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Abstract

:

Simple Summary


Apple pomace (AP) has antioxidant and immune-enhancing functions as a by-product used in animal feed. In the present study, a total of 120 weaned pigs were used to investigate the effects of fermented AP on plasma biochemical and antioxidant indicators and the fecal microbiota of weaned pigs. The average daily gain in the AP group was significantly increased. In the AP group, the concentration of albumin and superoxide dismutase were increased, while the aspartate aminotransferase and malondialdehyde were decreased. Interestingly, the abundance of Lactobacillus, as well as the relative abundance of genetic information processing pathways, was significantly increased in the AP group. Our study showed that the supplementation of fermented AP has beneficial impacts on the growth, plasma biochemistry and immune indicators, and gut microbiota of weaned pigs.




Abstract


As a by-product, apple pomace (AP) is very rich in pectin, polyphenols, carbohydrates and minerals, which have antioxidant and immune-enhancing functions on animals. To investigate the effects of fermented AP on pigs, a total of 120 weaned pigs were allocated into one of two treatments: the control (CON) group, fed with diets containing 5% silage AP; or the AP group, fed with diets containing 5% silage corn-AP for 28 d. The average daily gain was increased (p < 0.001) in the AP group compared with the CON group. The concentration of albumin and superoxide dismutase were increased by 8.98 g/L (p < 0.001) and 2.9 U/mL (p = 0.001), while the concentration of aspartate aminotransferase and malondialdehyde were decreased by 23.59 U/L (p < 0.001) and 2.33 nmol/mL (p = 0.003) in the AP group, respectively. There were 46 and 125 unique OTUs in the AP and CON groups, respectively. In the AP group, the abundance of Lactobacillus was increased (p < 0.003), but the abundances of Clostridium_sensu_stricto_1 (p = 0.001), Terrisporobacter (p = 0.026), Ruminococcus (p = 0.001) were decreased. In addition, the relative abundance of genetic information processing pathways was increased (p = 0.001) in the AP group, while the relative abundance of cellular processes had a tendency to decrease (p = 0.056) in the AP group. Above all, the supplementation of fermented AP has beneficial impacts on the growth, plasma biochemistry and immune indicators, and gut microbiota of weaned pigs.
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1. Introduction


Apples, as one of the most popular fruits, are available in a wide range of products in our daily life, such as fresh apples, apple juice, apple cider, and apple puree [1]. The production of apples in 2019 was approximately 87.24 million tons in the world [2]. As a by-product, apple pomace (AP) is rich in pectin, polyphenols, carbohydrates, and minerals, which have antioxidant and immune-enhancing functions in animals [3,4,5]. However, fresh AP contains a large amount of water and causes environmental pollution due to its low biodegradability and unreasonable utilization [6]. In addition, AP is less effective when used directly because it contains a certain amount of anti-nutrients, such as lignin and cellulose [7,8]. Direct supplementation of this anti-nutrient-laden pomace may reduce the growth performance of animals [9].



After fermentation, the percentages of protein and other beneficial ingredients are increased in AP, which improves the nutritional value of AP as animal feed [10]. Since AP provides good conditions for fungal enzyme production [11], it is the best substrate for solid-state fermentation. After a combination of Candida utilis and Aspergillus niger under solid-state fermentation conditions, the protein percent of dry AP and pectin-extracted AP increased by 20% and 17%, respectively [12]. Fermentation using P. ostreatus and P. chrysosporium increased the ash and crude protein content and reduced the fiber content of AP [13].



In this study, we hypothesized that fermented AP has beneficial impacts on growth performances, plasma biochemical indicators, and gastrointestinal microbiota diversity. Therefore, this study was conducted to investigate the effects of fermented AP on the growth performance, plasma biochemical and immune indicators, and gastrointestinal microbiota diversity of weaned pigs.




