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Abstract

The use of probiotics as growth promoters in animal production has been extensively studied, yet performance out-
comes vary significantly based on the strain and application method. Four dietary treatments – microencapsulated 
probiotic mixtures (D1 and D2), antibiotics (D3), and copper sulphate (D4) – were compared in terms on piglet 
growth performance, gut health, and economic profitability in a pre-fattening stage. A total of 108 piglets, aged 
21 days and weighing an average of 6 kg, were randomly divided into four groups, each receiving a different diet. 
The experiment used three replicate pens per treatment, with nine piglets per pen. No significant differences were 
observed in body weight (BW) across treatment groups; however, feed intake was significantly lower for probiotic-fed 
piglets (D2) compared to other treatments during phase 1 and cumulatively (P<0.05). Monte Carlo simulations, a 
method that uses repeated random sampling to model and predict system behaviour under uncertainty, confirmed 
these findings. This showed that probiotic-supplemented diets delivered higher gross margins (43%) compared to 
antibiotics (28%) and copper sulphate (40%). Probiotic-fed piglets exhibited significant gut microbiota modulation, 
characterised by reduced pathogens (e.g. Escherichia coli) and increased beneficial bacteria, like Lactobacillus spp. 
These diets enhanced microbial diversity, as shown by higher Shannon and Simpson index values, which indicated 
improved gut resilience and overall health. In contrast, diets supplemented with antibiotics and copper sulphate 
showed reduced microbial diversity, highlighting the adverse impact of these treatments on gut health. This study 
demonstrated that encapsulated probiotics are a viable alternative to antibiotic growth promoters, supporting simi-
lar zootechnical performance while promoting gut health and enhancing profitability.
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1	 Introduction

Meat production efficiency is one of the largest chal-
lenges of the pork industry. In pig farming, 60% of the 
costs are associated with feeding (PorkColombia, 2023), 
and any increase in feeding efficiency significantly 
impacts the profitability of production. To address this, 
the modern swine industry has adopted advanced, yet 
often unnatural, husbandry practices. However, these 
practices can induce stress in pigs, leading to alterations 
in the composition of their intestinal microbiota, poten-
tially compromising their resistance to pathogens (Liao 
et al., 2017).

Since the 1950s, prophylactic antibiotics have been 
widely used in livestock feed for their therapeutic pur-
poses and as growth promoters (AGP; López-Galvez 
et al., 2021). However, excessive application in animal 
nutrition has created serious concerns related to the 
development of antimicrobial resistance (Lekagul et al., 
2019). In addition, there is substantial evidence of a cor-
relation between human and animal infections by the 
same resistant bacteria (Vidovic et al., 2020). Besides 
antibiotics, high therapeutic levels of copper trace 
elements have been commonly employed to prevent 
diarrhoea in piglets and as growth promoters in diets. 
However, these minerals can accumulate in soil, result-
ing in substantial environmental pollution. Additionally, 
elevated copper concentrations in the feed may con-
tribute to antimicrobial resistance development, inter-
fere with other inorganic mineral uptake and influence 
the expression of genes modulating piglet’s immune 
responses (López-Gálvez et al., 2021).

In response to these challenges, attempts have been 
made to implement additive alternatives such as probi-
otics, aiming to restore intestinal microbiota. Probiotics 
play a crucial role in improving management during the 
critical weaning transition. This period is characterised 
by oxidative stress caused by factors such as antibiotics, 
heat stress, high animal densities, and peak performance 
demands. By addressing these stressors, probiotics alle-
viate oxidative damage and enhance growth perfor-
mance in weaned pigs. (Liao et al., 2017; Barba-Vidal 
et al., 2019; Rendón et al., 2024). When probiotics reach 
the intestine, they colonise and interact with intestinal 
microbiota, acting as an essential barrier that interferes 
with pathogens, thereby suppressing populations of 
pathogenic bacteria (Servin et al., 2003; Roselli et al., 
2017; Pereira et al., 2022). While the mechanisms under-
lying the effects of probiotics are still being explored, it 
is evident that they play significant roles beyond merely 
countering pathogens. Probiotics enhance immunity 

