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The microbial population in the pig’s gastrointestinal tract can be influenced by incorporating fibrous by-products into the diets. This study investigated the impact of including two types of dried olive cake (OC) in pigs’ diets on fecal bacterial composition. The correlation between fecal microbiota and growth performance, nutrient digestibility, gut fermentation pattern and slurry gas emissions was also evaluated. Thirty male Pietrain x (Landrace x Large white) pigs (47.9 ± 4.21 kg) were assigned to three groups: a control group (C), a group fed a diet with 20% partially defatted OC (20PDOC), and a group fed a diet with 20% cyclone OC (20COC) for 21 days. Fecal samples collected before and after providing the experimental diets were analyzed for the V3-V4 region of the 16S rRNA gene. Pigs were weighed, and feed intake was recorded throughout the study. Potential ammonia and methane emissions from slurry were measured. No significant differences in alpha diversity indexes were found. The taxonomic analysis revealed that Firmicutes and Bacteroidota phyla were dominant at the phylum level across all groups. Differential abundance analysis using ALDEx showed significant differences among groups for various bacteria at the phylum, genus, and species levels at the end of the experiment. Pigs from 20PDOC and 20COC groups exhibited increased abundances of health-promoting bacteria, such as Plactomycetota at the phylum level and Allisonella and an unidentified genus from the Eggerthellaceae family at the genus level. These changes influenced short-chain fatty acids’ (SCFA) concentration in slurries, leading to greater acetic, butyric, caproic and heptanoic acids in OC-fed groups, especially 20COC pigs. A volatility analysis revealed significant positive correlations (p < 0.05) between Uncultured_Bacteroidales and Unculured_Selenomonadaceae and energy digestibility. Monoglobus and Desulfovibrio showed a positive significant (p < 0.05) correlation with total SCFA, indicating a high impact on gut fermentation. However, growth performance parameters and potential gas emission displayed no significant correlations with a specific bacterial genus. In conclusion, our results suggest that OC inclusion into pig diets could positively modulate and contribute to the gut microbiota’s favorable composition and functionality. Also, nutrient digestibility and gut fermentation patterns can be associated with specific microbial populations.
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1 Introduction

Olive by-products, such as olive pomace, olive cake (OC), and olive leaves, can serve as a sustainable alternative source of nutrients for animal feeding. The use of these by-products in animal nutrition reduces livestock feed’s environmental and economic impact (Makkar and Ankers, 2014; Salemdeeb et al., 2017) and lessens waste in the industry (Molina-Alcaide and Yáñez-Ruiz, 2008). Understanding its nutritional and nutraceutical potential is essential to determine its impact on animal performance and health. OC comprises olive pulp and skin (Dermeche et al., 2013), and contains a high amount of dietary fiber (around 55% of neutral detergent fiber, NDF, and 40% of acid detergent fiber, ADF). Its fiber is characterized by a high proportion of lignin (17%) (De Blas et al., 2019). Its fat content is variable, ranging from 0 to 16.6% (De Blas et al., 2015). However, OC’s composition and nutritional value can be highly influenced by its origin, industrial processing, or subsequent conditioning (De Blas et al., 2015; Ferrer et al., 2020). Additionally, OC has been identified as a valuable source of phenolic compounds (up to 0.3%), including hydroxytyrosol and its derivatives, secoiridoids, flavones (luteolin and apigenin), and elenolic acid and its derivatives (López-Salas et al., 2021). These compounds have been found to have antioxidant and antimicrobial properties that could be highly beneficial for promoting a healthy gut microbiota and overall gut health.

Traditionally, fibrous by-products such as OC have been cautiously integrated into pig diets with limited inclusion rates due to the negative impact of fiber on nutrient digestibility and energy utilization (Ferrer et al., 2018). However, precisely due to its high amount of fiber and bioactive compounds, the inclusion of OC in diets can be associated with changes in gut microbiota patterns and health. It is known that both the quantity and source of dietary fiber, significantly influence the composition of gut microbiota in pig fecal samples and the quantity and profile of short-chain fatty acids (SCFA) produced by the microbiota (Zhao et al., 2019). Zhao et al. (2020) reported, in this regard, that SCFA concentration in feces correlated positively with the fermentability and digestibility of insoluble dietary fibers. Also, it is known that SCFAs can provide up to 25% of the pigs’ total available energy in the hindgut (Pu et al., 2020) and improve the host’s intestinal integrity and immune system (Chambers et al., 2015). Furthermore, recent studies have demonstrated that SCFA could improve various health parameters in humans and mice through a shift in gut bacterial composition (Peterson et al., 2022; Tang et al., 2023). Studies on the effects of OC on pigs’ gut microbiota and fermentation patterns are still scarce in the literature, with only a few recent research indicating that OC might modify fecal microbiota composition in cows (Russo et al., 2023) and sows (Sánchez et al., 2022). On the other hand, several studies have investigated the effects of the bioactive compounds derived from olives in animal feeds on gut microbial composition. One such compound, apigenin, has been found to inhibit the growth of Bacteroides galacturonicus and Enterococcus caccae, while also promoting microbial diversity and the production of SCFA in human fecal colonic batch culture (Wang et al., 2017). In a study conducted by Martínez et al. (2019), it was observed that feeding laboratory mice with virgin olive oil resulted in the reduction of undesirable bacteria of the Desulfovibrionaceae, Spiroplasmataceae, and Helicobacteraceae families and the increase in the abundance of Erysipelotrichaceae and Sutterellaceae families in their gut, indicating a possible interplay between olive oil phenolic compounds and microbial composition. However, Liehr et al. (2017) reported no significant differences in the gut microbiota composition and function of pigs challenged with E. coli-derived lipopolysaccharides injection fed with olive oil bioactive compounds, although they observed positive effects on gut integrity. Then, while feeding olive by-products into the livestock diet is considered a sustainable practice, its impact on gut microbiota composition, fermentation patterns and, therefore, gut health in growing pigs, has yet to be established.

Additionally, the gut microbiota is a complex and dynamic ecosystem that plays key roles in maintaining nutritional, physiological, and metabolic functions in swine (Fouhse et al., 2016), contributing to pig health and sustainability. Recent insight indicates that gut microbes are important in regulating pig growth (Sato et al., 2019; Xin et al., 2020). Indeed, the gut bacterial population is intricately linked to nutrient utilization, with a diverse microbial community positively impacting nutrient digestibility, thereby enhancing overall feed efficiency (Le Sciellour et al., 2018). However, there is no consensus on the main microbial populations involved in these effects. Also, derived from the close relationship between dietary nutrient utilization, excreta composition, and gas emission (Beccaccia et al., 2015; Ferrer et al., 2018), it is possible that emissions from slurry could also be linked to certain microbial populations involved in feed efficiency. In this regard, Wang et al. (2021) have shown that different types of manure have varying effects on gas emissions during composting due to differences in their characteristics and microorganism communities. However, studies on this issue are still scarce in the literature. Thus, the control of feed efficiency, nutrient digestion, and gas emissions in pigs is critical for maintaining animal health and pig sustainability, and its relation with gut microbiota is still not fully understood.

The objectives of the present study were to investigate the effects on the fecal bacterial composition of including two dried OC in pigs’ diet that were obtained at different steps of the drying process, a partially defatted olive cake (PDOC) and a cyclone olive cake (COC), and to assess the correlation between gut microbial communities and growth performance, energy and protein digestibility and slurry gas emission.



2 Materials and methods


2.1 Animals, diets, and experimental design

Thirty male Pietrain x (Landrace x Large white) growing pigs of 47.9 ± 4.21 kg body weight (BW) were used in this experiment. Pigs were distributed in two batches of 15 animals each and kept in individual pens with free access to water and feed throughout the experiment. On day 1 of the experimental period, pigs were randomly divided into three dietary treatment groups (5 animals/batch and dietary treatment). The weight of these animals was considered in this distribution, so the mean BW was similar among treatment groups in each batch. These experimental treatments consisted of a control feed (C), a feed with 20% of PDOC (20PDOC), and a feed with 20% of COC (20COC). These feeds were provided to the animals for 21 consecutive days. The C feed contained corn, wheat, and soybean meal and reached the nutrient requirements reported by FEDNA for growing pigs (De Blas et al., 2013). The other two experimental treatments were obtained by substituting 20% of the energetic part of the C feed with PDOC and COC in 20PDOC and 20COC diets, respectively. The two types of olive cake (PDOC and COC) were provided by Valoriza Energy, a company in the Sacyr-Vallehermoso group devoted to pomace drying and olive pomace oil extraction. The PDOC was obtained after partially removing pits and drying fresh OC with a trommel dryer, using recovery heat gasses from a gas turbine installed in a cogeneration plant. During this process, the residual lighter pomace particles accumulated on the air decanters of the trommel and were separately recollected and named COC. The chemical composition of PDOC and COC is shown in Table 1. The ingredients and chemical composition of the experimental diets are shown in Table 2. After 14 days of adaptation to diets, 24 of the 30 animals included in the experiment (8 animals/treatment) were subjected to a 4-day nutrient balance (balance period) followed by a 3-day balance (emissions period) in which urine and feces were collected separately and individually (per animal) using metabolism pens, as reported in Ferrer et al. (2021). The rest of the animals were maintained in their original pens. According to pigs’ needs, the barn temperature was maintained at 20–25°C during the experiment.



TABLE 1 Analyzed chemical composition of partially defatted olive cake and cyclone olive cake (g/kg DM, unless otherwise specified).
[image: Table1]



TABLE 2 Ingredients and chemical compositions of the experimental diets (g/kg DM, unless otherwise specified).
[image: Table2]



2.2 Fecal samples for bacterial composition analysis

Fecal samples were obtained from all animals before (time 0) and after 21 days (time 1) of providing the experimental feeds to perform the microbiota analyses. Feces were collected aseptically directly from the rectum by rectal stimulation, frozen immediately with liquid nitrogen (N), and stored at −80°C until analyses.



2.3 Fecal bacteria characterization by 16S rRNA gene amplicon sequencing and bioinformatic analysis

Fecal microbial DNA was extracted with the MagNA Pure LC DNA isolation kit III (Bacteria, Fungi) from (Roche, Mannheim, Germany), according to the manufacturer’s instructions. 16S rRNA gene amplicons were obtained following the 16S Metagenomic Sequencing Library Preparation Illumina protocol (15044223). The forward primer (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and the reverse primer (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′) were used to amplify by polymerase chain reaction (PCR) the V3-V4 hypervariable region of the 16S rRNA gene (Klindworth et al., 2013). After 16S rRNA gene amplification, the multiplexing step was performed using the Illumina Nextera XT DNA Library Preparation Kit (FC-131-1096, Illumina, Inc., United States). One μL of the PCR product was run on a Bioanalyzer DNA 1000 chips (Agilent, Santa Clara, CA, United States) to verify the size. The amplicon size on a Bioanalyzer trace is ~550 bp. After size verification, the libraries were sequenced using a 2 × 300 pb paired-end run [MiSeq Reagent kit v3 (MS-102-3001)] on a MiSeq Sequencer (Illumina, Inc., United States) according to the manufacturer’s instructions. Quality assessment of reads was performed using the prinseq-lite program (Schmieder and Edwards, 2011). The sequence data was analyzed using the QIIME2 pipeline (Caporaso et al., 2010). Denoising, paired-ends joining, and chimera depletion were performed starting from paired ends data using the DADA2 pipeline (Callahan et al., 2016). Taxonomic affiliations were assigned using the Naive Bayesian classifier integrated into QIIME2 plugins. The alpha diversity indexes (Shannon, Simpson, OBS, Chao1, and ACE) were calculated with the vegan R package (Oksanen et al., 2022) to find possible changes in fecal microbiota diversity in response to the dietary inclusion of olive cakes. Beta diversity was measured using the Bray-Curtis distance and plotted with the principal coordinates analysis (PCoA) to show further discrimination among the treatment groups.