2. Materials and Methods


2.1. Experimental Design, Animals, and Housing


The animal experiment was carried out in Xinjiang Hongsheng Pastoral Culture Co., LTD., Alar, China. This study was approved by the Nanjing Agricultural University Animal Care and Use Committee (SYXK Su 2017-0027). AP produced in Alaer (Xinjiang, China) was supplemented in weaned pigs’ feed as silage. The silage for the control group contained corn and water, and probiotic (1.0 × 106 CFU/kg of Bacillus spp. and 1.0 × 106 CFU/kg of Saccharomyces cerevisiae; Henan Ruzhou Shengkang Biotechnology Co., Ltd., Pingdingshan, Henan, China). The difference between the experimental and control silage was that the silage in the experimental group contained 10% AP solids, but the silage in the control group did not contain AP solids. According to a previous study, the final silage contained 40% moisture and 60% solids [14]. Before the mixing, the bacteria and brown sugar were dissolved in water at 35 °C in the following proportion: 100 g bacteria and 3 kg brown sugar per 12 kg water. After the mixing, the silage was then sealed in vacuum bags. The pH value of the silage was measured by a pH meter (pH-Star, Matthaus LLC, Germany). It was mixed with other ingredients for preparing the feed of weaned pigs before feed administration. The chemical composition of AP silage is shown in Table 1.



A total of 120 weaned pigs [Duroc × (Landrace × Large White)] at 35 d of age were randomly allocated into one of two treatments: the CON group, fed with a diet containing 5% silage corn; or the AP group, fed with a diet containing 5% silage corn-AP (on a solid basis, w/w). The experiment lasted for 25 days. The composition and nutrient level of the basic diet is shown in Table 2. The pens were disinfected with high-pressure water and fumigated to reduce viral and bacterial contamination. During the experiment, the pigs were fed and watered ad libitum by stainless steel feeders and nipple drinkers. The temperature in the pig barn is automatically controlled between 21 and 25 °C by exhaust fans and hot blast heaters.




2.2. Growth Performance and Diarrhea Rate of Weaned Pigs


At the beginning and end of the experiment, we weighed pigs and recorded the feed intake by weighing the provided and remaining feed in each pen. In addition, the weaned pigs were regularly observed at 07:30 am every day, and the overall fresh feces of the pigs in each pen were scored according to the criteria: 1 = firm and shaped feces, 2 = soft and shaped feces, 3 = loose feces, and 4 = watery feces [16]. Fecal scores equal or above three were considered as diarrhea. The diarrhea rate, average daily gain (ADG), average daily feed intake (ADFI), feed-to-weight ratio (F:G) and were calculated at the end of the trial. The diarrhea rate is equal to the number of pigs with diarrhea divided by the number of experimental pigs and the number of days of experimentation.



On d 28 of the trial, 40 pigs were selected randomly (5 pigs per pen) for anterior vena cava blood collection into a tube (5 mL) with anticoagulant heparin sodium. The blood samples were centrifuged at 4 °C, and the plasma samples were stored at −20 °C.




2.3. Plasma Biochemical Indicators of Weaned Pigs


The concentrations of albumin (ALB), urea nitrogen (BUN), total cholesterol (TC), total protein (TP), the activities of alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were determined using ELISA kits (Jiancheng Institute of Biological Engineering, Nanjing, China). The sensitivities of the kits are as follows: ALB: 0.1 g/L; BUN: 0.1 mmol/L; TC: 0.1 mmol/L; TP: 0.1 g/L; ALT: 1.0 U/L; and AST: 1.0 U/L. The concentrations of activities of total antioxidant capacity (T-AOC), malondialdehyde (MDA), and superoxide dismutase (SOD) in plasma were analyzed using ELISA kits (Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China). The sensitivity of the kit is as follows: MDA: 0.1 nmol/mL; T-AOC: 0.1 mmol/gprot; and GSH: 10 μmol/L. The concentrations of immunoglobulin A and G (IgA and IgG) were tested by ELISA kits (Jiancheng Institute of Biological Engineering, Nanjing, China) with an assay sensitivity of 0.1 mg/mL. A multimode reader (Tecan A-5082, Tecan Trading Co., LTD., Mannedorf Switzerland) was used to detect all indicators of ELISA.




2.4. DNA Extraction and 16S RNA Gene Sequencing


On d 25 of the experiment period, 20 pigs (10 pigs per group) were randomly selected to collect fresh feces from the rectum. The feces samples (n = 20) were immediately frozen in liquid nitrogen until DNA extraction. The Powerfecal DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) was used to extract fecal DNA. The DNA quality and purity were checked by agarose gels and a NanoDrop2000 spectrophotometer (ThermoFisher Scientific, Inc., Waltham, MA, USA). The primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were used to amplify the V3 to V4 hypervariable region of the bacterial 16S rRNA gene. An 8-digit barcode sequence had been added to the 5′ end of the forward and reverse primers for each sample (Allwegene, Beijing, China). The PCR was performed on a Mastercycler Gradient (Eppendorf, Hamburg, Germany) in a 25 μL reaction mixture: 3 μL BSA (2 ng/μL), 2 μL template DNA, 12.5 μL 2× Taq PCR MasterMix, 1 μL Forward and Reverse Primers (5 μM), and 5.5 μL ddH2O. The PCR program: first, 95 °C for 5 min, followed by 28 cycles of 95 °C for 45 s, 55 °C for 50 s, and 72 °C for 45 s, with a final extension of 10 min at 72 °C. An Agencourt AMPure XP Kit (Beckman Coulter, Inc., Brea, CA, USA) was used to purify the PCR products. A Miseq PE300 platform at Allwegene Company (Beijing, China) was used to perform the 16s RNA gene sequencing. After the run, image analysis, base calling, and error estimation were analyzed by Illumina Analysis Pipeline Version 2.6.




2.5. Bioinformatics Analysis of Sequencing Data


The raw sequences that had a low quality score (less than 20), were shorter than 120 bp, did not exactly match to primer sequences and barcode tags, or contained ambiguous bases were removed from consideration; they were then separated using sample-specific barcode sequences. The Uparse algorithm of Vsearch (v2.7.1) (https://github.com/torognes/vsearch) (accessed on 1 November 2021) software was used to cluster qualified reads into operational taxonomic units (OTUs) at a similarity level of 97%. All sequences were used to classify into different taxonomic groups against the Silva138 database (http://www.arb-silva.de) (accessed on 2 November 2021) using the BLAST tool [17].



The rarefaction curves and richness and diversity indices were calculated using QIIME (v1.8.0). To compare the membership and structure of bacterial communities in different groups, the heat map of the top 20 OTUs were generated using Mothur [18]. R software (v3.6.0) was used for bar-plot diagram analysis based on the results of taxonomic annotation and relative abundance. Clustering analyses and PCA were analyzed to examine the similarity between different samples. The evolution distances were calculated using the Bray Curtis algorithms.



OTUs were generated by Uparse [19] clustering using the above clean_tags, and the OTUs with 97% similarity were analyzed. Venn diagrams were plotted to count the number of shared and unique OTUs among multiple samples, and species abundance and species evenness were analyzed using Rank-abundance. Alpha diversity analyses were used to detect the abundance and diversity of microbial communities, including a series of indices: chao1, obserd_species, PD_whole_tree, and Shannon. Beta diversity analysis was used to compare between groups. Multiple subgroups were compared using Linear discriminant analysis Effect Size (LEFSe) analysis to identify species with significantly different abundances between groups. The functions of the 16S RNA gene were predicted by PICRUSt software. The abundance of each functional class was calculated based on the information in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.




2.6. Statistic Analysis


The data of growth performances were analyzed by the MIXED procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, USA) software with dietary treatment, gender, and their interaction as fixed effects and pen as a random effect. Data of diarrhea rate were analyzed by Chi-square tests. The results were reported as mean ± standard error of the mean (SEM). Tests were considered tendencies at p < 0.10 and significant at p < 0.05.





3. Results


3.1. Growth Performance and Diarrhea Rate of Weaned Pigs


As shown in Table 3, ADG was greater (p < 0.01) in the AP group than in the CON group. There were no significant differences in ADFI, F:G, and diarrhea rates between the AP and CON groups (p > 0.05).




3.2. Blood Biochemical, Antioxidant Stress and Immune Indicators


As shown in Table 4, the concentration of ALB and SOD in the AP group was greater than those in the CON group (p < 0.01); while the concentration of AST and MDA in the AP group was less than those in the CON group (p < 0.01). The concentration of TP has a tendency to increase in the AP group compared with the CON group (p = 0.054), while the concentration of ALP has a tendency to decrease in the AP group compared to the CON group (p = 0.088).




3.3. Gastrointestinal Microbiota Diversity


16S RNA gene sequencing was performed on fecal samples to evaluate the effect of fermented AP on the gastrointestinal microbiota diversity of piglets. The rarefaction curve indicated that the sequencing depth was sufficient (Supplement Figure S1a). Analysis of OTUs by Venn diagram reveals that 46 and 125 OTUs are specific to the AP and CON groups, respectively (Supplement Figure S1b).



Alpha diversity indices of shannon, chao1, PD_whole_tree, and observed_species are shown in Figure 1. The OTUs PLS-DA (Partial Least Squares Discrimination Analysis) of the bacterial community structure of the microbiome is shown in Figure 2. A LEFse analysis revealed the differences between groups (Figure 3A, p < 0.05). Their taxonomic branching plots showed relative abundance between species (Figure 3B, p < 0.05).



The top 4 relative abundances of microflora in the feces of weaned piglets at the phylum level are Firmicutes, Bacteroidota, Actinobacteria, and Proteobacteria (Figure 4A). The relative abundance of Firmicutes accounts for 80.95% and 83.76% in the CON and AP groups, respectively. The dominant phyla with relative abundance higher than 1% are Firmicutes, Bacteroidota, and Actinobacteria. In addition, the top 11 relative abundances of microflora at the Genus level are Lactobacillus, Prevotella, Blautia, Clostridium_sensu_stricto_1, Terrisporobacter, Subdoligranulum, uncultured, Roseburia, uncultured_bacterium, Faecalibacterium, and Ruminococcus (Figure 4B). As shown in Supplement Table S1, the relative abundances of the Clostridium_sensu_stricto_1, Terrisporobacter, and Ruminococcus are less in the AP group than those in the CON group (p < 0.05); while the relative abundance of the Lactobacillus is greater in the AP group than that the CON group (p < 0.01).



The KEGG pathways were used to compare the differences between groups. As shown in Figure S1 and Supplement Table S2, the abundance of genetic information processing was greater in the AP group than that in the CON group (p = 0.001); while the abundance of cellular processes has a tendency to decrease in the AP group compared to the CON group (p = 0.056).





4. Discussion


4.1. Growth Performance of Pigs


AP contains a large number of carbohydrates, vitamins, and minerals, providing animals with the necessary nutrients [20]. At the same time, AP increases the digestible crude protein after fermentation, which facilitates digestion and absorption and promotes growth performance in monogastric animals [21]. In a previous study, the solid-state fermentation of AP using yeast resulted in a significant increase in crude protein, fat and vitamin C, and minerals [22]. The growth of fattening Berkshire pigs was improved after supplementary feeding of fermented AP [23].