by stimulating responses and improve gut integrity by 
reinforcing the mucosal barrier (Kyoung et al., 2023). 
Probiotics aid digestion through the production of vital 
enzymes, such as lactase, amylase, lipase, and protease, 
which support the breakdown of lactose, starch, fats, 
and proteins, respectively (Kim et al., 2007). One way to 
ensure that probiotics can reach the intestine, change 
the microbiota, and improve performance is by protec-
tion such as encapsulation (Barajas-Álvarez et al., 2023). 
Several studies have described the use of probiotics, but 
the most effective administration method is still unclear 
(Zhang et al., 2020). The disparities in efficacy between 
the direct administration of probiotics to animals and 
their inclusion in extruded or pelleted feed are yet to be 
fully explored. This arises from the fact that numerous 
probiotics are thermolabile and susceptible to deterio-
ration when kept for extended storage periods.

The hypothesis of this study is that microencap-
sulated probiotic additives could effectively replace 
growth-promoting antibiotics and high concentrations 
of trace elements (such as copper), leading to improved 
feed intake and favourable modifications to the intesti-
nal microbiota.

2	 Materials and methods

Animal ethics
The feeding trial was carried out in strict compliance 
with the national legislation that regulates the use, 
care, and protection of animals in research activities 
stipulated in the Institutional Committee for the Care, 
and Use of Animals (CICUA established by the CES 
University Medellín, Antioquia Colombia. This is under 
act number 043 of the project: ‘Porcicesbialtecudea: un 
modelo de optimizacion para la alimentacion de preci-
sion en cerdos’ Code: Ae-025. Medellín, November 23, 
2020.

Experimental design and animals
A total of 108 of piglets (Landrace  ×  Large White  × 
Duroc) were used. They were weaned at 21 d of age with 
an average weight of 6 kg and housed on the experi-
mental farm. The piglets were randomly assigned to one 
of four dietary treatments. Each pen contained nine 
pigs, and each treatment was replicated three times 
(nine piglets  ×  four diets  ×  three pen replicates). The 
pre-fattening experiment lasted from d 21 to 70 of age 
and was divided into two feeding phases: phase 1 (d 1 to 
21 post-weaning) and phase 2 (d 22 to 49 post-weaning). 
Pigs were weighed individually at the end of each period 
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to calculate body weight gain (BWG), and feed intake 
(FI), final body weight (FBW), and feed conversion ratio 
(FCR), average daily feed intake (ADFI) was calculated.

Feeding program and diets
The pigs were provided ad libitum access to feed and 
water. The experiment used commercial feed sup-
plied by a local mill, which was formulated to meet 
the nutritional requirements (PIC 2022). All diets were 
iso-nitrogenous and iso-energetic and were formu-
lated and supplied by Compañia Industrial de produc-
tos Agropecuarios – CIPA, Medellín, Colombia; under 
the trade name of CIPA-Lechón (Table 1). The treat-
ments groups included; diet 1 (D1), supplemented with 
Saccharomyces cerevisiae (8.5×108 cfu/g), Lactobacillus 
spp. (2.72×108 cfu/g), Bacillus subtilis (2×108 cfu/g), and 
Enterococcus faecium (7.5×106 UFC/g; Fortcell Feed® Cría, 
Bialtec, Medellín, Colombia); diet 2 (D2), supplemented 
with S. cerevisiae (1.5×10⁹ UFC/g), B. subtilis (1×109 
cfu/g), and E. faecium (1.88×107 UFC/g; Fortcell Feed 
Ceba, Bialtec); diet 3 (D3), supplemented with antibiot-
ics (doxycycline 80 mg/kg + zinc bacitracin 50 mg/kg); 
and the control diet 4 (D4), supplemented with copper 
sulphate (12 mg Cu per kg). The microorganisms in D1 
and D2 were encapsulated using an emulsion-based 

formulation stabilised by fatty acids and a pan granu-
lator to produce probiotic microcapsules (Arroyave 
et al., 2024). These are sold as the commercial product 
Fortcell Feed and added during the pelletising process 
at 300 g/ton.

Rectal faeces collection and metataxonomic analysis
In the second replicate, rectal grab samples were col-
lected to assess the microbial profile of faeces. A total of 
nine pigs per treatment group were randomly selected 
and divided into three groups per dietary treatment. 
Samples were collected on d 17, 34 and 51 post-weaning. 
Additionally, two suckling piglets faecal samples were 
collected at 10 days of age along with two environmen-
tal negative controls to assess baseline microbial inter-
nal and external populations and to assess any disease 
potential. Faecal samples were collected using sterile 
20–30-mm cotton swabs (ZymoResearch, Irvine, CA, 
USA). The swab was inserted into the rectum of each 
pig and rotated against the intestinal wall to ensure 
sufficient sample collection. Individual samples were 
collected from each pig and pooled. Immediately after 
collection, swabs were placed in DNA/RNA Shield™ lysis 
tubes provided in the Quick-DNA Fecal/Soil Microbe 
Kit (ZymoResearch). This ensured sample stabilisation 

Table 1	 Ingredients and chemical composition of dietary treatments characteristics (% dry weight as fed basis).

Items D1 (%) D2 (%) D3 (%) D4 (%)

Corn 58.2 58.2 56 58.3
Soy 26.5 26.5 27.2 26.5
Palm oil 3.13 3.13 4.03 3.06
Lactose (80%) 2.56 2.56 2.59 2.56
Corn gluten (60%) 2.31 2.31 2.91 2.31
Fish flour (55%) 2 2 2 2
Haemoglobin 1 1 1 1
Limestone 0.56 0.56 0.50 0.56
Salt 0.46 0.46 0.53 0.46
Essential amino acids1 1.44 1.44 1.24 1.44
Premix vitaminic 1.80 1.80 1.80 1.80
Copper sulphate (25%) 0 0 0.04 0.05
Antibiotics2 0 0 0.19 0
Fortcell Feed Cria3 0.05 0 0 0
Fortcell Feed Ceba4 0 0.05 0 0
ME kcal/kg 2,650 2,650 2,662 2,648

1 Methionine, threonine, valine, tryptophan, lysine.
2 Antibiotics: doxycycline 80 mg/kg + zinc bacitracin 50 mg/kg.
3 �Fortcell Feed® Cria: Saccharomyces cerevisiae (8.5×108 cfu/g), Lactobacillus spp. (2.72×108 cfu/g), Bacillus subtilis (2×108 cfu/g), and 

Enterococcus faecium (7.5×106 UFC/g).
4 Fortcell Feed® Ceba: S. cerevisiae (1.5×10⁹ UFC/g), B. subtilis (1×109 cfu/g), and E. faecium (1.88×107 UFC/g).
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by preserving nucleic acid integrity for subsequent DNA 
extraction and sequencing. In total, 40 samples were 
collected during the trial (3 piglets  ×  4 treatments  ×  3 
time points = 36 pigs), two samples from suckling piglets 
and two from the environment.

The microbial profile, based on the 16S rRNA, was 
analysed (BaseClear B.V., the Netherlands) using paired-
end reads generated by the Illumina or MiSeq system. 
The FASTQ files were processed with bcl2fastq2 (v. 2.18) 
and sequences were filtered for quality, removing those 
with PhiX signals or partial adapters and trimming 
to a minimum length of 50 bp. Quality was assessed 
using FASTQC (v0.11.5). The OTU classification was 
performed using SNAP v.1.0.23 (Zaharia et al., 2011) 
aligned to the RDP database (Cole et al., 2014) to give an 
OTU table. The α-diversity was assessed with Shannon 
and Simpson indices, while β-diversity was evaluated 
using the Bray-Curtis similarity index. Statistical dif-
ferences in bacterial composition were determined by 
PERMANOVA using 9999 permutations, and PCoA of 
family-level relative abundance was visualised using 
R software.