2.4 Growth performance, nutrient digestibility, and slurry measurements

All animals used in this study were weighed at the beginning and the end of the experimental period, and the average daily gain (ADG) was calculated. Average daily feed intake (ADFI) was calculated by the difference between feed allowance and feed refusals over the experimental period. The feed conversion ratio (FCR) was calculated as the feed intake per kg BW gain, as reported by Ferrer et al. (2020).

At the end of the nutrient balance period, the feces collected from the 24 animals housed in metabolism pens were pooled per animal and kept at −20°C until analyses of energy and N. The feces and urine produced during the emissions period were pooled per animal to elaborate artificial slurry. Once reconstituted, the individual artificial slurries were analyzed for pH, SCFA concentration and potential gas emissions. Potential ammonia (NH3) emissions from slurries were measured in two replicates per animal following the procedure described by Beccaccia et al. (2015). Briefly, two plastic bottles per animal were filled with 0.5 kg of slurry and connected to two absorption flasks (impingers) containing 100 mL of sulfuric acid 0.1 N and an air pump that allowed to drive the air going through a line at a constant airflow rate of 1.2 L/min. Sulfuric acid captured the NH3 in the air extracted from each plastic bottle. The amount of NH3 in the acid was determined according to the Standard Methods Committee of the American Public Health Association, (2023) 4500 NH3-D procedure using a detection electrode (Orion high-performance NH3 electrode, model 9512HPBNWP, Thermo Scientific, Waltham, MA, United States).

Potential methane (CH4) emissions from slurry were measured as the biochemical CH4 potential (BMP) described by Angelidaki et al. (2009) and Beccaccia et al. (2015). The inoculum was obtained from an anaerobic wastewater treatment plant digester (Sagunto, Spain). Each slurry was mixed with the inoculum at a ratio of 1:1 on an organic matter (OM) basis and allocated in 120 mL bottles (3 replicates per slurry). Each one contained 40 mL of inoculum and a variable amount of slurry. The BMP assay also included three blank samples containing 40 mL of inoculum. Before incubation, bottles were flushed with N2, sealed with butyl rubber stoppers and aluminum crimps, and incubated (35°C) for 102 days. The pressure of the gas contained in bottles and CH4 concentration was quantified two or three times a week with a manometer (Delta Ohm, HD 9220, Padova, Italy) equipped with a split injector and a focus gas chromatograph (Thermo, Milan, Italy) with a flame ionization detector. Biochemical CH4 potential (B0) was expressed as the accumulative CH4 production per gram of OM.



2.5 Chemical analyses

OC and feeds were analyzed for dry matter (DM), ash, crude fat, N, energy, and total dietary fiber (TDF) content according to the Association of Official Analytical Chemists (AOAC, 2019) procedures. Total N was measured by combustion, using Leco equipment (model FP-528, Leco corporation, St. Joseph, MI, United States), and protein content was estimated as N content × 6.25 (AOAC 2000, method 986.06). The energy was determined using an isoperibolic bomb calorimeter (Parr 6400, Parr Instruments Co., Moline, IL, United States). Neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) in OC (PDOC and COC) were analyzed sequentially following Van Soest et al. (1991) procedure using the filter bag system (Ankom technology corp. Macedon, NY, United States) and expressed without residual ash. In addition, the contents in insoluble and soluble fiber were estimated as the NDF corrected by the protein content in the residue (insoluble) and the difference between TDF and NDF corrected by the protein content in the residue (soluble), respectively, as described in Beccaccia et al. (2015).

Main metabolite concentrations in samples of OC and experimental feeds were extracted following a previously described procedure by Belloumi et al. (2023). Briefly, phenolic compounds were analyzed on an Ultra-Performance Liquid Chromatography (UPLC) system coupled to a Fortis triple quadrupole (TSQ) mass spectrometer (Thermo Fisher Scientific, Madrid, Spain), in an Acquity Premier HSS T3 C18 (100 × 2.1 mm, 1.8 μm, Waters) column. The mobile phase was acetonitrile (A) and 0.1% formic acid (B) in a linear gradient of 10 min at 0.3 mL/min, starting with 10% A and reaching 100% A in 4 min, and then back to the initial conditions. Molecule detection was carried out using a diode array detector and spectrometry. Chromatograms were recorded at 200–400 nm absorbance, and mass analysis was run under electrospray positive and negative modes in a full scan from 100 to 850 m/z. Chromeleon, 7.3 chromatography data system software, was used for data treatment. Compounds were identified by comparing them to an authentic standard (hydroxytyrosol, oleacein, p-coumaric acid, tyrosol and verbascoside) and quantified using an external calibration curve with them. Three replicates per sample were analyzed. Hydroxytyrosol (TargetMol), oleacein (PhytoLab), tyrosol (TargetMol), and verbascoside (Life Science) were obtained from Cymit Química S.L. (Barcelona, Spain), and p-coumaric acid was purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). Four concentrations were prepared to carry out each external calibration curve: 0.05; 0.02; 0.01; and 0.005 mg/mL. Stock solutions of each compound at a concentration of 0.5 mg/mL were prepared using dimethyl sulfoxide, except for p-coumaric acid, which was dissolved in methanol. All standards and samples were filled into High performance liquid chromatography (HPLC) brown glass vials and sealed correctly to protect the solutions from light and evaporation.

Feces from the balance period were dried and ground to 1 mm pore size and analyzed for DM, energy and N content following the same methodology as for the diets. Slurry pH was measured using a glass electrode (Crison Basic 20+, Crison, Barcelona, Spain). The SCFA profile in the slurry was analyzed with gas chromatography equipped with a flame ionization detector (HP 68050 series Hewlett Packard, United States), as Jouany (1982) described, with the addition of an internal standard (4-metil valeric).



2.6 Calculations and statistical analysis

For the microbiota statistical analysis, the pipeline core was run using the programming language R (R Development Core Team, 2012). The Kruskal-Wallis test was used to determine significant differences in alpha-diversity indexes among the groups. PCoA plot was carried out using the FactoMineR R package (Lê et al., 2008). The beta diversity was evaluated by permutational multivariate analysis of variance (PERMANOVA), and significance was determined through 999 permutations. The differential abundance analysis among the groups was performed using the ALDEx R package (Fernandes et al., 2013).

The coefficient of total tract apparent digestibility (CTTAD) of DM, energy and N in experimental diets were calculated using the following equation:
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Where: Ninput is the amount of the nutrient (DM, energy, and N) ingested, and Noutput is the quantity of the nutrient (DM, energy and N) excreted in feces (Kong and Adeola, 2014).

Differences in growth performance, CTTAD, SCFA concentrations, and gas emission among treatment groups were analyzed using the GLM procedure of SAS® (Statistical Analysis System) System Software (Version 9.1, SAS Institute Inc., Cary, North Carolina, EEUU), with the dietary treatment as the main class effects and batch as a blocking factor.

Additionally, a volatility test analysis was performed using a QIIME2 plugin (q2-longitudinal) to assess the relationship among animal growth performance, nutrient balance and gas emission data, and changes in bacterial communities at the genus level. The genera most closely associated with each trait were chosen based on their p-value (p < 0.05) and r-coefficient.




3 Results

The analyzed chemical composition of PDOC and COC revealed slight differences in their nutritional content (Table 1). COC exhibited a higher ash and crude fat content than PDOC. On the other hand, PDOC showed substantially higher levels of total dietary fiber, NDF, ADF and insoluble fiber compared to COC. However, COC showed a greater soluble fiber content than PDOC. Regarding phenolic compounds, both sources of OC (PDOC and COC) contained the same compounds, which were hydroxytyrosol, tyrosol, verbascoside, oleacein and p-coumaric acid, with COC showing slightly higher levels of all of them compared to PDOC. Table 2 shows the ingredients and chemical composition of the experimental diets. Diets with OCs (20PDOC and 20COC) had higher crude fat, gross energy and fiber levels than the C diet. However, the crude protein and metabolizable energy content of diets with OCs was slightly lower than that of C diet. Regarding phenolic compounds, the 20PDOC and 20COC diets contained hydroxytyrosol, tyrosol, verbascoside, oleacein, and p-coumaric acid, whereas no one of these compounds was detected in the C diet.


3.1 Fecal bacterial composition

The V3-V4 hypervariable region of the 16S rRNA gene was sequenced from 60 fecal samples of crossbred pigs collected at two time points (30 before and 30 after providing the experimental diets). The average of high-quality sequences per sample was 32,284. Detailed information for each analyzed sequence can be found in (Supplementary Table S1).

Figure 1 shows the alpha diversity indexes (richness and evenness) calculated in this study. No significant differences were found among the three groups of treatment in richness (OBS, Chao1, and ACE) and evenness indexes (Shannon and Simpson), neither at the onset nor at the end of the experiment. A non-significant decrease in diversity was observed in all treatment groups at the end of the experimental period. Regarding the beta diversity, the PCoA plot showed clear separation among treatments (Figure 2), showing animals from group C a significant discrepancy from animals from the 20PDOC group (PERMANOVA, p = 0.021) and animals from the 20COC group (PERMANOVA, p = 0.002).

[image: Figure 1]

FIGURE 1
 Alpha diversity indexes boxplots across dietary treatment groups at the beginning and at the end of the experiment. (A) Shannon, (B) Simpson, (C) CHAO1, (D) ACE, (E) OBS. Treatments groups are: C_0 = control group at the beginning of the experiment, C = control group at the end of the experiment, 20PDOC_0 = 20PDOC group at the beginning of the experiment, 20PDOC = 20PDOC group at the end of the experiment, 20COC_0 = 20COC group at the beginning of the experiment and 20COC = 20COC group at the end of the experiment.


[image: Figure 2]

FIGURE 2
 Principal coordinate analysis at the end of the experiment. Treatment groups are: C = control group; 20PDOC = group fed an experimental diet with 20% of partially defatted olive cake; 20COC = group fed an experimental diet with 20% of cyclone olive cake.


The relative abundances of taxa in the fecal microbiota were analyzed before and after the experimental feeds and provided. At the beginning of the experiment, no differences were observed among animals at the phylum, family, genus, or species levels (Figure 3). Firmicutes and Bacteroidota were the two most prominent taxa at the phylum level, accounting for 66.70 and 27.57% of the total, respectively. At the family level, Prevotellaceae was the most abundant bacteria, with a relative abundance of 12.4%. At the genus level, the main genera found were an unknown genus from the Muribaculaceae (7.41%) family, a genus-level group Oscillospiraceae_UCG-005 (6.38%), and Prevotella (5.78%), followed by Rikenellaceae_RC9_gut_group (4.33%) and Phascolarctobacterium (4.13%). At the species level, an unknown species-level group uncultured_Porphyromonadaceae (family Muribaculaceae) was the most dominant taxon (5.87%), followed by an unidentified taxon from the genus-level group Oscillospiraceae_UCG-005 genus (5.30%), and an unidentified taxon from the Prevotella genus (4.41%).

[image: Figure 3]

FIGURE 3
 Bar chart with relative abundances of the Top 10 taxa at the onset of the experiment at different levels (A) Phylum level, (B) Family level, (C) Genus level, (D) Species level.


At the end of the experiment, the top 20 taxa with the highest relative abundances at different taxonomic levels are presented: phylum level (Figure 4), genus level (Figure 5), and species level (Figure 6). At the phylum level, Firmicutes and Bacteroidota remained the predominant taxa across the three groups, comprising more than 93% of the total abundance. However, the differential abundance analysis performed using ALDEx revealed that Spirochaetota was significantly (p < 0.05) more abundant in the C group than in the 20PDOC group, contrary to Planctomycetota, which was significantly more abundant (p < 0.05) in the 20PDOC group compared to the C group, with the 20COC group showing intermediate levels for both. At the genus level, the dominant genera in the C group were similar to those found before providing the experimental diets, with an unknown genus from the Muribaculaceae family (13.28%) as the dominant one, followed by the genus-level group Oscillospiraceae_UCG-005 (5.64%) and Prevotella (5.05%). In animals fed with OC, the dominant genus was also an unknown genus from Muribaculaceae family (11.86% in 20PDOC and 9.46% in 20COC). However, ALDEx analysis revealed significant differences in bacterial relative abundance between OC and C animals at the genus level at the end of the experiment (Figure 7). In this regard, Allisonella and an unidentified genus from the Eggerthallaceae family were significantly (p < 0.05) enriched in the 20COC group compared to the C group. The group 20PDOC showed intermediate abundances of these genera. On the contrary, the genus-level group dgA-11_gut_group (family Rikenallaceae) was more (p < 0.05) abundant in the C group than in the 20COC group, with the animals fed PDOC showing intermediate values. On the other hand, although not significant, pigs fed with OC (20PDOC and 20COC) showed a slightly higher representation of the Prevotella genus (8.53% in 20PDOC and 7.34% in 20COC) and Clostridia-UCG-014 (5.18% in 20PDOC and 5.06% in 20COC) compared to pigs fed with the C diet (Prevotella = 5.05% and Clostridia-UCG-014 = 3.18%). In addition, pigs fed with the 20COC diet showed a slight increase in the abundance of Lactobacillus compared to pigs from C and 20PDOC groups (6.25% in 20COC vs. 2.12% in C and 2.64% in PDOC). At the species level, the most abundant taxon in all the groups was an unknown species-level group uncultured_Porphyromonadaceae from the Muribaculaceae family (11.95% in C, 9.86% in 20PDOC, and 7.70% in 20COC). An unknown bacterium belonging to the Prevotella genus was the second most abundant in the 20PDOC and 20COC groups (7.10% in 20PDOC and 6.06% in 20COC). The discriminant taxa among the three groups at the species level are shown in Figure 8. Human_gut (a species-level group belonging to the family Christensenellales), Uncultured_organism (a species-level group belonging to the family Anaerovoracaceae), and Uncultured Bacteroidales (a species-level group belonging to the family Rikenallaceae) were more (p < 0.05) abundant in the C group than in the 20COC group, while the 20PDOC group showed intermediate levels. Conversely, an unidentified taxon from the Eggerthellaceae family was significantly (p < 0.05) enriched in the 20COC group compared to the C group (Figure 8).
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FIGURE 4
 Bar chart with abundances of all taxa at the end of the experiment at phylum level. C = control group; 20PDOC = group fed an experimental diet with 20% of partially defatted olive cake; 20COC = group fed an experimental diet with 20% of cyclone olive cake. Standard deviation is provided as error bars. Means within a taxa without a common letter differ (p < 0.05).
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FIGURE 5
 Bar chart with abundances of the Top 20 taxa at the end of the experiment at genus level. C = control group; 20PDOC = group fed an experimental diet with 20% of partially defatted olive cake; 20COC = group fed an experimental diet with 20% of cyclone olive cake. Standard deviation is provided as error bars.


[image: Figure 6]

FIGURE 6
 Bar chart with abundances of the Top 20 taxa at the end of the experiment at species level. C = control group; 20PDOC = group fed an experimental diet with 20% of partially defatted olive cake; 20COC = group fed an experimental diet with 20% of cyclone olive cake. Standard deviation is provided as error bars.
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FIGURE 7
 Boxplots of the discriminant genera among the treatment groups at the end of the experiment. Treatment groups are: C = control group; 20PDOC = group fed an experimental diet with 20% of partially defatted olive cake; 20COC = group fed an experimental diet with 20% of cyclone olive cake. SEM = standard error of the mean. Means within a taxa without a common letter differ (p < 0.05).
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FIGURE 8
 Boxplots of the most discriminant species among the treatment groups at the end of the experiment. Treatment groups are: C = control group; 20PDOC = group fed an experimental diet with 20% of partially defatted olive cake; 20COC = group fed an experimental diet with 20% of cyclone olive cake. SEM = standard error of the mean. Means within a taxa without a common letter differ (p < 0.05).