4.2. Effects of Fermented AP on Plasma Biochemical, Antioxidant, and Immune Indicators of Weaned Pigs


Plasma biochemical parameters are sensitive serological indicators under different physiological conditions. Glutathione transaminase is used as a clinical indicator for liver function tests [24,25,26,27]. A previous study found that the supplementary AP and mango peel significantly reduced plasma AST levels when hyperlipidemia was controlled [28]. The protein content increased by 36% in fermented AP by Fungus P. chrysosporium, indicating that more protein is available for absorption by the pigs [29]. In the present study, the plasma ALB concentration increased by 25.97%, while the AST concentration decreased by 36.74%. The polyphenols in AP, including root anthocyanins and chlorogenic acid, have antioxidant activity [30]. In addition, quercetin and its derivatives are rich in flavonols of apples, and have antioxidant biological activity, anti-inflammatory and antibacterial properties [31,32]. In the present study, the concentration of plasma MD decreased by 2.33 nmol/mL, and the concentration of SOD increased by 2.9 U/mL in the AP group, which suggests that fermented AP has better antioxidant capacity.




4.3. Intestinal Microbiota of Weaned Pigs


The increase in beneficial gut bacteria and the decrease in pathogenic bacteria are beneficial to the growth of animals [33]. Shannon, PD_whole_tree, observed_species, and Chao1 indexes represent species richness, evolutionary distance diversity of species, community diversity and microbial diversity [34]. In the present study, the differences in microbial communities between the two treatments were not significant. In addition, Firmicutes and Bacteroidota were dominant at the phylum level [35]. On the genus level, Lactobacillus is prevalent in the animal intestinal microbiota [36]. In the current study, the relative abundance of Lactobacillus in the AP group was greater than that in the CON group, which is similar to the previous studies. Clostridium has a significant role in the utilization of amino acids, which facilitates the digestive absorption of amino acids in animals [37]. The relative abundance of Ruminococcus (CG-005) in the intestines of young goats with diarrhea was significantly less than that of young, healthy goats [38]. The rapid proliferation of Terrisporobacter as a fiber-degrading bacterium in weaned pigs allowed the rapid adaptation of the intestinal flora to plant-derived feeds [39]. But in the present study, there was a decrease in the relative abundance of Clostridium_sensu_stricto_1, Terrisporobacter, and Ruminococcus, which may be related to the large increase of Lactobacillus. Previous studies also found that supplementary of fermented AP improved the health of the gastrointestinal tract, and the interaction between flavonoids and fiber in AP improved the digestive function of animals [40,41]. Furthermore, the functional prediction in the current study revealed a 4.15% increase in the pathway of genetic information processing and a 16.91% reduction in the pathway of cellular transformation in the AP group, indicating that the addition of fermented AP has an effect on the microbial operational pathways.





5. Conclusions


In conclusion, the supplementary of fermented AP to replace partial corn increased the growth performance by improving the antioxidant capacity, immunity, and intestinal microflora of weaned pigs, which can be applied to the pig production. This study provided experimental data for the utilization of apple pomace as a feed resource in Xingjiang, China.
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Figure 1. Effects of Apple pomace (AP) on intestinal microbial alpha diversity index: (a) chao1, (b) observed_species, (c) PD_whole_tree, and (d) shannon index. CON: control group; AP: Apple pomace. 
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Figure 2. OTUs PLS-DA (Partial Least Squares Discrimination Analysis) of the bacterial community structure of the microbiome. Orange circle, the control group (CON); blue square, the apple pomace group (AP). Each point represents a sample. 
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Figure 3. Linear discriminant analysis effect size (LEFse) analysis on fecal microbiota. (A) Linear discriminant analysis (LDA). (B) LEfSe taxonomy cladogram: different colors suggest enrichment of certain taxa in AP (red) and CON (green). The nonparametric factorial Kruskal–Wallis rank sum test was used for different species at a significance level of 0.05. CON: control group; AP: Apple pomace group. 
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Figure 4. Intestinal bacterial structure ((A): phylum, (B): genus). CON: control group; AP: Apple pomace group. 
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Table 1. Chemical composition of corn and corn-apple pomace (AP) silage (per dry matter-dry matter basis) (g/kg).
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	Item
	Corn Silage
	Corn-AP Silage





