;
Sefeedpari, P.; Glaeser, S.; et al. Insights into the Impact of Manure on the Environmental Antibiotic Residues and Resistance Pool.
Front. Microbiol. 2022, 13, 965132. [CrossRef]

9. Beyers, M.; Duan, Y.-F.; Jensen, L.S.; Bruun, S. Effect of Natural and Regulatory Conditions on the Environmental Impacts of Pig
Slurry Acidification across Different Regions in Europe: A Life Cycle Assessment. J. Clean. Prod. 2022, 368, 133072. [CrossRef]

10. Fangueiro, D.; Alvarenga, P.; Fragoso, R. Horticulture and Orchards as New Markets for Manure Valorisation with Less
Environmental Impacts. Sustainability 2021, 13, 1436. [CrossRef]

11. Fangueiro, D.; Lopes, C.; Surgy, S.; Vasconcelos, E. Effect of the Pig Slurry Separation Techniques on the Characteristics and
Potential Availability of N to Plants in the Resulting Liquid and Solid Fractions. Biosyst. Eng. 2012, 113, 187–194. [CrossRef]

12. Varma, V.S.; Parajuli, R.; Scott, E.; Canter, T.; Lim, T.T.; Popp, J.; Thoma, G. Dairy and Swine Manure Management—Challenges
and Perspectives for Sustainable Treatment Technology. Sci. Total Environ. 2021, 778, 146319. [CrossRef]

13. Rowbotham, R.F.; Ruegg, P.L. Bacterial Counts on Teat Skin and in New Sand, Recycled Sand, and Recycled Manure Solids Used
as Bedding in Freestalls. J. Dairy Sci. 2016, 99, 6594–6608. [CrossRef]

14. Klaas, I.C.; Zadoks, R.N. An Update on Environmental Mastitis: Challenging Perceptions. Transbound. Emerg. Dis. 2018, 65,
166–185. [CrossRef] [PubMed]

15. Jacobs, K.; Wind, L.; Krometis, L.-A.; Hession, W.C.; Pruden, A. Fecal Indicator Bacteria and Antibiotic Resistance Genes in Storm
Runoff from Dairy Manure and Compost-Amended Vegetable Plots. J. Environ. Qual. 2019, 48, 1038–1046. [CrossRef] [PubMed]

16. Kawasaki, M.; Ambrosini, Y.M. Differential Colonization and Mucus Ultrastructure Visualization in Bovine Ileal and Rectal
Organoid-Derived Monolayers Exposed to Enterohemorrhagic Escherichia coli. Int. J. Mol. Sci. 2024, 25, 4914. [CrossRef]

17. Kolenda, R.; Burdukiewicz, M.; Schierack, P. A Systematic Review and Meta-Analysis of the Epidemiology of Pathogenic
Escherichia coli of Calves and the Role of Calves as Reservoirs for Human Pathogenic E. coli. Front. Cell. Infect. Microbiol. 2015, 5,
23. [CrossRef]

18. Barlow, R.S.; McMillan, K.E.; Duffy, L.L.; Fegan, N.; Jordan, D.; Mellor, G.E. Antimicrobial Resistance Status of Enterococcus from
Australian Cattle Populations at Slaughter. PLoS ONE 2017, 12, e0177728. [CrossRef] [PubMed]

19. Ekore, D.O.; Onanga, R.; Nguema, P.P.M.; Lozano, C.; Kumulungui, B.S. The Antibiotics Used in Livestock and Their Impact on
Resistance in Enterococcus faecium and Enterococcus hirae on Farms in Gabon. Antibiotics 2022, 11, 224. [CrossRef]

20. Zaidi, S.-Z.; Zaheer, R.; Barbieri, R.; Cook, S.R.; Hannon, S.J.; Booker, C.W.; Church, D.; Van Domselaar, G.; Zovoilis, A.; McAllister,
T.A. Genomic Characterization of Enterococcus hirae From Beef Cattle Feedlots and Associated Environmental Continuum. Front.
Microbiol. 2022, 13, 859990. [CrossRef]

