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Abstract

:

Mycotoxins are produced by fungi and are potentially toxic to pigs. Yeast cell wall extract (YCWE) is known to adsorb mycotoxins and improve gut health in pigs. One hundred and twenty growing (56 kg; experiment 1) and 48 nursery piglets (6 kg; experiment 2) were assigned to four dietary treatments in a 2 × 2 factorial design for 35 and 48 days, respectively. Factors were mycotoxins (no addition versus experiment 1: 180 μg/kg aflatoxins and 14 mg/kg fumonisins; or experiment 2: 180 μg/kg aflatoxins and 9 mg/kg fumonisins, and 1 mg/kg deoxynivalenol) and YCWE (0% versus 0.2%). Growth performance, blood, gut health and microbiome, and apparent ileal digestibility (AID) data were evaluated. In experiment 1, mycotoxins reduced ADG and G:F, and duodenal IgG, whereas in jejunum, YCWE increased IgG and reduced villus width. In experiment 2, mycotoxins reduced BW, ADG, and ADFI. Mycotoxins reduced ADG, which was recovered by YCWE. Mycotoxins reduced the AID of nutrients evaluated and increased protein carbonyl, whereas mycotoxins and YCWE increased the AID of the nutrients and reduced protein carbonyl. Mycotoxins reduced villus height, proportion of Ki-67-positive cells, and increased IgA and the proportion of bacteria with mycotoxin-degrading ability, whereas YCWE tended to increase villus height and reduced IgA and the proportion of pathogenic bacteria in jejunum. The YCWE effects were more evident in promoting gut health and growth in nursery pigs, which showed higher susceptibility to mycotoxin effects.
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Key Contribution: The current study suggests that susceptibility of pigs to mycotoxins depends on their ages and health status of gastrointestinal and immune systems. The YCWE showed a protective role against mycotoxins, improving pig growth and health mainly in nursery pigs in comparison to growing pigs.










1. Introduction


Mycotoxins are toxic secondary metabolites produced by certain species of fungi growing on cereal grains and feedstuffs [1]. Cereal grains such as corn, sorghum, and wheat have been used in the United States as the main feedstuffs in swine production. However, these feedstuffs are frequently contaminated with several types of co-occurring mycotoxins and contribute significantly to the overall contamination in compound feeds and potential impact on animal performance and health. Amongst hundreds of mycotoxins potentially contaminating feedstuffs, the response in pigs to the presence of aflatoxin B1 (AFB1), deoxynivalenol (DON), and fumonisin B1 (FB1) has been well documented [1]. Mycotoxicosis can impact gut health, alter immune function, and susceptibility of the animal to other contaminants or pathogens causing organ damage in pigs. The harmful effects of mycotoxin eventually lead to reduced growth performance of pigs [1,2,3,4].



Although feeding pigs without mycotoxins is the ultimate approach to counteract their impact, mycotoxin contamination in feeds is unavoidable [5]. In the United States, the Food and Drug Administration (FDA) limits aflatoxins (AF) concentration for immature pigs at 20 μg/kg of feed. For DON and fumonisins (FUM), there is no upper limit, but the FDA has advisory levels of 1 mg/kg of feed and 2 mg/kg of feed for DON and FUM, respectively. Therefore, various strategies to reduce mycotoxicosis have been investigated in pig production. Adsorbents have been used to mitigate mycotoxicosis by directly decreasing the mycotoxin bioavailability, and consequently, by indirectly reducing the inflammatory response, improving intestinal health, and by preventing oxidative stress [1,2,3,4]. Organic adsorbents, such as yeast cell wall and algae-based carbohydrates have shown that their ß-D-glucans composition and tridimensional network were able to chemically adsorb mycotoxins in vitro [6,7,8,9], reduce the absorption of mycotoxins in the small intestine [10], decrease the accumulation of mycotoxins in specific organs, and increase their clearance [11], thus protecting the vital organs against mycotoxin exposure. Thus, it is hypothesized that yeast cell wall extract (YCWE) supplementation might mitigate the adverse effects of pig diets naturally contaminated with mycotoxins.



The objective of this study was to determine the effects of YCWE (Mycosorb™ A+, Alltech, KY, USA) derived from the cell wall of Saccharomyces cerevisiae and a heterotrophically grown microalgae on the growth performances and gut health variables, such as gut integrity and permeability, oxidative stress, immune response, and microbiome in pigs fed diets with naturally contaminated mycotoxins (AFB1, DON, and FB1).




2. Results


2.1. Experiment 1


2.1.1. Growth Performance


There were no effects of mycotoxins, YCWE, or interaction in body weights of pigs during the first 7 days (Table 1). From day 7 to 14, feeding diets with mycotoxins tended to reduce (p = 0.099) body weight, but this trend did not continue during the later periods. From day 21 to 35, there were no effects of mycotoxins, YCWE, or interaction in body weights of pigs.



During the first 7 days, feeding diets with mycotoxins reduced (p < 0.05) average daily gain (ADG) and feeding diets with YCWE tended to reduce (p = 0.088) ADG. However, there were no effects of mycotoxins, YCWE, or interaction in ADG of pigs after the first 7 days. There were no effects of mycotoxins, YCWE, or interaction in average daily feed intake (ADFI) of pigs until day 28, whereas feeding diets with YCWE tended to further reduce (p = 0.073) the ADFI of pigs during days 28 to 35. Feeding diets with mycotoxins reduced (p < 0.05) the gain to feed ratio (G:F) of pigs during the first 7 days, whereas it tended to increase (p = 0.098) G:F during days 14 to 21. During the entire 35-day period, there were no effects of mycotoxins, YCWE, or interaction in ADG, ADFI, and G:F of pigs.




2.1.2. Hematological Measurements


Feeding diets with mycotoxins reduced (p < 0.05) neutrophils blood levels on day 28 (Table 2). Feeding diets with YCWE did not influence cell counts in blood on day 28. There was a tendency (p = 0.099) for an interaction between feeding diets with mycotoxins and with YCWE in the lymphocyte count in blood, indicating that YCWE tended to increase (p < 0.10) lymphocyte count in pigs fed diets without mycotoxins, whereas this tendency disappeared when mycotoxins were introduced. There were no effects of mycotoxins, YCWE, or interaction in red or white blood cells, hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, platelet, monocytes, eosinophils, or basophils of pigs.




2.1.3. Serum Biochemical Measurements


Feeding diets with mycotoxins increased (p < 0.05) serum albumin concentration of pigs, and there was a tendency (p = 0.074) for an interaction between feeding diets with mycotoxins and with YCWE for albumin on day 28 (Table 3). Feeding diets with YCWE reduced serum albumin in pigs fed diets without mycotoxins, whereas feeding diets with YCWE increased serum albumin in pigs fed diets with mycotoxins. There were no effects of mycotoxins, YCWE, or interaction in globulin, albumin-to-globulin ratio, total protein, or most hepatic enzymes evaluated (aspartate aminotransferase, alanine aminotransferase, and creatine phosphokinase) in serum of pigs. Feeding diets with mycotoxins tended to increase (p = 0.098) alkaline phosphatase, tended to reduce (p = 0.088) blood urea nitrogen (BUN), and tended to increase (p = 0.051) glucose in serum of pigs. Feeding diets with mycotoxins decreased (p < 0.05) cholesterol level in serum of pigs. There were no effects of mycotoxins, YCWE, or interaction in creatinine or BUN-to-creatinine ratio in serum of pigs. