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This study aimed to assess the effects of β-mannanase supplementation in metabolizable energy (ME)-reduced diets containing xylanase-phytase on performance, fecal score, blood biochemical and immunological profile, apparent total tract digestibility (ATTD), digesta passage rate, fecal microbiome, carcass traits and meat quality in finisher pigs (n = 40 entire male hybrid, 26.0 ± 0.9 kg) randomly assigned to 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100), with 10 pen replicates. Pigs fed CD0 diet showed (P = 0.002) greater ADFI. However, pigs fed CD0 diet showed (P = 0.009) lower G:F than those provided CD70 or CD85 diets. A greater (P < 0.001) superoxide dismutase concentration was observed in pigs fed CD70 diet. Pigs fed CD85 diet showed (P = 0.002) greater digestible protein than pigs fed CD0 or CD100 diets. Pigs fed CD70 diet showed an increase of 11.3% in digestible protein than those fed CD0 diet. In addition, greater (P < 0.001) digestible energy was observed in pigs fed CD85 diet. Pigs fed CD0 or CD100 diets showed greater (P < 0.05) Firmicutes:Bacteroidota ratio than those fed CD85 diet. The Muribaculaceae was more abundant (P = 0.030) in pigs fed CD70 diet than in those fed CD0 diet. The Prevotella was more abundant (P = 0.045) in pigs fed CD85 diet than in those fed CD100 diet. In conclusion, β-mannanase supplementation in diets containing xylanase-phytase allows reducing 85 kcal of ME/kg because it improves gain to feed ratio, energy and protein usage, and backfat thickness without metabolic and intestinal ecosystem disorders in finisher pigs.
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1. Introduction

Plant-based ingredients widely used in the diets of pigs possess significant amounts of antinutritional factors (1, 2). These antinutritional substances, such as β-mannans (1, 3–5), phytate molecules (3, 6), and xylans (4, 6), are not digested by endogenous enzymes, and compromise the use of nutrients and energy metabolism in non-ruminant animals (5).

Based on this, dietary supplementation of β-mannanase has been attributed to the hydrolysis of β-mannans reducing the immune response capacity induced by feeding (2), and energy expenditure for immune system activation (5). This nutritional strategy also allows the use of phytase enzyme, known to improve the availability of phosphorus and calcium in diets containing phytate molecules (3), and providing additional energy and improving energy efficiency (7). In addition, the antinutritional effects of non-starch polysaccharides (NSP) provided by xylans highlight the importance of using the xylanase enzyme (1). Xylanase breakdowns the plant cell wall releasing nutrients within the cell and reduce digesta viscosity (6).

Diets supplemented with a blend of these enzymes may be of economic-environmental-nutritional interest. Indeed, β-mannanase has been previously reported to reduce feed to gain ratio and increase nutrient ATTD (5). Greater phosphorus and lower neutral detergent fiber digestibility were reported when combined xylanase-phytase were supplemented in the diet of grower pigs (6). Greater blood glucose concentration and lower backfat thickness were observed in finisher pigs fed β-mannanase-xylanase (8); however, no effect on ATTD in grower pigs provided diets containing phytase and β-mannanase were observed (3).

To date, no studies have been conducted to assess the effects of the dietary association of these enzymes on the fecal microbiome, total digesta passage rate, and fecal consistency score in finisher pigs. Here, a study was conducted based on the hypothesis that β-mannanase supplementation in ME-reduced diets improves ATTD, intestinal digesta viscosity, and intestinal microbiome, supporting growth performance and health compared to the diet without β-mannanase supplementation.

Therefore, this study assessed the effects of β-mannanase associated with xylanase-phytase on growth performance, fecal score, biochemical and immunological blood profile, ATTD, total digesta passage rate, fecal microbiome, carcass traits, and meat quality in finisher pigs fed ME-reduced diets.



2. Materials and methods


2.1. Animals, experimental design, housing, and dietary treatments

A total of 40 entire male hybrid pigs (26.0 ± 0.9 kg BW) from a commercial line (Landrace × Large White) were used. Pigs were allotted to 1 of 4 dietary treatments in a randomized complete block design with 10 pen replicates and 1 animal per pen as the experimental unit. Blocks were based on the initial BW of pigs.

At the beginning of the experiment, animals were weighed and identified with numbered ear tags. Pigs were housed in a masonry facility with 2 rows (with a central aisle) of concrete floor pens (6.3 m2). All pens were equipped with a semiautomatic front feeder and a nipple waterer.

Room temperature and relative humidity were recorded by a data logger (Hygro-Thermometer, model RT811) located in the middle of the experimental facility. Temperature and ventilation were controlled via side curtains and trees on both sides of the facility. Room temperature and relative humidity averaged 20.4 ± 6.6°C and 63.6 ± 19.3%, respectively.

The experimental period lasted 52 days and was divided into 2 phases: finisher I (d 0 to 22) and finisher II (d 22 to 52). Diets (Table 1) were formulated to meet the nutritional requirements of pigs in each phase (9) and offered as mash, and ad libitum. All diets were corn- and soybean meal-based with industrial amino acids, and were isonutritional with variations only in soybean oil and inert content.


TABLE 1 Composition of diets provided to finisher pigs (as-fed basis).
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Dietary treatments were: (1) a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), (2) CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), (3) CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and (4) CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100).



2.2. Traits of the tested enzymes

Xylanase (Sunhy Biology Co., Ltd, Wuhan, HB, China; registration no. PR-08978 03462) was a product obtained from Trichoderma longibrachiatum. A U of xylanase is the amount of enzyme that releases 1 micromol of reducing sugar from a xylan solution (5 mg/mL) at 37°C and pH 5.5. Phytase (Sunhy Biology Co., Ltd, Wuhan, HB, China; registration no. PR 000267-4.000005) was a product from Aspergillus niger with the activity of 1,000 U/g of dry solid at 37°C and pH 5.5. β-mannanase (Elanco Animal Health, Inc., São Paulo, SP, Brazil; registration no. SP-59122 30011, HemicellTM HT) was obtained from Paenibacillus lentus. A U of β-mannanase is the amount of enzyme that releases 0.72 mcg of reducing sugars (equivalent to D-mannose) per min from goma locust (mannans concentration of 88%) at 40°C and pH 7.5.



2.3. Growth performance and fecal consistency score

Animals had free access to diets and water throughout the experiment. Offered diets and leftovers were recorded daily using a digital scale (model UL-50, DIGI-TRON, Curitiba, PR, Brazil) to determine the average daily feed intake (ADFI, g/day). Pigs were weighed at the beginning and end of each experimental phase using a 2 bars digital scale (model ULB-3000, IWM bivolt, Curitiba, PR, Brazil). Initial BW (IBW, kg), final BW (FBW, kg), average daily gain (ADG, g/day), and gain to feed ratio (G:F, g:g) were determined.

Fecal consistency score was assessed via partial feces collection at the end of finisher phases. Before feces collection, all pens (08:00) were cleaned and animals were monitored for a 12-h period. During this period, fecal samples were collected right after defecation, except for the lower part that was in contact with the floor. Feces were packed in plastic bags and kept in a thermal box (4°C) until the end of the collection period. Then, the samples were homogenized and 2 subsamples of 110 g each were weighed in a scale (model M4102, Bel engineering, Monza, Italy) and dried in a forced-air oven (Tecnalbrand, SF-325 NM model; Piracicaba, SP, Brazil) at 55°C for 72 h for dry matter determination (10). Values were tabulated and classified according to fecal consistency, following the adapted methodology (11).



2.4. Blood sampling and blood profile analysis

Animals fasted for 8 h at the end of the finisher II phase. Blood samples (≅10 mL) were withdrawn from the anterior cranial vena cava using 1.2 × 40 mm needles and 20 mL syringes. Samples were transferred to 1 of 3 tubes containing potassium fluoride, EDTA, or no anticoagulant. All tubes were previously identified, placed into a thermal box (4°C), and sent to the blood laboratory for further analysis. Plasma or serum was isolated from blood by centrifugation (Centrilab analog centrifuge, model 80-2B) at 3,000 g for 10 min. Then, ≅3 mL of plasma or serum were transferred to previously identified polyethylene tubes (Eppendorf-type) and stored at −20°C until analysis of urea (enzymatic-colorimetric method), glucose (enzymatic-colorimetric method), total cholesterol (enzymatic-colorimetric method), total protein (enzymatic-biuret method), and albumin (bromocresol green colorimetric) of 10 animals per treatment.

All analyses were performed in the blood laboratory of Unioeste via spectrophotometry with the aid of an analyzer (Bel SPECTRO S05) using commercial kits (Gold Analisa Diagnóstica—Belo Horizonte, MG, Brazil).

Globulin was calculated as the difference between total protein and plasma albumin. Blood samples from 8 animals per treatment were stored at −80°C and sent to a private laboratory (Curitiba, PR, Brazil) where serum concentrations of superoxide dismutase (SOD), glutathione S-transferase, and immunoglobulins M were determined via the immunoturbidimetry method.



2.5. Apparent total tract digestibility and total digesta passage rate

The insoluble acid ash marker (IAA, celite®) was added to the diets (10 g/kg diet) at the end of the finisher II phase to assess ATTD using partial feces collection (indirect method) (12). The diets containing the marker were homogenized in a vertical mixer for 10 min. These diets were fed to pigs for 3 days before feces collection. On the fourth day, partial feces collection was performed following the adapted methodology (13). The beginning and end of the diet supply and the feed intake per pen were recorded. Feces were collected for 12 h on the last day of the supply of the diets containing the marker. During collection, feces were packed in polyethylene plastic bags (previously identified) and kept in thermal boxes containing ice (4°C). After this period, the feces were stored at −18°C for further analysis.

Afterward, the samples were thawed and homogenized. Two subsamples (110 g each) were weighed in a scale (bel engineering, model M4102, Monza, Italy) and dried in a forced-air oven (Tecnalbrand, SF-325 NM model; Piracicaba, SP, Brazil) at 55°C for 72 h, according to the methodologies (10). Then, the samples were ground in a micro-powder grinding mill (R-TE-350; Tecnal Scientific Equipment, Piracicaba, SP, Brazil) and stored in plastic containers previously identified for laboratory analyses.

Insoluble acid ash marker was analyzed via hydrochloric acid (4N) digestion, following the adapted procedures (13). The chemical composition of diets and feces samples was determined according to the methodologies described (10). The gross energy in diets and feces samples was determined in a bomb calorimeter (IKA®, model C200, USA).

Based on the results of laboratory analyses, the recovery percentage of IAA and the ATTD coefficients of dry matter (ADCDM), organic matter (ADCOM), crude protein (ADCCP), and gross energy (ADCGE) were calculated. Digestible nutrients and energy were determined as a percentage of digestible dry matter (DDM), digestible organic matter (DOM), digestible protein (DP), and kcal/kg of digestible energy (DE), according to the established equations (12).

The total digesta passage rate was assessed via fecal marker excretion at the end of the finisher phases, according to the adapted methodology (14). Before supplying the diets containing the marker, a quantified portion of the diet was weighed with 1.5% of the marker (iron oxide) and homogenized to ensure the intake in a single meal. One h before the evaluation, all diet was removed from the feeder of pens and placed in identified containers to be returned to the respective feeder afterward. Diets containing the marker were supplied following the same sequence used to withdraw diets without marker. The supplying time and the time when animals consumed all the marked diet (h 0) were recorded per pen. Pens were monitored to identify the defection of marked feces. The defecation time was recorded accordingly. The total digesta passage rate was calculated based on the time (in min) between the marked diet consumption and the excretion of marked feces.



2.6. Fecal microbiome

At the end of finisher II phase, rectum feces samples from 6 pigs per treatment were collected and immediately placed in sterile Eppendorf-type tubes using swabs. Right after collection, the samples were stored at −80°C until analysis.

A commercial kit (ZR Fecal DNA MiniPrep® from Zymo Research) was used to extract DNA from samples following the manufacturer's instructions. The integrity of the extracted DNA was assessed via 1% agarose gel electrophoresis. The extracted DNA was quantified via spectrophotometry at 260 nm.

A segment of approximately 460 bases of the hypervariable region V3-V4 of the ribosomal gene 16S rRNA was amplified using the universal primers described by the methodology. The PCR conditions were as follows: 95°C for 3 min, 25 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, followed by a step at 72°C for 5 min. A metagenomics library was built from the amplified using a commercial kit (Nextera DNA Library Preparation Kit, Illumina®). The amplified were pooled and sequenced in Illumina's MiSeqTM sequencer® (15).

Readings were analyzed in the quantitative insights into microbial ecology (QIIME2) platform (16). The following procedures were performed: removal of low-quality sequences, filtration, chimera's removal, and taxonomic classification. Sequences were classified into bacterial genera via amplicon sequence variants (ASVs) identification, in this case, the homology between sequences when compared against a database. The 2019 edition (SILVA 138) of the SILVA ribosomal sequence database (17) was used to compare the sequences.

To generate the classification of bacterial communities via ASVs identification, 25,610 readings per sample were used. Thus, data were normalized and samples with different number of readings were not compared. The samples of identifiers 29,160 and 29,167 were removed due to the low number of readings (< 15,000). They were retrieved after the quality filtering steps.



2.7. Slaughter procedures, carcass traits, and meat quality

On day 52 of the experimental period, all animals (n = 10/treatment) were fasted for 12 h and then transported for 6 h (a total of 18 h of fasting) to a commercial abattoir (Medianeira, PR, Brazil) with federal certification. Pigs were slaughtered using carbon dioxide stunning, followed by exsanguination.

All analyses were performed and calculated according to the methodologies described (18). The quantitative carcass traits such as backfat thickness, muscle percentage in the carcass, lean meat percentage, and lean meat amount were measured in the slaughterhouse using a swine carcass typing pistol (model UltraFom 300, Carometec). The carcass weight was determined using a scale placed in the slaughter line. Then, hot carcass yield, meat yield, and amount of chilled meat were calculated.

Carcass length was measured after a cold shock in the cold chamber. Measurements were taken from the cranial edge of the atlas to the cranial edge of the aitch bone. A sample (≅30 cm) of the l. thoracis muscle was collected between the last thoracic vertebra and the first lumbar vertebra (caudal to cranial direction). Samples were immediately packed in the identified polyethylene plastic bags, placed in thermal boxes (4°C), and transported to the Animal Products Technology Laboratory (APTL) belonging to Unioeste.

Then, pH value in the l. thoracis muscle was measured using a portable pHmeter (model AK103, Asko produtos eletrônicos Ltda, São Leopoldo, RS, Brazil) in the area of the last rib 4 and 24 h post mortem. For the measurements taken 4 h post mortem, the carcasses were submitted to 180 min of cooler shock, as follows: first stage: from −18°C to −15°C; second stage: from −15°C to −12°C; and third stage: from −10°C to −8°C.

At the APTL, samples were refrigerated (≅2°C) for 24 h and then the backfat thickness and loin depth were measured using a digital pachymeter (MTX, stainless hardened). To determine the loin eye area (LEA) of the l. thoracis muscle, samples were scanned using a scanner printer (Officejet 4500 Desktop - G510a, HP, São Paulo, SP, Brazil). A black box was used to block the lighting and improve the image quality. Then, readings were performed using a Software (imageJ 1.53e - Java).

Meat color was assessed after muscle oxygenation via air exposure for 15 min. Color analyses were performed using a Minolta CR400 colorimeter device (Konica Minolta Holdings, inc. Tokyo, Japan) and the results were expressed using the CIELAB color system. Color parameters were measured as L* (luminosity), a* (red-green component), and b* (yellow-blue component), which represent the saturation (chroma or purity) and the tint (color or hue). With these results, the saturation of the l. thoracis muscle was calculated.

Marbling was determined using photographic standards and a 7-point scale (1 = traces of marbling and, 7 = excessive marbling). The subjective color analysis was performed using a 6-point scale (1 = light color and, 6 = trend to red).

Afterward, samples were boned and the l. thoracis muscle was cross-sectioned into four 2.5-cm subsamples. The subsamples were used to determine drip loss (DL), thaw loss (TL), cooking loss (CL), shear force (SF), and chemical analyses. Subsample 1 was used to assess DL. The remaining subsamples were packed in the identified polyethylene bags and stored at−18°C until analyses. The losses were expressed as the percentage of lost water in relation to the original sample weight. Cooking loss was performed sequentially in a grill (Britannia brand, multi grill 2). Shear force analysis was performed using 6 cores (1.5 cm) removed from subsample 2 (TL and CL sequentially) using a stainless-steel cylinder sampler. Subsequently, the cores were submitted to a TA.HD.plus texture meter (model Texture Analyser, Stable Micro Systems) equipped with a standard shear blade calibrated for force (15 g), deformation (20 mm), and speed (2.0 mm/s).

Subsample 3 was thawed in a refrigerator at a controlled temperature (4°C). Fat and connective tissue were withdrawn using a knife. Then, the subsamples were ground in a microprocessor and packed in the originally identified bags to determine moisture, ash, and crude protein. The ether extract was performed according to the AOCS methodology (Am 5-04, 2017) using an Ankom extractor (model XT15, NY, USA). Subsample 4 was kept frozen as a backup. The in vivo loin depth and backfat thickness were assessed in the lumbar area P2 in finisher II pigs using an Aloka ultrasound (Echo Camera model - SSD-500 vet, Tokyo, Japan).