21. Ji, Y.; Zhao, Z.; Jiang, Q.; Loor, J.J.; Song, L.; Ou, H.; Liu, M.; Sun, C.; Feng, X.; Lei, L.; et al. Potential of Phage EF-N13 as an
Alternative Treatment Strategy for Mastitis Infections Caused by Multidrug-Resistant Enterococcus faecalis. J. Dairy Sci. 2023, 106,
9174–9185. [CrossRef]

22. Fangueiro, D.; Pereira, J.L.S.; Macedo, S.; Trindade, H.; Vasconcelos, E.; Coutinho, J. Surface Application of Acidified Cattle Slurry
Compared to Slurry Injection: Impact on NH3, N2O, CO2 and CH4 Emissions and Crop Uptake. Geoderma 2017, 306, 160–166.
[CrossRef]

23. Cui, E.; Wu, Y.; Zuo, Y.; Chen, H. Effect of Different Biochars on Antibiotic Resistance Genes and Bacterial Community during
Chicken Manure Composting. Bioresour. Technol. 2016, 203, 11–17. [CrossRef]

24. Chen, Q.-L.; Fan, X.-T.; Zhu, D.; An, X.-L.; Su, J.-Q.; Cui, L. Effect of Biochar Amendment on the Alleviation of Antibiotic
Resistance in Soil and Phyllosphere of Brassica Chinensis L. Soil Biol. Biochem. 2018, 119, 74–82. [CrossRef]

25. Akdeniz, N. A Systematic Review of Biochar Use in Animal Waste Composting. Waste Manag. 2019, 88, 291–300. [CrossRef]
[PubMed]

26. Du, L.; Ahmad, S.; Liu, L.; Wang, L.; Tang, J. A Review of Antibiotics and Antibiotic Resistance Genes (ARGs) Adsorption by
Biochar and Modified Biochar in Water. Sci. Total Environ. 2023, 858, 159815. [CrossRef]

https://doi.org/10.1016/j.biortech.2019.122011
https://www.ncbi.nlm.nih.gov/pubmed/31442833
https://doi.org/10.1016/j.livsci.2006.03.024
https://doi.org/10.1016/j.tvjl.2015.08.013
https://www.ncbi.nlm.nih.gov/pubmed/26388545
https://doi.org/10.3390/c5020027
https://doi.org/10.1016/j.scitotenv.2021.152144
https://doi.org/10.3389/fmicb.2022.965132
https://doi.org/10.1016/j.jclepro.2022.133072
https://doi.org/10.3390/su13031436
https://doi.org/10.1016/j.biosystemseng.2012.07.006
https://doi.org/10.1016/j.scitotenv.2021.146319
https://doi.org/10.3168/jds.2015-10674
https://doi.org/10.1111/tbed.12704
https://www.ncbi.nlm.nih.gov/pubmed/29083115
https://doi.org/10.2134/jeq2018.12.0441
https://www.ncbi.nlm.nih.gov/pubmed/31589689
https://doi.org/10.3390/ijms25094914
https://doi.org/10.3389/fcimb.2015.00023
https://doi.org/10.1371/journal.pone.0177728
https://www.ncbi.nlm.nih.gov/pubmed/28542602
https://doi.org/10.3390/antibiotics11020224
https://doi.org/10.3389/fmicb.2022.859990
https://doi.org/10.3168/jds.2022-22892
https://doi.org/10.1016/j.geoderma.2017.07.023
https://doi.org/10.1016/j.biortech.2015.12.030
https://doi.org/10.1016/j.soilbio.2018.01.015
https://doi.org/10.1016/j.wasman.2019.03.054
https://www.ncbi.nlm.nih.gov/pubmed/31079642
https://doi.org/10.1016/j.scitotenv.2022.159815


Vet. Sci. 2025, 12, 43 25 of 26

27. Ma, S.; Shen, Y.; Ding, J.; Cheng, H.; Zhou, H.; Ge, M.; Wang, J.; Cheng, Q.; Zhang, D.; Zhang, Y.; et al. Effects of Biochar and
Volcanic Rock Addition on Humification and Microbial Community during Aerobic Composting of Cow Manure. Bioresour.
Technol. 2024, 391, 129973. [CrossRef] [PubMed]

28. Meyer, S.; Glaser, B.; Quicker, P. Technical, Economical, and Climate-Related Aspects of Biochar Production Technologies: A
Literature Review. Available online: https://pubs.acs.org/doi/pdf/10.1021/es201792c (accessed on 31 March 2023).

29. Perez-Mercado, L.F.; Lalander, C.; Joel, A.; Ottoson, J.; Dalahmeh, S.; Vinnerås, B. Biochar Filters as an On-Farm Treatment to
Reduce Pathogens When Irrigating with Wastewater-Polluted Sources. J. Environ. Manag. 2019, 248, 109295. [CrossRef] [PubMed]

30. Oliveira, M.; Tavares, M.; Gomes, D.; Touret, T.; São Braz, B.; Tavares, L.; Semedo-Lemsaddek, T. Virulence Traits and Antibiotic
Resistance among Enterococci Isolated from Dogs with Periodontal Disease. Comp. Immunol. Microbiol. Infect. Dis. 2016, 46, 27–31.
[CrossRef] [PubMed]

31. Yamagishi, J.; Sato, Y.; Shinozaki, N.; Ye, B.; Tsuboi, A.; Nagasaki, M.; Yamashita, R. Comparison of Boiling and Robotics
Automation Method in DNA Extraction for Metagenomic Sequencing of Human Oral Microbes. PLoS ONE 2016, 11, e0154389.
[CrossRef]

32. Ke, D.; Picard, F.J.; Martineau, F.; Ménard, C.; Roy, P.H.; Ouellette, M.; Bergeron, M.G. Development of a PCR Assay for Rapid
Detection of Enterococci. J. Clin. Microbiol. 1999, 37, 3497–3503. [CrossRef] [PubMed]

33. Jackson, C.R.; Fedorka-Cray, P.J.; Barrett, J.B. Use of a Genus- and Species-Specific Multiplex PCR for Identification of Enterococci.
J. Clin. Microbiol. 2004, 42, 3558–3565. [CrossRef]

34. Semedo-Lemsaddek, T.; Nóbrega, C.S.; Ribeiro, T.; Pedroso, N.M.; Sales-Luís, T.; Lemsaddek, A.; Tenreiro, R.; Tavares, L.; Vilela,
C.L.; Oliveira, M. Virulence Traits and Antibiotic Resistance among Enterococci Isolated from Eurasian Otter (Lutra lutra). Vet.
Microbiol. 2013, 163, 378–382. [CrossRef] [PubMed]

35. Silva, E.; Leitão, S.; Tenreiro, T.; Pomba, C.; Nunes, T.; Lopes Da Costa, L.; Mateus, L. Genomic and Phenotypic Characterization
of Escherichia coli Isolates Recovered from the Uterus of Puerperal Dairy Cows. J. Dairy Sci. 2009, 92, 6000–6010. [CrossRef]
[PubMed]

36. Doumith, M.; Day, M.J.; Hope, R.; Wain, J.; Woodford, N. Improved Multiplex PCR Strategy for Rapid Assignment of the Four
Major Escherichia coli Phylogenetic Groups. J. Clin. Microbiol. 2012, 50, 3108–3110. [CrossRef]

37. Fernandes, M.; Nóbrega Carneiro, C.; Villada Rosales, A.M.; Grilo, M.; Ramiro, Y.; Cunha, E.; Nunes, T.; Tavares, L.; Sandi, J.;
Oliveira, M. Antimicrobial Resistance and Virulence Profiles of Enterobacterales Isolated from Two-Finger and Three-Finger
Sloths (Choloepus hoffmanni and Bradypus variegatus) of Costa Rica. PeerJ 2022, 10, e12911. [CrossRef]

38. Clinical and Laboratory Standards Institute. CLSI M100: Performance Standards for Antimicrobial Susceptibility Testing, 34th ed.;
Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2024; ISBN 978-1-68440-221-2.

39. Clinical and Laboratory Standards Institute. CLSI VET09: Performance Standards for Antimicrobial Disk and Dilution Susceptibility
Tests for Bacteria Isolated from Animals, 2nd ed.; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2024; Volume 38.

40. Clinical and Laboratory Standards Institute. CLSI M31 A3: Performance Standards for Antimicrobial Susceptibility Testing, 3rd ed.;
Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2008; Volume 28.

41. Singh, S.K.; Ekka, R.; Mishra, M.; Mohapatra, H. Association Study of Multiple Antibiotic Resistance and Virulence: A Strategy to
Assess the Extent of Risk Posed by Bacterial Population in Aquatic Environment. Environ. Monit. Assess. 2017, 189, 320. [CrossRef]

42. Zdanowicz, M.; Shelford, J.A.; Tucker, C.B.; Weary, D.M.; von Keyserlingk, M.A.G. Bacterial Populations on Teat Ends of Dairy
Cows Housed in Free Stalls and Bedded with Either Sand or Sawdust. J. Dairy Sci. 2004, 87, 1694–1701. [CrossRef] [PubMed]

43. Heinze, G.; Dunkler, D. Five Myths about Variable Selection. Transpl. Int. Off. J. Eur. Soc. Organ Transplant. 2017, 30, 6–10.
[CrossRef] [PubMed]

44. Yong Ng, L.S.; Tan, T.Y.; San Yeow, S.C. A Cost-Effective Method for the Presumptive Identification of Enterobacteriaceae for
Diagnostic Microbiology Laboratories. Pathology 2010, 42, 280–283. [CrossRef] [PubMed]

45. Magiorakos, A.-P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.;
Olsson-Liljequist, B.; et al. Multidrug-Resistant, Extensively Drug-Resistant and Pandrug-Resistant Bacteria: An International
Expert Proposal for Interim Standard Definitions for Acquired Resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef]
[PubMed]

46. Hutchison, M.L.; Walters, L.D.; Avery, S.M.; Munro, F.; Moore, A. Analyses of Livestock Production, Waste Storage, and Pathogen
Levels and Prevalences in Farm Manures. Appl. Environ. Microbiol. 2005, 71, 1231–1236. [CrossRef] [PubMed]

47. Gurtler, J.B.; Doyle, M.P.; Erickson, M.C.; Jiang, X.; Millner, P.; Sharma, M. Composting to Inactivate Foodborne Pathogens for
Crop Soil Application: A Review. J. Food Prot. 2018, 81, 1821–1837. [CrossRef]

48. Rapp, D.; Ross, C.; Cave, V.; Maclean, P.; Jauregui, R.; Brightwell, G. Medium-Term Storage of Calf Beddings Affects Bacterial
Community and Effectiveness to Inactivate Zoonotic Bacteria. PLoS ONE 2023, 18, e0295843. [CrossRef] [PubMed]

49. Qian, X.; Sun, W.; Gu, J.; Wang, X.-J.; Zhang, Y.-J.; Duan, M.-L.; Li, H.-C.; Zhang, R.-R. Reducing Antibiotic Resistance Genes,
Integrons, and Pathogens in Dairy Manure by Continuous Thermophilic Composting. Bioresour. Technol. 2016, 220, 425–432.
[CrossRef]

https://doi.org/10.1016/j.biortech.2023.129973
https://www.ncbi.nlm.nih.gov/pubmed/37931759
https://pubs.acs.org/doi/pdf/10.1021/es201792c
https://doi.org/10.1016/j.jenvman.2019.109295
https://www.ncbi.nlm.nih.gov/pubmed/31376612
https://doi.org/10.1016/j.cimid.2016.04.002
https://www.ncbi.nlm.nih.gov/pubmed/27260807
https://doi.org/10.1371/journal.pone.0154389
https://doi.org/10.1128/JCM.37.11.3497-3503.1999
https://www.ncbi.nlm.nih.gov/pubmed/10523541
https://doi.org/10.1128/JCM.42.8.3558-3565.2004
https://doi.org/10.1016/j.vetmic.2012.12.032
https://www.ncbi.nlm.nih.gov/pubmed/23375652
https://doi.org/10.3168/jds.2009-2358
https://www.ncbi.nlm.nih.gov/pubmed/19923603
https://doi.org/10.1128/JCM.01468-12
https://doi.org/10.7717/peerj.12911
https://doi.org/10.1007/s10661-017-6005-4
https://doi.org/10.3168/jds.S0022-0302(04)73322-6
https://www.ncbi.nlm.nih.gov/pubmed/15453481
https://doi.org/10.1111/tri.12895
https://www.ncbi.nlm.nih.gov/pubmed/27896874
https://doi.org/10.3109/00313021003631338
https://www.ncbi.nlm.nih.gov/pubmed/20350223
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://www.ncbi.nlm.nih.gov/pubmed/21793988
https://doi.org/10.1128/AEM.71.3.1231-1236.2005
https://www.ncbi.nlm.nih.gov/pubmed/15746323
https://doi.org/10.4315/0362-028X.JFP-18-217
https://doi.org/10.1371/journal.pone.0295843
https://www.ncbi.nlm.nih.gov/pubmed/38100478
https://doi.org/10.1016/j.biortech.2016.08.101


Vet. Sci. 2025, 12, 43 26 of 26

50. Finore, I.; Feola, A.; Russo, L.; Cattaneo, A.; Di Donato, P.; Nicolaus, B.; Poli, A.; Romano, I. Thermophilic Bacteria and Their
Thermozymes in Composting Processes: A Review. Chem. Biol. Technol. Agric. 2023, 10, 7. [CrossRef]

51. Mohammadi-Aragh, M.K.; Linhoss, J.E.; Marty, C.A.; Evans, J.D.; Purswell, J.L.; Chaves-Cordoba, B.; Chesser, G.D.; Lowe, J.W.
Evaluating the Effects of Pine and Miscanthus Biochar on Escherichia coli, Total Aerobic Bacteria, and Bacterial Communities in
Commercial Broiler Litter. Avian Dis. 2022, 66, 1–10. [CrossRef] [PubMed]

52. Messele, Y.E.; Hasoon, M.F.; Trott, D.J.; Veltman, T.; McMeniman, J.P.; Kidd, S.P.; Low, W.Y.; Petrovski, K.R. Longitudinal Analysis
of Antimicrobial Resistance among Enterococcus Species Isolated from Australian Beef Cattle Faeces at Feedlot Entry and Exit.
Animals 2022, 12, 2690. [CrossRef]

53. Willems, R.P.J.; van Dijk, K.; Vehreschild, M.J.G.T.; Biehl, L.M.; Ket, J.C.F.; Remmelzwaal, S.; Vandenbroucke-Grauls, C.M.J.E.
Incidence of Infection with Multidrug-Resistant Gram-Negative Bacteria and Vancomycin-Resistant Enterococci in Carriers: A
Systematic Review and Meta-Regression Analysis. Lancet Infect. Dis. 2023, 23, 719–731. [CrossRef] [PubMed]

54. Ramos, S.; Silva, V.; Dapkevicius, M.d.L.E.; Igrejas, G.; Poeta, P. Enterococci, from Harmless Bacteria to a Pathogen. Microorganisms
2020, 8, 1118. [CrossRef] [PubMed]

55. Wang, M.-C.; Fan, Y.-H.; Zhang, Y.-Z.; Bregente, C.J.B.; Lin, W.-H.; Chen, C.-A.; Lin, T.-P.; Kao, C.-Y. Characterization of
Uropathogenic Escherichia coli Phylogroups Associated with Antimicrobial Resistance, Virulence Factor Distribution, and
Virulence-Related Phenotypes. Infect. Genet. Evol. 2023, 114, 105493. [CrossRef] [PubMed]

56. Ghanbarpour, R.; Salehi, M. Determination of Adhesin Encoding Genes in Escherichia coli Isolates from Omphalitis of Chicks. Am.
J. Anim. Vet. Sci. 2010, 5, 91–96. [CrossRef]

57. Schouler, C.; Schaeffer, B.; Brée, A.; Mora, A.; Dahbi, G.; Biet, F.; Oswald, E.; Mainil, J.; Blanco, J.; Moulin-Schouleur, M. Diagnostic
Strategy for Identifying Avian Pathogenic Escherichia coli Based on Four Patterns of Virulence Genes. J. Clin. Microbiol. 2012, 50,
1673–1678. [CrossRef] [PubMed]

58. Richardson, E.J.; Bacigalupe, R.; Harrison, E.M.; Weinert, L.A.; Lycett, S.; Vrieling, M.; Robb, K.; Hoskisson, P.A.; Holden, M.T.G.;
Feil, E.J.; et al. Gene Exchange Drives the Ecological Success of a Multi-Host Bacterial Pathogen. Nat. Ecol. Evol. 2018, 2, 1468–1478.
[CrossRef] [PubMed]

59. Obaidat, M.M.; Bani Salman, A.E.; Davis, M.A.; Roess, A.A. Major Diseases, Extensive Misuse, and High Antimicrobial Resistance
of Escherichia coli in Large- and Small-Scale Dairy Cattle Farms in Jordan. J. Dairy Sci. 2018, 101, 2324–2334. [CrossRef]

60. Jang, H.M.; Kan, E. Enhanced Removal of Antibiotic Resistance Genes and Human Bacterial Pathogens during Anaerobic
Digestion of Dairy Manure via Addition of Manure Biochar. Chemosphere 2022, 304, 135178. [CrossRef] [PubMed]

61. Jauregi, L.; González, A.; Garbisu, C.; Epelde, L. Organic Amendment Treatments for Antimicrobial Resistance and Mobile
Element Genes Risk Reduction in Soil-Crop Systems. Sci. Rep. 2023, 13, 863. [CrossRef]

62. Yan, H.; Liu, C.; Yu, W.; Zhu, X.; Chen, B. The Aggregate Distribution of Pseudomonas aeruginosa on Biochar Facilitates Quorum
Sensing and Biofilm Formation. Sci. Total Environ. 2023, 856, 159034. [CrossRef]

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

https://doi.org/10.1186/s40538-023-00381-z
https://doi.org/10.1637/aviandiseases-D-22-00056
https://www.ncbi.nlm.nih.gov/pubmed/36715465
https://doi.org/10.3390/ani12192690
https://doi.org/10.1016/S1473-3099(22)00811-8
https://www.ncbi.nlm.nih.gov/pubmed/36731484
https://doi.org/10.3390/microorganisms8081118
https://www.ncbi.nlm.nih.gov/pubmed/32722391
https://doi.org/10.1016/j.meegid.2023.105493
https://www.ncbi.nlm.nih.gov/pubmed/37634856
https://doi.org/10.3844/ajavsp.2010.91.96
https://doi.org/10.1128/JCM.05057-11
https://www.ncbi.nlm.nih.gov/pubmed/22378905
https://doi.org/10.1038/s41559-018-0617-0
https://www.ncbi.nlm.nih.gov/pubmed/30038246
https://doi.org/10.3168/jds.2017-13665
https://doi.org/10.1016/j.chemosphere.2022.135178
https://www.ncbi.nlm.nih.gov/pubmed/35660057
https://doi.org/10.1038/s41598-023-27840-9
https://doi.org/10.1016/j.scitotenv.2022.159034

	Introduction 
	Materials and Methods 
	Incubation Experiment 
	Sample Collection 
	Isolates’ Identification and Molecular Characterization 
	Enterococci 
	E. coli 

	Antimicrobial Susceptibility Testing 
	Virulence Assays 
	Data Analysis 

	Results 
	Bacteria Quantification 
	Enterococcus Identification and Molecular Characterization 
	E. coli Identification and Molecular Characterization 
	Antimicrobial Susceptibility Testing 
	Virulence Assays 
	Isolates’ Pathogenicity Potential—MAR and Virulence Indexes 

	Discussion 
	Conclusions 
	References