Simulation procedures
A Monte Carlo simulation was designed to generate 
20,000 data points from the mean and standard devia-
tion and to check whether with the results obtained and 
with a larger sample it would be possible to find a bigger 

difference between the dietary treatments. The model 
was constructed with the following input variables: 
weaning weight (WW), FBW, and FI and the output vari-
able was FCR, using the following Equation 1.

FCR FI
WW FBW

� (1)

Statistical analysis
The growth performance data were dependent vari-
ables, including BWG, FI, FBW, and FCR of the starter 
stage. The R programming language was used to perform 
a one-way analysis of variance (ANOVA) after verifying 
normality with Shapiro Wilks. Mean comparisons were 
made when attaining significance of P≤0.05 by post-hoc 
Tukey test.

3	 Results

Piglet growth
The main effects of the treatments on the growth perfor-
mance of weaned piglets are shown in Table 2. There were 
no significant differences among dietary treatments for 
body weight of the pigs in each phase or for the whole 
cumulative pre-fattening stage. In phase 1, a significant 
reduction (P<0.05) was seen in feed intake of pigs fed 
D2, although no differences were seen compared to D3. 

Table 2	 Performance response of pigs fed with different supplemented diets.1

Variable D1 D2 D3 D4 P-value

Birth weight (kg) 1.42±0.48 –
Weaning (21 d) weight (kg) 6.14±1.83 5.95±1.59 6.14±1.40 5.98±1.97 0.962
Phase 1 (day 1 to 21 post-weaning)
Body weight (kg) 13.07±2.91 12. 90±2.66 13.17±2.60 13.27±3.29 0.971
Feed intake (kg) 11.51a±0.58 10.28b±1.63 10.78ab±1.69 11.24a±1.33 0.006
Average daily gain (kg) 0.279±0.065 0.279±0.073 0.283±0.075 0.291±0.082 0.906
FCR 1. 77±0.45 1.57±0.40 1.63±0.40 1.67±0.45 0.390
Phase 2 (day 22 to 49 post-weaning)
Body weight (kg) 28.81±5.11 28.54±4.05 28.65±4.50 29.25±5.10 0.9463
Feed intake (kg) 23.15±3.14 22.52±3.23 23.72±2.23 23.00±1.73 0.409
Average daily gain (kg) 0.651±0.134 0.645±0.085 0.635±0.090 0.656±0.100 0.885
FCR 1.53±0.34 1.46±0.25 1.57±0.27 1.48±0.27 0.499
Cumulative pre-fattening 
Body weight (kg) 28.81±5.11 28.54±4.05 28.65±4.50 29.25±5.10 0.946
Feed intake (kg) 34.66b±2.63 32.80a±1.76 34.51b±0.63 34.25b±0.42 0.0001
Average daily gain (kg) 0.463±0.09 0.464±0.07 0.460±0.07 0.474±0.07 0.900
FCR 1.58±0.32 1.48±0.24 1.57±0.26 1.51±0.27 0.476

1 Data expressed as means ±standard deviation. Means not sharing a letter differ significantly (P<0.05).
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In phase 2, no significant differences were observed. 
Finally, over the whole cumulative pre-fattening period, 
feed intake was significantly different and lower in pigs 
fed D2 (P<0.05) vs all the other treatments. The FCR and 
total body weights were not statistically different.