2.8. Statistical procedures

A Student standardized residuals analysis was performed before one-way analysis of covariance (ANCOVA) and variance (ANOVA), in which values >3 standard deviations were considered outliers. The normality of experimental errors and the homogeneity of variance of errors among treatments were evaluated using Shapiro-Wilk and Levene tests, respectively. For antioxidant enzyme data, outliers were identified via ROUT test (Q = 1%) and the normality was assessed via D'Agostino-Pearson test. Data on growth performance were analyzed using the following model:

[image: image]

The effects of the factors in the model were described as: Yijk = average observation of the dependent variable in each plot, measured in the i-th class of treatment, in the j-th block, and the k-th replication; μ = overall mean effect; Ti = fixed effect of treatment classes, i = (1, 2, 3, and 4); bj = random effect of block, j = (1 and 2); β = regression coefficient of Y over X; Xijk = average observation of the covariate (initial BW) in each plot, measured in the i-th class of treatment, in the j-th block, and the k-th replication; [image: image] = overall mean for covariate X; εijk = random error of the plot associated with level i, block j, and replication k. For other variables, the statistical model used was the one mentioned above, no covariate effect.

Treatment effect on dependent variables was verified via ANCOVA or ANOVA. Treatment significance was set at P < 0.10 when the power of the test was < 80%. Multiple comparisons among treatment means were performed according to the post hoc test of Tukey and t-Student at 5% and 10% of probability, respectively. All statistical analyses were performed using the procedures of the SAS University Edition (SAS Inst. Inc., Cary, NC, USA). All normally distributed data were reported as means and their pooled SEM.

For the fecal microbiome, the statistical comparison among the groups in the analyses of alpha diversity and the relative abundances of taxa among all experimental groups was performed via Wilcoxon non-parametric test at P < 0.05. Statistical analyses for beta diversity were performed through permutational multivariate analysis of variance (PERMANOVA) in the QIIME2 pipeline. A total of 10,000 permutations was used. Alpha diversity analyses were calculated using phyloseq (19) and microbiome (20) libraries.




3. Results


3.1. Growth performance and fecal consistency score

Pigs fed CD0 diet showed (P = 0.002) greater ADFI than pigs fed other dietary treatments (Table 2). However, pigs fed CD0 diet showed (P = 0.009) lower G:F than those provided CD70 or CD85 diets. Although no difference among dietary treatments was observed in the finisher II phase, pigs fed ME-reduced diets containing the enzymes combination-maintained growth performance. No dietary treatment effect on the fecal consistency score was observed in finisher pigs.


TABLE 2 Effect of β-mannanase supplementation in diets containing xylanase-phytase and reduced metabolizable energy on performance and fecal consistency score in finisher pigs1.
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3.2. Blood biochemical and immune profile

A greater (P < 0.001) SOD concentration was observed in pigs fed CD70 diet compared to other dietary treatments (Table 3). No dietary treatment effect on the biochemical blood profile was observed in finisher pigs.


TABLE 3 Effect of β-mannanase supplementation in diets containing xylanase-phytase and reduced metabolizable energy on blood biochemical and immunological profile in finisher pigs on day 521.
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3.3. Apparent total tract digestibility and total digesta passage rate

Pigs fed CD85 diet showed (P = 0.002) greater DP than pigs fed CD0 or CD100 diets. Pigs fed CD70 diet showed an increase of 11.3% in DP than those fed CD0 diet (Table 4). In addition, greater (P < 0.001) DE was observed in pigs fed CD85 diet compared to other dietary treatments. No effect of dietary treatments on the passage rate of total digesta was observed in finisher pigs.


TABLE 4 Effect of β-mannanase supplementation in diets containing xylanase-phytase and reduced metabolizable energy on apparent total tract digestibility (dry matter basis) on day 52, and total digesta passage rate in finisher pigs on days 22 and 521.
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3.4. Fecal microbiome

No difference among treatments was observed via the alpha diversity test (Shannon, Evenness Pielou, Simpson Index, Fisher, total number of observed OTUs, and Chao 1) in finisher pigs (Figure 1). Beta diversity was estimated via Bray-Curtis, Jaccard, UniFrac, and Weighted Unifrac parameters (Figure 2); however, no differences among dietary treatments were observed in finisher pigs.


[image: Figure 1]
FIGURE 1
 Alpha diversity estimated by parameters Chao1 (A), observed OTUs (B), Fisher (C), Simpson (D), Shannon (E), and Pielou (F) in finisher pigs fed 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100). Data are averages of 6 pigs per dietary treatment.
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FIGURE 2
 Beta diversity estimated by parameters Bray-Curtis (A), Jaccard (B), Unifrac (C), and Weighted Unifrac (D) in finisher pigs fed 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100). Data are averages of 6 pigs per dietary treatment.


The most abundant phyla we observed were Firmicutes, Bacteroidota (previously described as Bacteroidetes), Proteobacteria, and Spirochaetota (previously described as Spirochaetes) (Figure 3A). The classes Clostridia, Bacteroidia, Negativicutes, Bacilli, Gammaproteobacteria, and Spirochaetia showed the largest populations (Figure 3B). The most abundant orders were Bacteroidales, Oscillospirales, Veillonellales, Lachnospirales, Clostridiales, Acidaminococcales, Christensenellales, Enterobacterales, Lactobacillales, Treponematales, Selenomonadales, and Peptostreptococcales (Figure 3C).
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FIGURE 3
 Relative abundance of phyla (A), classes (B), orders (C), families (D), genera (E), and species (F) presents in finisher pigs fed 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100). Data are averages of 6 pigs per dietary treatment.


The most abundant families were Muribaculaceae, Bacteroidaceae, Oscillospiraceae, Lachnospiraceae, Megasphaeraceae, Acutalibacteraceae, Clostridiaceae, Acidaminococcaceae, Christensenellaceae, Ruminococcaceae, Treponemataceae, Succinivibriononaceae, Selenomonadaceae, Dialisteraceae, Streptococcaceaeaceae, and Lactobacillaceae (Figure 3D).

The most abundant genera were Sodaliphilus, Prevotella, Megasphaera, Phascolarctobacterium, Christensenellaceae NSJ-63, Clostridium, Treponema, Succinivibrio, Oscillospiraceae UBA1777, Paramuribaculum, Dialister, Streptococcus, Oscillospiraceae ER4, and Ruminococcus (Figure 3E).

The species Sodaliphilus sp004557565, Megasphaera elsdenii, Phascolarctobacterium succinatutens, NSJ-63 sp014384805, Prevotella sp000436595, Succinivibrio dextrinosolvens_B, Clostridium saudiense, UBA1777 sp002320035, Paramuribaculum intestinale, Megasphaera sp000417505, ER4 sp000765235, and Dialister sp900543165 showed the largest abundances (Figure 3F).

In addition, pigs fed CD0 diet showed (P = 0.049) greater Firmicutes:Bacteroidota ratio (FBR) than those provided with CD85 diet (Figure 4). However, pigs fed CD100 diet showed (P = 0.011) greater FBR than those fed CD85 diet. We analyzed only the taxon that showed different (P < 0.05) average relative abundance among dietary treatments. Therefore, the Muribaculaceae family was more abundant (P = 0.030) in pigs fed CD70 diet than in those fed CD0 diet (Figure 5). In addition, the Prevotella genus was more abundant (P = 0.045) in pigs fed CD85 diet than in those fed CD100 diet (Figure 6).
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FIGURE 4
 Firmicutes:Bacteroidetes ratio in finisher pigs fed 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100). Data are averages of 6 pigs per dietary treatment. Means differed by Wilcoxon test (P < 0.05).
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FIGURE 5
 Differential abundance analysis of taxon of the Muribaculaceae family in finisher pigs fed 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100). Data are averages of 6 pigs per dietary treatment. Means differed by Wilcoxon test (P < 0.05).



[image: Figure 6]
FIGURE 6
 Differential abundance analysis of taxon of the Prevotella genus in finisher pigs fed 1 of 4 dietary treatments: a control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CD0), CD0 + β-mannanase (0.3 g/kg valued at 30 kcal of ME/kg) (CD70), CD0 + β-mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and CD0 + β-mannanase (0.3 g/kg valued at 60 kcal of ME/kg) (CD100). Data are averages of 6 pigs per dietary treatment. Means differed by Wilcoxon test (P < 0.05).




3.5. Carcass traits and meat quality

Pigs fed CD0 diet showed (P = 0.094) greater backfat thickness measured with ultrasound than pigs fed CD70 or CD85 diets (Table 5). In addition, animals fed CD0 or CD85 diets showed (P = 0.060) greater pH24h in the l. thoracis muscle than those fed CD100 diet.


TABLE 5 Effect of β-mannanase supplementation in diets containing xylanase-phytase and reduced metabolizable energy on carcass traits and meat quality in finisher pigs on day 521.
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4. Discussion

In the present study, animals were healthy throughout the experiment. However, pigs fed diets supplemented with β-mannanase supported growth performance due to the combined effect of these enzymes in the hydrolysis of antinutritional factors, and as energy sparing and extra energy supply (2, 4, 7). The energy-saving effect of diets supplemented with β-mannanase is attributed to an unnecessary immune deactivation caused by the β-mannans in plant products (2).

A lower SOD concentration is due to the different enzymatic antioxidant system in response to oxidative stress. When pigs are fed diets with reduced ME, the metabolism is changed to use body reserves such as energy and lipids (21). As a result, the process of nutrient oxidation produces energy for animal metabolism; however, energy production is also a source of free radicals (22). In the present study, the greater SOD activity in pigs was performed to eliminate reactive free radicals, as previously reported (23). However, this improved antioxidant capacity did not favor greater energy and nutrient usage in pigs fed CD70 diet.

A previous study (8) reported a higher glucose concentration in pigs fed diets supplemented with β-mannanase-xylanase. The authors mentioned above explained this result based on successful enzyme hydrolysis of NSP, unlike our study, where no differences among the dietary treatments in the biochemical blood profile were observed. The mechanisms of action of these enzymes are supported by the greater usage of hydrolyzed nutrients that favors absorption by the enterocytes in the small intestine (1). However, in the present study, a reduction of 100 kcal of ME/kg diet did not promote greater ATTD in pigs, even with β-mannanase supplementation. This result did not impair the nutrient ATTD coefficients and did not affect the occurrence of intestinal disorders such as diarrhea or increasing digesta viscosity.

On other hand, the results suggested that feeding the CD85 diet to finisher pigs promoted greater DP and DE compared to other dietary treatments, explained by a successful degradation of NSP (8) that improves nutrient usage and energy efficiency due to the increased effectiveness of host enzymes. This mechanism is performed by β-mannanase-xylanase enzymes via breaking down cell walls containing NSP (24) and reducing digesta viscosity (6). However, we did not observe changes on fecal consistency score or the total digesta passage rate in pigs.

Furthermore, β-mannanase supplementation in diets has been previously reported to stimulate the activity of endogenous enzymes (5) and hence favor a greater ATTD in pigs. The effects of phytase on ATTD of nutrients other than calcium and phosphorus have not been well established yet (6). However, the association of dietary xylanase-phytase has been reported to break down cell walls and release more phytic acid to be broken down by phytase (25).

Usually, the consumption of diets with greater energy content promotes increased backfat thickness, as well as the additional energy effect that can be provided by phytase in pig diets (7), which agrees with the results we observed. Pigs fed CD85 diet showed lower backfat thickness measured in vivo with ultrasound due to greater energy digestibility even with reduced ME dietary content (8). Although the animals fed CD70 diet had lower DE, the backfat thickness was positively influenced in the animals of this dietary treatment.

Contrary to our observation, enzyme supplementation increased energy digestibility and no effect on backfat thickness in pigs due to dietary energy content was observed in a previous study (24). However, our finding was similar to the one reported by (8), who also observed lower backfat thickness in pigs fed diets supplemented with β-mannanase-xylanase.

Phosphorus and phytate grouped with arabinoxylans have been previously reported (24) to increase redness and reduce water retention in the meat of pigs when exposed to xylanase-phytase action. A similar effect was not observed in the present study; however, we observed dietary treatment effects on pH24, which is related to meat quality regarding water retention capacity, color, softness, juiciness, and flavor. Overall, our results agree with those reported by (26), who summarized the higher quality traits of meat from finisher pigs and estimated values of 5.54 for pH24h, L* of 46.6, CL of 25.8%, and chroma of 6.2.

In the present study, differences in pH24h among dietary treatments are attributed to muscle glycogen concentration (although not determined in the present study), which largely depends on the diet provided to animals. The lower pH24h value in the meat of pigs fed CD100 diet is related to a greater rate of lactic acid-producing pyruvate, as evidenced by (27). Based on these pH24h values in meat, pigs fed CD0 and CD100 diets showed meats classified as DFD and PSE, respectively (18).

Bacterial diversity in the gastrointestinal tract was assessed in the present study because this is crucial in modulating intestinal functionality and is essential for metabolism, ATTD, and nutrient usage. In general, the balance of the commensal microbiota plays a role in the health of the host. This role is attributed to the diversity of genera and species that possesses protective function, reduces pathogens, inhabit intestinal surfaces, and produces antimicrobial substances (28). The above-mentioned roles attributed to intestinal microbiota promoted animal health during the experimental period.

No effects of dietary treatments on alpha and beta diversity were observed in finisher pigs. This lack of effect could be attributed to the dynamism of microbial communities and different profiles in the gastrointestinal tract segments. In our study, the most prevalent bacterial phyla in pigs were Firmicutes, Proteobacteria, and Bacteroidota, which agrees with previous studies (29, 30). Firmicutes and Bacteroidota are the phyla of greatest representation and paramount importance for gastrointestinal homeostasis (31). An increased incidence of Firmicutes may also be negatively correlated with the presence of potentiality pathogenic bacteria in the intestine of pigs (32). According to (33), a greater presence of organisms of the phylum Firmicutes may create a hostile intestinal environment for pathogenic bacteria colonization.

In a previous study (34), FBR was reported as widely accepted as an evaluative parameter beneficial for intestinal health; therefore, changes in this proportion can trigger several pathologies (35–37). In a study conducted by (38), a greater FBR in pigs was related to improved energy efficiency and growth performance. In addition, similar results were reported in a study conducted on poultry (39); however, these findings differ from our results.

In the present study, the Ruminococcaceae, Lactobacillaceae, and Lachnospiraceae families showed relative abundance in pigs. These families compose the central microbiota of the distal intestine portion and are found in similar proportions in the colon and feces (40). The CD70 diet has positively modulated the growth of Ruminococcaceae family in finisher pigs. This family produces xylanases, cellulases, α-glucosidases, α and β-galactosidases providing greater energy usage (41). In addition, bacteria belonging to the Ruminococcaceae family degrade complex carbohydrates. A reduction in this family has been associated with the use of calorie-rich diets and/or enhanced with carbohydrates (42). This effect could support the reduced Ruminococcaceae occurrence in pigs fed CD0 diet.

Furthermore, no treatment effect on the abundance of Prevotellaceae and Rikenellaceae families was observed in pigs. This finding is associated, in several studies, with a low G:F. Similarly, the Christensenellaceae family was not affected by treatments, which was related to improvement G:F in pigs (43), although a lower G:F was observed in finisher I pigs fed CD0 diet.

However, the Lachnospiraceae family was abundant in the pig gastrointestinal microbiota in both dietary treatments in the present study. This family is known to produce butyric acid (29), which plays a role in maintaining intestinal epithelium structure (41). In addition, the fecal microbiome in finisher pigs showed a relative abundance of families associated with short-chain fatty acids synthesis as final products of sugar fermentation, for example, the Oscillospiraceae (44) and Christensenellaceae families (45).

Prevotella is part of the phylum Bacteroidetes, which participates in immune system modulation, metabolic syndromes, and brain-intestine axis regulation (46). This genus was more abundant in pigs fed CD85 diet than in those fed CD100 diet. This result suggests that these changes are related to the different energy content among diets. In fact, Prevotella has been reported to play a role in carbohydrate metabolism, such as the degradation of polysaccharides and oligosaccharides usage (47). When analyzed together, part of the modulations observed in pigs occurred in families and genera that play a crucial role in gastrointestinal tract homeostasis.



5. Conclusion

Based on the assessing criteria in this study, β-mannanase supplementation in diets containing xylanase-phytase allows reducing 85 kcal of ME/kg because it improves the gain to feed ratio, energy and protein usage, and backfat thickness without metabolic and intestinal ecosystem disorders in finisher pigs. Furthermore, reducing dietary ME alters the fecal microbiome in finisher pigs regardless of the combined enzymes.
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Treatments?

CD70 CD85

Quantitative traits

CL (cm) 96.05 98.77 100.66 10140 127 0.466
HCW (kg) 96.70 94.72 9168 93.92 1.06 0447
Musc (%) 56.77 54.62 5677 55.90 1.08 0.903
HCY (kg) 69.23 70.74 69.28 69.87 056 0.785
LM (%) 56.63 57.03 57.14 57.01 048 0.986
LM (kg) 5493 5432 5235 53.44 0.76 0.677
CM (%) 5159 5334 5072 5120 0.68 0.588
MY (%) 53.90 56.14 57.01 55.19 0.58 0271
LEA (cm?) 6023 54.12 59.77 57.90 118 0263
LDpaq (mm) 63.40 63.04 61.88 6331 0.88 0932
LDult (mm) 57.00 55.00 55.30 55.90 059 0.676
BETpaq (mm) 2144 20.04 17.58 19.20 071 0284
BETpis (mm) 18.62 17.67 17.38 18.00 079 0.958
BFTult (mm) 17.90* 1533 15.20 16.90" 0.04 0.094
Qualitative traits

PHan 623 6.15 6.11 6.08 0.04 0.631
PHan 6.14° 5.75% 5.95! 532" 0.11 0.060
DL (%) 7.03 634 7.98 7.06 027 0214
TL (%) 9.49 8.92 9.43 8.62 035 0.800
CL (%) 2827 2537 26.10 29.05 075 0262
SF (kgf/seg) 4,138 3,493 3,909 4,367 14297 0.159
Lt 4533 46.09 46,39 1533 029 0.481
at 559 5.67 525 526 0.13 0571
b 3.07 357 313 2.84 0.10 0.107
Chroma 638 672 612 5.99 0.15 0387
Color score 361 3.05 283 345 013 0137
Marbling degree 333 3.00 322 320 015 0.907
Ash (%) 119 118 121 120 001 0.884
Crude protein (%) 24.54 25.01 2425 24.47 023 0716
Ether extract (%) 331 345 292 3.60 021 0.736
Moisture (%) 7355 73.13 7347 7355 0.16 0777

b Means followed by different lowercase letters on the same row differ by post hoc t-Student test (P < 0.10).

Data are means of 10 pigs per treatment.

2CL: carcass length, HCW: hot carcass weight, Musc: muscle percentage in the carcass, HCY: hot carcass yield, LM (%): lean meat percentage, LM (kg): lean meat amount, CM: chilled meat,
MY: meat yield, LEA: loin eye muscle area, LDpaq: loin depth measured using a pachymeter, LDult: loin depth measured in vivo using ultrasound at the end of finisher I phase, BETpaq: backfat
thickness measured using a pachymeter, BFTpis: backfat thickness measured using a Hennessy pistol, BETult: backfat thickness measured i vivo using ultrasound at the end of finisher II phase,
PHyp: pH at 4 h after slaughter, pHan: pH at 24 h after slaughter, DL: drip loss, TL thaw loss, CL: cooking loss, SF: shear force, L*: luminosity (L* = 0 dark meat, L = 100 white meat), a*: meat
color, ranging from red to green (high a* = red color and low a* = green color), b*: meat color, ranging from yellow to blue (high b* = more yellow color and low b* = bluer color), Chroma:
color purity.

3(1) control diet containing isolated phytase and xylanase valued at 40 keal of ME/kg (CDO), (2) CDO + B-mannanase (0.3 g/kg valued at 30 keal of ME/kg) (CD70), (3) CDO + B-mannanase
(0.3 g/kg valued at 45 keal of ME/kg) (CD85), and (4) CDO + B-mannanase (0.3 g/kg valued at 60 keal of ME/kg) (CD100).

4SEM: pooled standard error of the mean.
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Treatments® SEM?*  P-val

CD70 CD85 CD100

ADCDM (%) | 8350 | 8409 | 8401 | 8302 | 0.30 0.598
ADCCP (%) | 7436 | 7689 | 7814 | 7594 | 076 0341
ADCOM (%) | 8609 | 8691 | 8703 | 8608 | 031 0576
ADCGE (%) | 8214 | 8389 | 8454 | 8347 | 041 0.187
DDM (%) 8275 | 8327 | 8306 | 8195 | 032 0.509
DP (%) 861 | 9.59% | 971* | 899 0.11 0.002
DOM (%) 8243 | 8289 | 8268 | 8130 | 030 0279

DE (keal/kg) | 3,697 | 3,805 | 4,035 | 3,813° = 27.07 <0.001

TDPronday | 1656 | 1604 | 1571 | 1475 | 3630 0.357
22 (min)

TDPyonday | 2179 | 2409 | 2414 | 2353 | 117.12 0.895
52 (min)

b<Means followed by different lowercase letters on the same row differ by Tukey post hoc test
(P <0.05).

! Data are means of 10 pigs per treatment.

2Apparent digestibility coefficient of dry matter (ADCDM), organic matter (ADCOM),
protein (ADCCP), gross energy (ADCGE); digestible nutrients: digestible dry matter (DDM),
digestible organic matter (DOM), digestible protein (DP); digestible energy (DE); TDP: total
digesta passage rate in finisher I (TDPI) and II (TDPII).

3(1) control diet containing isolated phytase and xylanase valued at 40 keal of ME/kg (CD0),
(2) CDO + B-mannanase (0.3 g/kg valued at 30 keal of ME/kg) (CD70), (3) CDO + -
mannanase (0.3 g/kg valued at 45 keal of ME/kg) (CD85), and (4) CDO + B-mannanase (0.3
g/kg valued at 60 keal of ME/kg) (CD100).

4SEM: pooled standard error of the mean.
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Treatments®

CD70 CD85 CD100

Albumin, g/dL|  3.57 3.57 3.55 3.84 0.06 0337

Total 86.86 98.60 92.31 92.14 2.52 0.485
cholesterol,

mg/dL

Glucose, 77.45 73.09 69.45 68.86 1.80 0.303
mg/dL

Urea, mg/dL 18.42 21.05 17.01 19.54 091 0.482

Totalprotein, | 612 | 579 | 634 | 604 | 013 | 0569
g/dL

Globulin, g/dL|  2.54 222 2.79 2.20 0.13 0.365

GST, 5.57 5.98 6.52 6.98 0.32 0.467
pmol/min/mg
protein

SOD,U/mg | 219.70° | 279.10° | 216.90° | 221.40° = 594 <0.001
protein

IgM, mg/dL 83.01 99.41 95.24 69.53 5.09 0.153

*bMeans followed by different lowercase letters on the same row differ by Tukey post hoc test
(P < 0.05).

! Biochemical profile data are means of 10 pigs per treatment.

2GST: glutathione S-transferase, SOD: superoxide dismutase, and IgM: immunoglobulin M
(8 pigs per treatment).