3.2 Growth performance, nutrient balance, and slurry measurements

The effects of dietary treatments on growth performance, nutrient digestibility, and gas emission are presented in Table 3. Pigs from the C group showed greater (p < 0.05) final BW and ADG compared to pigs from 20PDOC and 20COC groups. However, there was no difference in ADFI among treatment groups. As a result, FCR was significantly lower (p < 0.05) in the C group than in the 20PDOC and 20COC2 groups. The digestibility of energy and N was higher (p < 0.05) in the C group compared with groups 20PDOC and 20COC. Regarding slurry gas emission, potential NH3 emission was higher (p < 0.05) in the C group compared to 20PDOC and 20COC groups, and higher (p < 0.05) in 20PDOC animals than in 20COC animals. Furthermore, potential CH4 emission was significantly higher (p < 0.001) in the C group compared to the groups of animals fed with OC (20PDOC and 20COC).



TABLE 3 Effect of the dietary treatments on growth performance, nutrient digestibility, and gas emission.
[image: Table3]

In the case of SCFA, Table 4 shows the results of the SCFA profile per treatment. Pigs from the 20COC group showed higher (p < 0.05) levels of total SCFA, acetic acid, and butyric acid compared to the C group. The pigs from the 20PDOC group had intermediate levels. Both groups with OC (20PDOC and 20COC) presented higher (p < 0.05) levels of caproic acid than the C group, and the 20PDOC group had higher (p < 0.05) levels of heptanoic acid than the C group, with intermediate values shown for 20COC. No significant differences were observed for propionic, isobutyric, isovaleric, and valeric acids among the animals from the three groups.



TABLE 4 Effect of the dietary treatments on slurry volatile fatty acid concentration (mg/g slurry).
[image: Table4]



3.3 Volatility analysis

Table 5 displays the volatility analysis results, with the correlation coefficients (r-value) and corresponding significance (p-values) of the relationships between the performance, digestibility and slurry variables studied and bacterial genera found to be significant or near to significance. The variables were categorized into four groups: growth performance (ADG, ADFI, and FCR), nutrient balance (digestibility), slurry characteristics (pH, SCFA) and potential gas emission (NH3 and CH4 emission). Growth performance variables were not significantly correlated with specific bacterial genera, so they were not represented in Table 5. In terms of digestibility, the CTTAD of energy was positively correlated (p < 0.05) with Uncultured_Bacteroidales and Unculured_Selenomonadaceae, while the CTTAD of DM was positively correlated (p < 0.05) with the genus-level groups Uncultured_Bacteroidales and Clostridium_sensu_stricto_6. Under the emission category, the total SCFA in the slurry showed a significant (p < 0.05) positive correlation with the genera Monoglobus and Desulfovibrio, and the acetic acid had a positive (p < 0.05) correlation with the genera Monoglobus and Treponema. Also, trends (p = 0.062) were detected for a positive correlation between heptanoic acid and the genus-level groups Clostridia_UCG-014 and Clostridia_UCG-007, and between N-valeric acid and [Eubacterium]_eligens_group and Prevotellaceae_NK3B31_group. In contrast, a negative correlation trend (p = 0.055) was observed between the pH value and the genera Solobacterium and Oscillospira.



TABLE 5 Volatility analysis results.
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4 Discussion

Recently, there has been a growing interest in exploring the impact of incorporating fibrous by-products into pig diets due to their positive impact on the sustainability of the livestock sector and their potential effects on gut bacterial composition and health. In the present study, the effect of including OC, a by-product of the olive oil industry, in pig diets on fecal microbiota composition was investigated. Also, growth performance, nutrient digestibility, and gas emission from pigs fed with OC were determined. Although these parameters were not the objective of this study, they were included with the aim of studying their potential correlation with selected microbial taxa, since these aspects are relevant to pig production.

In the design of the diets for the present study, the two OCs were included in the respective diets to replace the energetic part of the diet, maintaining the mineral fraction of the diet constant. This design means that OCs are the only source of variability among diets and allows the study of the effects of OCs on gut microbiota composition, avoiding confounding effects due to changes in the proportion of other ingredients in the diet and deficiencies in micronutrients. However, this design causes differences in macronutrient composition among diets (greater fat, fiber and gross energy and lower protein in OC diets) that led to differences in energy and protein digestibility, which are the main dietary fractions affecting growth performance. In this regard, animals fed with OC showed lower energy and protein digestibility coefficients and, therefore, an impaired growth performance (lower ADG and higher FCR) compared with C animals. Thus, these results were expected in the context of the present study. It is well known that fiber, and especially insoluble fiber, can reduce nutrient digestibility in pigs (Acosta et al., 2020). OCs are characterized by a high insoluble fiber content in their composition, which is one of the main factors affecting nutrient digestibility in the present study. Regarding gas emission, differences observed among treatments are probably due to changes in the physicochemical properties of the slurries generated caused by OCs. Slurries from animals fed OC in the present study had higher DM concentration and a lower pH than those of C animals, and these parameters can affect NH3 and CH4 emission per unit of slurry (Piquer et al., 2022).

In terms of gut microbiota, the impact of dietary energy has scarcely been addressed and the impact of protein is not clear in the literature (Zhou et al., 2016; Pollock et al., 2019), probably because the same dietary energy and protein levels can be achieved by several combinations of macronutrients. However, several studies suggest that the concentration of specific macronutrients, such as fiber or fat, and other dietary components, such as phenolic compounds or oleic acid in the diet can have a highly marked effect on fecal bacterial composition (Pu et al., 2016; Jha et al., 2019; Moorthy et al., 2020; Yang et al., 2020). Dietary fiber escapes digestion by host endogenous enzymes in the proximal small intestine and is known to serve as a substrate for bacteria in the large intestine. An extensive number of studies confirm that its presence and source can influence the diversity and abundance of microbial species and promote gut health (Jha et al., 2019). Compared to other nutrients, the digestibility of fat is usually high. However, it has been described that indigestible fats might act as a nutritional source for bacteria, altering gut microbiota composition, with the most significant changes observed in the small intestine (Yang et al., 2020). Also, other dietary components characteristic in olive by-products, such as polyphenols and monounsaturated fatty acids (MUFA) as oleic acid, have been related to changes in gut microbiota composition. Polyphenols are naturally occurring phenolic compounds found in plant-based foods, have prebiotic properties, and can selectively promote the growth and activity of beneficial gut bacteria (Moorthy et al., 2020). On the other hand, the consumption of MUFAs-rich diets have showed positive health effects related to increases in the gut microbiota diversity of healthy and unhealthy humans at risk of metabolic syndrome (Pu et al., 2016).

In the present study, the changes in these components among diets are caused by OCs, since these are ingredients rich in fat, fiber (particularly insoluble fiber), phenolic compounds, and oleic acid. Thus, we can assume that the observed changes in the fecal microbiota composition are mainly due to OCs as a whole since the singular effects of the different nutrients cannot be separated.

In the present study, including olive by-products in pig diets did not result in differences in the richness and biodiversity of the fecal microbiota. However, results on beta diversity, which quantifies the dissimilarity among microbial communities, showed a clustering trend among the different groups, indicating that the inclusion of OC in the diet influenced the specific composition of the fecal microbiota. These results are consistent with previous studies conducted in humans (Rocchetti et al., 2022), cows (Russo et al., 2023), sows (Sánchez et al., 2022), and broilers (Dedousi et al., 2023), highlighting olive by-products’ ability to modulate the gut microbiota composition.

The phyla Firmicutes and Bacteroidetes were predominant in all pigs, before and after the nutritional challenge. These results are consistent with previous research conducted in pigs by Ramayo-Caldas et al. (2016) and Yang and Zhao (2021). Indeed, the presence of Firmicutes and Bacteroidetes in the gastrointestinal tracts of pigs plays a vital role in promoting overall animal health (Kim et al., 2011). After 21 days of feeding the experimental diets, the 20PDOC group showed a significant decrease in the relative abundance of Spirochaetota and an increase in the relative abundance of Planctomycetota at the phylum level compared with the C group. Spirochaetota, a phylum consisting of a wide array of pathogenic microorganisms, is frequently found in the intestines of pigs (Millar et al., 2011). With its diverse nature encompassing over 90 identified species, this phylum is characterized by containing highly prevalent disease-causing agents (Gupta et al., 2013). On the other hand, Planctomycetota has been described as a promoter of the good functioning of the immune system (Fuerst and Sagulenko, 2013). Therefore, the dietary inclusion of PDOC has the potential to positively impact fecal bacterial composition, highlighting the potential benefits of PDOC supplementation in promoting a healthier gut environment in pigs. At the genus level, the results of our study revealed a significant enrichment of an unidentified genus from the Eggerthellaceae family and the genus Allisonella in the 20COC group when compared to the C group, whereas the 20PDOC group showed intermediate levels. Similarly, Rocchetti et al. (2022) found that including phenolic olive leaf extract in feeds increased the proportion of Eggerthellaceae in humans. Eggerthellaceae is a polyphenol-degrading family with a positive role in the gut microbiota due to their capacity to release bioactive molecules from dietary polyphenols that can positively impact the microbiota, reducing pathogens and improving host health (Rodríguez-Daza et al., 2021). Thus, the higher content of phenolic compounds found in COC compared with PDOC and C diets could have induced these differences. On the other hand, the Allisonella genus has been strongly correlated with caproic acid production (Che et al., 2019). Caproic acid has antimicrobial potential and stimulates the immune system of humans and animals (Trachsel et al., 2022). On the contrary, fecal samples of C pigs showed a significantly (p < 0.05) greater abundance of the Bacteroidales dgA-11_gut group than those of 20COC pigs, with the PDOC group displaying intermediate levels. Previous research conducted by Deng et al. (2022) revealed a positive association between this group and the production of acetic acid, suggesting a possible enhancement in lipid metabolism, which does not agree with the greater concentration of acetic acid found in slurry from animals fed diets with OC (20PDOC and 20COC) in the current study. At the species level, Human_gut, Uncultured_organism (belonging to Family_XIII_AD3011_group), and Uncultured Bacteroidales (belonging to dgA-11_gut_group) were enriched in the C group compared with the 20COC group, while 20PDOC animals showed intermediate levels. According to Wang et al. (2022), Family_XIII_AD3011_group had a higher abundance in pigs susceptible to porcine reproductive and respiratory syndrome. As reported by Zhang et al. (2021), this bacterial group might induce inflammation and contribute to excessive insulin secretion, leading to the development of hypoglycemic symptoms. No information was found in the literature on the effects of the species-level group Human_gut on animals’ or humans’ health.