Given the limited number of experimental units, a 
Monte Carlo simulation was performed to examine the 

difference between dietary treatments with a larger 
dataset. The results underwent a filtering process to 
eliminate outliers, after which they were graphically rep-
resented in the form of box plots and frequency histo-
grams (Figure 1). The results showed differences in body 
weight gain, feed intake and feed conversion ratio in 
the pre-fattening period (Table 3). Body weight gain for 
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Figure 1	 Box plot (left) and histogram (right) simulated by Monte Carlo algorithm, comparing the average body weight, feed intake and 
feed conversion ratio for different dietary treatments.
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pigs fed the probiotic diet was significantly higher com-
pared to the antibiotics and control diet. Conversely, it 
was found that feed intake and FCR was lower for pigs 
fed the probiotic diet compared with antibiotics and the 
control diet.

The gross margin of piglet production up to 70 
days of age was calculated as show in Equation 2. The 
data showed that diets D1 and D2 yielded the highest 
gross margin 42% and 43%, respectively. In contrast, 
D3 and D4 exhibited gross margins of 28% and 40%, 
respectively.

Gross Margin PS UC FCR
PS

  * *100 � (2)

where PS was the selling price ($2.17 kg animal), UC the 
unit cost of each diet (D1 $0.79/kg feed, D2 $0.81/kg feed, 
D3 $1.01/kg feed, D4 $0.85/kg feed); FCR (kg feed/kg 
animal).

Alteration of the intestinal microbiota
The diversity of the gut microbiome was analysed across 
different treatments and phases. There were marked 
differences in the intestinal microbial populations at 
the phylum, genus and species level compared among 
the environment, the suckling piglet and faecal treat-
ments samples. The composition of the gut microbiota 
changed markedly after piglet weaning. On average, 
32.323 reads per sample were obtained and filtered, 
resulting in an average of 12.460 reads to group into 
operative taxonomic units (OTU). Most (74.3%) of the 
reads of the treatment samples were classified at dif-
ferent taxonomic levels. Approximately 42% of the pig 
samples were classified to the species level.

The results of the phyla distributions are shown in 
Figure 2. A total of 16 phyla were detected in the pig 
gut community. The dominant bacterial phyla were Fir-
micutes, Bacteroidetes, Proteobacteria and Actinobacte-
ria, while Spirochaetes, Synergistetes, Fusobacteria, and 

Verrucomicrobia were present at relatively lower abun-
dance. Firmicutes and Bacteroidetes were enriched but 
this did not attain significant difference in weaning pigs 
among all treatments. Interestingly, fewer Proteobacte-
ria was observed in samples from D1 compared with the 
D3 and D2. However, when the relative abundance of 
Proteobacteria was compared between samples from D3 
and D2, no significant differences were found. The phy-
lum Actinobacteria were less abundant in the probiotic 
group, but Spirochaetes was more abundant in samples 
from D1 and D2. Most commensal bacteria, including 
Fusobacteria and Verrucomicrobia spp. were found to 
be more abundant in suckling piglets, which have been 
identified as biomarkers associated with intestinal dis-
eases (Tan et al., 2019). Mainly, a reduction in the abun-
dance of Fusobacteria and Verrucomicrobia spp. was 
observed after feeding the probiotic diet.

Pig bacterial communities were compared at the 
genus level (Figure 3). During the suckling period, the 
dominant genus was Bacteroides, but were gradually 
replaced by Clostridium and Prevotella spp. as piglets 
aged. Clostidrium spp. were more numerous in pigs 
fed probiotic (D1 and D2) and antibiotic (D3) diets, 
but were higher compared with samples from D4. For 
Prevotella spp. no significant differences were found 
among dietary treatments. However, proportions of 
core members of the swine gut microbiota increased 
after probiotic administration, namely Succinivibrio spp. 
and Lactobacillus spp. Interestingly, Blautia spp. was 
detected across all treatments, exhibiting higher abun-
dance when exposed to therapeutic doses of copper 
sulphate.

Upon analysis of microbiome phyla and genus, sev-
eral pertinent aspects at the species level were dis-
covered. The gut microbiota of pigs undergoes rapid 
ecological succession, shifting its composition substan-
tially after weaning and with dietary treatment. For D3, 
relevant decreases were observed in the abundances of 
specific species of the genera Lactobacillus (Figure 4A). 

Table 3	 Monte Carlo Simulation Results of average body weight, feed intake and feed conversion ratio with different supplemented 
diets (Means ± standard deviation).1

Variable D1 D2 D3 D4 P-value

Cumulative in pre-fattening 
Average body weight (kg) 28.80a±3.71 29.67b±4.67 29.19c±4.67 28.97d±4.04 <0.001
Average feed intake (kg) 32.77a±1.75 34.25b±0.42 34.60c±2.63 34.51d±0.62 <0.001
Average FCR 1.47a±0.27 1.50b±0.32 1.57c±0.36 1.56c±0.29 <0.001

1 �Data expressed as means ±standard deviation. Means not sharing a letter differ significantly (P<0.05).
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Figure 2	 Distribution of bacterial phyla in faecal samples.
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Figure 3	 Distribution of bacterial genus in faecal samples.

In addition, the genetic material of L. amylovorus, L. 
johnsonii, L. fermentum was detected more frequently 
in the faeces of animals fed D2 compared to the other 
dietary treatments (Figure 4A). As expected, detection 
frequency of these strains was higher in D2 supple-
mentation as they were included as part of the supple-
mentation. On the other hand, in the case of pigs fed 
D1, Enterococcus faecium was detected with greater 

frequency as this strain was part of the D1 supplementa-
tion (Figure 4B).

In terms of pathogens, several conditions can increase 
the incidence of pathogenic bacteria proliferation in the 
gut. The suckling piglets showed a marked proliferation 
of Escherichia coli. However, the development of the 
intestinal microbiota after the suckling period further 
deviated during growth due to dietary factors. It was 
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Figure 4	 The distribution of bacterial genera in faecal samples. (A) Stacked bar graph showing the relative abundance of Lactobacillus. 
(B) Stacked bar graph showing the relative abundance of Enterococcus.

interesting to observe that E. coli was more abundant, 
exceeding 1% in the diet containing antibiotics (D3) 
compared to those supplemented with probiotics (D1 
and D2) or copper (D4; Figure 5). Although the pres-
ence of Salmonella enterica, Clostridium perfringens, and 
Clostridiodes difficile in diets supplemented with probi-
otics seemed to be larger than in diets with copper, the 

median relative abundance of these toxigenic species in 
the gut microbiome was less than 0.008%.

To characterise the levels and patterns of diversity 
within dietary treatments, the alpha index for the four 
treatments was compared. The α-diversity, measured 
using the Shannon index, showed no significant dif-
ferences among dietary treatment groups (P<0.063). 
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Figure 5	 Distribution of pathogenic species in faecal samples.
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Figure 6	 Shannon and Simpson diversity index of 
swine faecal communities with and without 
probiotic supplementation.

However, when measured using the Simpson index, the 
data shows significant differences between the treat-
ment groups (P<0.038). The Shannon and Simpson indi-
ces were higher in samples from pigs in the probiotic 
treatment group (D1 and D2) compared with those from 
D3 and D4 diets (Figure 6).

To further investigate micobiome differences between 
the treatment groups and time points, β-diversity based 
on Bray–Curtis (Figure 7) distances were assessed. There 
were no significant differences between probiotics 

Figure 7	 Principal coordinate analysis (PCoA) of the weighted 
UniFrac distances for each dietary treatment group.

treated groups compared to the antibiotic and copper 
sulphate control group (P=0.253).