3(1) control diet containing isolated phytase and xylanase valued at 40 keal of ME/kg (CDO),
(2) CDO + B-mannanase (0.3 g/kg valued at 30 keal of ME/kg) (CD70), (3) CDO + -
mannanase (0.3 g/kg valued at 45 keal of ME/kg) (CD85), and (4) CDO + B-mannanase (0.3
g/kg valued at 60 keal of ME/kg) (CD100).

4SEM: pooled standard error of the mean.
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Finisher | Finisher Il

CDO CD70 CD85  CD100 CD70 CD85 CD10
Ingredients (%)
Ground corn, 7.86% 7935 7935 79.35 79.35 90.66 90.66 90.66 90.66
Soybean meal, 45.4% 16.23 1623 16.23 16.23 476 476 476 476
Dicalcium phosphate 123 123 123 123 097 097 097 097
Limestone 0.52 0.52 0.52 0.52 0.45 0.45 0.45 0.45
Inert (kaolin) e 0.33 0.51 0.69 0.59 0.92 1.10 1.28
Soybean oil 1.03 0.67 0.49 1.03 072 0.36 019 -
Sodium chloride 038 038 0.38 038 037 037 0.37 037
Premix' 030 030 0.30 030 030 030 0.30 030
Lysine sulfate, 54.6% 057 057 057 057 071 071 071 071
DL-methionine, 99.5% 0.12 0.12 0.12 0.12 0.10 0.10 0.10 0.10
L-threonine, 96.8% 0.15 0.15 0.15 0.15 0.18 0.18 0.18 0.18
L-tryptophan, 99% 0.03 0.03 0.03 0.03 0.05 0.05 0.05 0.05
L-valine, 95.5% 002 0.02 0.02 002 0.08 0.08 0.08 008
B-mannanase = 0.03 0.03 003 - 0.03 0.03 003
Enramycin® 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006

Calculated composition

Metabolizable energy, kcal/kg 3,310 3,280 3,265 3,250 3,310 3,280 3,265 3,250
Crude protein, % 14.20 14.20 14.20 14.20 9.95 9.95 9.95 9.95
Lysine SID*, % 0.89 0.89 0.89 0.89 0.69 0.69 0.69 0.69
Methionine + cysteine SID, % 053 053 053 0.53 041 041 041 041
Threonine SID, % 0.58 0.58 0.58 0.58 045 045 045 045
Tryptophan SID, % 0.18 0.18 0.18 0.18 0.13 0.13 0.13 0.13
Valine SID, % 0.62 0.62 0.62 0.62 0.48 0.48 0.48 0.48
Total calcium, % 0.57 0.57 0.57 0.57 0.44 0.44 0.44 0.44
STTD phosphorus*, % 0.28 0.28 0.28 0.28 0.21 0.21 0.21 0.21
Total sodium, % 0.16 0.16 0.16 0.16 0.15 0.15 0.15 0.15
! Content per kg of premix: Mn sulfate, 5,400 mg/kg; Zn oxide, 13.50 g/kg; Fe sulfate, 10.50 g/kg; Cu sulfate, 2,100 mg/kg: 1, 150 mg/kg; vitamin A, 900,000 IU/kg; vitamin D3, 180,000 IU/kg;

vitamin E, 3,000 [U/kg; vitamin K, 270 mg/kg; vitamin By, 120 mg/kg; vitamin By, 570 mg/kg; vitamin Bs, 120 mg/kg; vitamin B12, 2,100 meg/kg; niacin, 3,000 mg/kg; pantothenic acid, 1,950
mg/kg; folic acid, 75 mg/kg; Se, 90 mg/kg; phytase, 166.66 U/g; xylanase, 333.33 Ulg.

2Erassen 80 : equivalent to 5 ppm of enramycin.

3SID: standardized ileal digestible.

4STTD: standardized total tract digestible.
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Treatments® SEM* P-value

CDO CD70 CD85 CD100
Finisher | (d 0 to 22)

FBW, kg 10090 = 9645 | 98.10 | 9795 | 0.0 0.505
ADFL g 3,076" | 2,590° | 2,598° | 2,753 | 0.04 0.002
ADG, g 1291 | 1232 | 1225 | 1,249 | 001 0525
GEgg 0.42° 047 046" | 0.45% 0.66 0.009
FCS 110 1.00 0.90 0.90 0.05 0557

Finisher Il (d 22 to 52)

FBW, kg 138.30 133.65 133.45 134.50 1.36 0.518
ADFL g 3,214 3,165 2,972 3,251 0.08 0.637
ADG, g 1,244 1,241 1,178 1,219 0.05 0.962
GEgg 0.38 0.39 0.39 0.37 1.38 0922
FCS 1.10 0.79 0.80 0.78 0.10 0.614

Overall period (d 0 to 52)

ADFL g 3,155 2,923 2,815 3,040 0.05 0.141
ADG, g 1,264 1,237 1,195 1,231 0.03 0.467
GEgg 0.40 0.42 0.42 0.40 0.00 0418

abMeans followed by different lowercase letters on the same row differ by Tukey post hoc test
(P <0.05).

Data are means of 10 pens replicates per treatment and 1 pig per pen as an experimental unit.
2IBW: initial body weight, FBW: final body weight, ADFI: average daily feed intake, ADG:
average daily gain, G:F: gain to feed ratio, FCS: fecal consistency score (score 0: < 70% normal
feces); score 1: 70-75% soft feces, score 2: 75-80% semi-solid feces, and score 3: > 80% liquid
feces.

3(1) control diet containing isolated phytase and xylanase valued at 40 kcal of ME/kg (CDO),
(2) CDO + B-mannanase (0.3 g/kg valued at 30 keal of ME/kg) (CD70), (3) CDO + B-
‘mannanase (0.3 g/kg valued at 45 kcal of ME/kg) (CD85), and (4) CDO + B-mannanase (0.3
g/kg valued at 60 keal of ME/kg) (CD100).

4SE] ooled standard error of the mean.
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