	Dry Matter (as fed)
	600
	600



	Crude Protein
	86
	85



	Crude fat
	43
	43



	Ash
	15
	15



	Crude fiber
	27
	26



	Moisture
	400
	400



	Metabolic energy 1 (MJ/kg DM)
	16.80
	16.75







1 Calculated according to Noblet and Perez (1993) [15].
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Table 2. Basic diet composition and nutrient levels of the CON and AP (apple pomace) groups.
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	Items
	CON Group
	AP Group





	Ingredients/%
	
	



	 Silage corn-AP
	0.00
	5.00



	 Silage corn
	5.00
	0.00



	 Corn
	57.00
	57.00



	 Soybean meal
	23.00
	23.00



	 Wheat bran
	11.40
	11.40



	 Limestone
	0.50
	0.50



	 Calcium hydrophosphate
	1.20
	1.20



	 NaCl
	0.90
	0.90



	 Premix 1
	1.00
	1.00



	Nutrient level
	
	



	 Metabolizable Energy (MJ/kg) 2
	10.82
	10.69



	Crude protein/%
	16.92
	16.98



	Calcium/%
	0.81
	0.84



	Phosphorus/%
	0.62
	0.63



	Lysine/%
	0.83
	0.84



	Methionine/%
	0.57
	0.58







1 The premix provides vitamin A 4 000 IU, vitamin B 110 mg, vitamin D 31 000 IU, vitamin E 50 IU, pantothenic acid 10 mg, choline 0.5 g, folic acid 0.3 mg, Fe 100 mg, Zn 120 mg, Cu 15 mg, I 0.3 mg, Se 0.3 mg per kg of diet. 2 Calculated values of digestible energy and the rest are measured values.
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Table 3. Effects of fermented AP (apple pomace) on growth performance of weaned piglets.
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	Items 1
	CON
	AP
	SEM
	p-Value





	IW, kg
	10.18
	10.02
	0.26
	0.550



	FW, kg
	18.79
	19.56
	0.25
	0.865



	ADG, g
	359.03
	397.36
	14.23
	0.001



	ADFI, g
	697.10
	695.60
	29.20
	0.972



	F:G
	1.89
	1.87
	0.15
	0.820



	Diarrhea rate, %
	3.12
	3.31
	0.32
	0.769







1 ADFI: average feed intake; ADG: average daily gain; F:G: feed to gain ratio; FW: final body weight; IW: initial body weight; SEM: standard error of the mean.
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Table 4. Effects of fermented AP (apple pomace) on blood biochemical, blood antioxidant capacity and immune indicators of weaned piglets.
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	Items 1
	CON
	AP
	SEM
	p





	TP, g/L
	62.11
	88.44
	8.70
	0.054



	ALB, g/L
	34.58
	43.56
	1.23
	<0.001



	ALT, U/L
	47.03
	39.42
	3.07
	0.088



	AST, U/L
	64.20
	40.61
	3.63
	0.0001



	BUN, mmoL/L
	9.02
	8.61
	0.31
	0.358



	TC, mmoL/L
	6.43
	6.09
	0.25
	0.360



	T-AOC, mmoL/L
	38.66
	42.14
	3.65
	0.532



	SOD, U/mL
	28.81
	31.71
	0.55
	0.001



	MDA, nmoL/mL
	4.03
	1.70
	0.34
	0.003



	IgA, mg/mL
	3.36
	3.58
	0.13
	0.249



	IgG, mg/mL
	10.14
	11.13
	0.57
	0.244







1 ALB: albumin; BUN: urea nitrogen; TC: total cholesterol; TP: total protein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; MDA: malondialdehyde; T-AOC: total antioxidant capacity; SOD: superoxide dismutase; IgA: immunoglobulin A; IgG: immunoglobulin G. SEM: standard error of the mean.
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