4	 Discussion

The impact of dietary supplements on animal growth 
performance is a complex interplay of various biologi-
cal and environmental factors, extending well beyond 
the simple choice of bacterial strains and feeding meth-
ods. This study highlighted the potential of probiot-
ics to modulate the microbiome and its impact on pig 
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growth and intestinal health. The results revealed no 
significant differences in FBW or FCR across all dietary 
treatments. This underscored the comparable efficacy 
of probiotics, antibiotics and trace elements in main-
taining pig performance. Notably, the reduction in feed 
intake observed in pigs fed the probiotic (D2) during the 
initial post-weaning phase suggested enhanced nutri-
ent utilisation. This observation was particularly sig-
nificant as it implied that certain probiotic formulations 
could improve gut efficiency, leading to reductions in 
feed costs and less environmental impact due to lower 
feed inputs.

Building on these findings, the demonstrated the abil-
ity of dietary treatments to influence the gut microbiota, 
a critical factor in animal health. Despite the dietary 
treatments inhibiting the growth of potential commen-
sal pathogens such as Fusobacteria and Verrucomicrobia 
spp., specific pathogenic species as E. coli were less 
abundant in the probiotic diets (D1 and D2) and cop-
per sulphate (D4). This suggested that probiotics can 
effectively compete with antibiotics in preventing gas-
trointestinal infections, while fostering a healthier gut 
microbiota by encouraging the proliferation of benefi-
cial populations. In line with this, the results revealed 
a significant decrease in α-diversity (as measured by 
Shannon and Simpson indices) in the gut microbiota of 
piglets fed antibiotics (D3) or copper sulphate (D4) com-
pared to those fed probiotics (D1 and D2). High diversity 
is indicative of a mature intestinal microbiota, which 
makes it less vulnerable to environmental influences 
and interference. This can lead to better gut health and 
function and animal welfare. This increased diversity, 
along with specific shifts towards beneficial genera like 
Lactobacillus, indicated a positive influence of probiot-
ics on the gut ecosystem.

Further detailed analyses of microbial succession 
revealed that dietary interventions significantly influ-
ence the composition and dynamics of the gut microbi-
ota. Initial outcomes from probiotic treatments aligned 
with previous studies which showed that, in the gastro-
intestinal tract of pigs, the presence of Succinivibrio and 
commensal Clostridum spp. improved the capacity to 
metabolise diverse carbohydrate substrates, leading to 
the production of fermentation byproducts like acetate, 
succinate and butyrate (Guo et al., 2020). These are sub-
sequently converted to propionate via microbial decar-
boxylation (Bergamashi et al., 2020). Propionate plays a 
key role in energy metabolism by entering the tricarbox-
ylic acid cycle, enhancing energy utilisation efficiency. 
These processes are supported by the interaction of 

other short-chain fatty acids (SCFA), such as butyrate, 
which strengthen the gut barrier and reduce inflam-
mation facilitating more efficient nutrient absorption. 
Collectively, these findings highlighted the multifaceted 
role of probiotics in optimising gut health and energy 
efficiency, thereby improving growth performance and 
FCR in pigs.

However, the benefits of probiotics extend beyond 
these mechanisms, where the diet with probiotics pro-
motes the growth of several beneficial bacteria, namely 
species of Lactobacillus spp.. This genus is considered a 
beneficial group of bacteria in the gastrointestinal tract 
(Valeriano et al., 2017), one of its characteristics being 
antioxidant properties (Dowarah et al., 2018; Zhao et al., 
2023). As Lactobacillus spp. possess antioxidant activ-
ity, combinations of these probiotics could increase 
the capability to regulate redox status changes caused 
by pathogens (Wang et al., 2017). Particularly, a nota-
ble increase in the abundance of L. johnsonii has been 
observed in the gut of pigs. This is a common inhabitant 
of the porcine gastrointestinal tract and confers benefits 
to the host by possessing numerous probiotic proper-
ties, including adhesion and survival capabilities within 
the swine gut. On the other hand, L. amylovorus exhib-
its proven probiotic properties that foster growth and 
enhance feed efficiency in farm animals. In addition, 
L. fermentum had the potential to adhere to intestinal 
epithelium, inhibit pathogenic bacteria, tolerate gastric 
juice and bile salts and produce antioxidants in pigs 
(Pereira et al., 2022).