On the other hand, these changes in fecal microbiota composition could have provoked changes in the gut’s fermentative activity and fermentation products (such as SCFA). The results of the present study demonstrate that providing diets with OC to pigs can increase the production of SCFA, as Lindberg (2014) reported. SCFAs are mainly produced by bacterial fermentation of dietary fiber and can be an essential energy source in growing pigs. They can provide between 5 and 20% of the total available energy for pigs (Ashida et al., 2011). SCFAs are also involved in maintaining gut integrity (Yang and Zhao, 2021) and whole-body homeostasis. Our results also reveal that including OC in pig diets can increase the total concentrations of some individual SCFA (acetic and butyric acids) and medium-chain fatty acids (MCFA) such as caproic acid, and heptanoic acid. Therefore, despite the high lignification level (insoluble fiber) of the OC’s fiber fraction, its inclusion in pig diets can promote bacterial fermentation in the gut. Zhao et al. (2019) reported that the amount of SCFA produced by the gut microbiota was positively correlated with the insoluble dietary fiber content in fiber-rich ingredients, not with the soluble fiber. This can be explained by the fact that the concentration of SCFA is influenced not only by the chemical composition of the fiber but also by its physical characteristics and molecular structure (Zhao et al., 2020). In the present study, acetic, butyric, caproic and heptanoic acids were promoted by including OC in diets. Acetic acid is taken up mainly by the liver as a precursor for synthesizing fatty acids (Tan et al., 2021). On the other hand, numerous studies have detected a positive relationship between the fermentation of insoluble fiber sources and the butyrate concentration in the large intestine (Molist et al., 2010). It is known that butyric acid positively impacts gut health by improving gut morphology, the barrier function of the colonocytes (Bedford and Gong, 2018), and immunity (Kelly et al., 2015). Thus, butyric acid can be considered a biomarker of host health in pigs (Vasquez et al., 2022) and humans (Baldi et al., 2021). Caproic and heptanoic acids are MCFAs, and their relationship with fiber fermentation has been scarcely studied in the literature. Heptanoic acid has shown antimicrobial properties having a positive role in host health (Grilli et al., 2013). In the case of caproic acid, several studies demonstrate that, like other MCFAs, it exhibits potent antimicrobial and immunomodulatory activities (Trachsel et al., 2022). Therefore, OC in pig diets can potentially affect SCFA production, which can have potential effects on gut health and the immune system of the animals. However, these effects on SCFA are not the same in the two OCs studied. The effects on acetic and butyric acids were stronger in the case of COC, whereas the effects on heptanoic acid were greater in the case of PDOC. These differences could probably be attributed to differences in the chemical composition of PDOC and COC. In this regard, PDOC exhibited a greater lignin content compared to COC, and it is known that lignin is hardly fermented by bacteria in the intestines of pigs (Glitso et al., 1998).

With the aim of obtaining information on the relationship between pig performance variables, such as growth efficiency, nutrient digestibility and slurry gas emission, and the changes or fluctuations in the abundance of specific microbial groups, a volatility analysis was performed using all the animals. The abundance of the genus-level groups Uncultured_Bacteroidales, Uncultured_Selenomonadaceae, and Clostridium_sensu_stricto_6 was positively associated with the CTTAD of energy and DM. This effect suggests that these groups likely contribute to the efficient degradation and utilization of dietary components, including fiber. According to Sun et al. (2015), uncultured_Bacteroidales were enriched in pigs fed a diet high in complex carbohydrates, suggesting an enriched biofunction of carbohydrate catabolism, whereas Uncultured_Selenomonadaceae are common inhabitants of the gut that use saccharides and lactate for growth (Dworkin et al., 2006). Additionally, some groups belonging to the Clostridiaceae family, such as Clostridium_sensu_stricto_6, have been positively linked to crude fiber digestibility and dietary fiber metabolism (Niu et al., 2015). On the other hand, the correlations observed between bacterial genera and the gas emission variables suggested potential associations between specific bacterial groups and the production of SCFAs and pH in the slurry, but not directly with gas (NH3 and CH4) emission. The abundance of the genera Monoglobus, Desulfovibrio, and Treponema were positively associated with total SCFA and acetic acid production. According to a report by Goris et al. (2021), the genus Monoglobus possesses the capacity for dietary fiber fermentation. This capability to digest complex polysaccharides will likely promote SCFA production, especially butyrate. Furthermore, the genera Treponema is involved in the degradation of cellulose, lignin, and resistant starch (Niu et al., 2015). These bacteria are also linked to the production of SCFAs (Li et al., 2019). Desulfovibrio is a sulfate-reducing bacteria related to sulfate metabolism and hydrogen sulfide production in the human gut. By interacting with other gut microbes, Desulfovibrio may indirectly impacts SCFA production (Carbonera et al., 2012). It is important to note that the specific associations between these bacterial genera and SCFA production in pigs need further investigation. The limited research available on these specific genera in the context of SCFA production and gas emission in pigs underscores the need for more targeted studies to fully understand their roles and mechanisms in the porcine gastrointestinal tract.

In conclusion, integrating agro-industrial by-products into livestock diets presents a valuable avenue for embracing the principles of the circular economy. By incorporating OC into pig diets at a rate of 20%, fecal microbiota composition can be shifted favorably, resulting in increased production of specific SCFAs in the slurry. As a result, fattening piglets may experience beneficial changes in their intestinal environment, which can lead to reduced inflammation and improved intestinal morphological development. Additionally, it seems that gut energy digestion can be associated with specific bacterial general, but this is not the case for gas emissions from slurry. More studies are needed to confirm this association with other environmental conditions and determine its implications in practice.
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