To ensure the effectiveness of these probiotics, it is 
critical to minimise cell death during thermal, storage, 
mechanical and digestive processes. In line with this, 
a prior study introduced a method for encapsulating 
microorganisms to provide protection against various 
adverse conditions (Arroyave et al., 2024). The results 
indicated that efficient encapsulation of probiotics 
guarantees their release in the intestinal tract, ultimately 
affecting changes in the microbial community, which in 
turn reflects alterations in zootechnical parameters.

In the case of diets supplemented with copper sul-
phate, it is well known that copper plays a critical role 
in the host–bacterium interface. Copper deficiency 
often results in increased susceptibility of hosts to bac-
terial infections, and increased copper levels at the sites 
of infection has been detected in response to bacterial 
infections (López-Gálvez G et al., 2021). Furthermore, 
the current findings revealed that copper supplementa-
tion led to the presence of Blautia, a genus of the Lach
nospiraceae family. This genus has been of particular 
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interest due to its contribution in alleviating inflam-
matory diseases and metabolic diseases and its anti-
bacterial activity against specific microorganisms (Liu 
et al., 2021). This may explain the observed reduction in 
pathogenic species in diets supplemented with copper.

However, the biological significance of the current 
findings extended beyond academic interest, offering 
practical implications for animal husbandry practices. 
This study facilitated an investigation into the effects 
of different combinations of additives on performance 
metrics. This was related to business profitability result-
ing from the inclusion of probiotic mixtures, antibiotics 
and therapeutic doses of trace elements such as cop-
per in the diet. When evaluating growth performance 
in production animals from a financial perspective, it is 
crucial to consider both FCR and FBW. The FCR can be 
used to analyse as gross margin, while FBW represents 
the volume of income affecting gross profit. Although 
FCR allow the assessment of efficiency in terms of feed 
intake or weight gain, obtaining animals with a good 
FCR but low FBW can negatively impact producer 
income, similar to a good gross margin but a low gross 
profit. Optimal results require low FCR alongside high 
FBW, maximising producer income, margin and gross 
profit. The zootechnical parameters obtained in this 
study, specifically FBW and FCR, showed no significant 
differences among the dietary treatments, indicating 
comparable feed utilisation efficiency across diets. The 
ability of probiotics to deliver comparable growth per-
formance to antibiotics and trace elements, combined 
with their added benefits for gut health, suggested that 
these ingredients could serve as viable alternatives to 
traditional growth promoters.

Furthermore, from an economic standpoint, using 
the Monte Carlo simulation revealed that the probiotics 
proved to be more efficient compared to antibiotics and 
copper sulphate in diets. The substantial difference in 
gross margins between D1 and D2 in contrast to D3 and 
D4 emphasised the considerable influence of incorpo-
rating probiotics into feed formulation on the econom-
ics of piglet production. These findings underscored 
the significance of precision and optimisation in feed 
formulation practices for enhancing piglet production 
efficiency.

5	 Conclusions

The current study demonstrated that dietary supple-
mentation with encapsulated probiotics maintain cer-
tain performance metrics linked to business profitability 

without negatively impacting feed consumption or 
zootechnical indicators. The gross margins of the dif-
ferent diets highlighted the critical role of feed formu-
lation in determining economic outcomes. By using 
microencapsulated probiotics, producers can enhance 
profitability while promoting the well-being and per-
formance of piglets throughout the critical early growth 
phase. Additionally, the probiotic treatments promoted 
a healthier gut microbiome by inhibiting the growth of 
commensal pathogens and promoting beneficial bacte-
ria such as Lactobacillus and Succinivibrio spp.. Moreover, 
probiotic supplementation led to increased α-diversity 
in the gut microbiota, showing improved gut health and 
resilience to environmental factors. Overall, the probi-
otic dietary treatments represented a viable option for 
replacing AGP in pork production, offering benefits for 
animal health, food safety, and producer profitability.
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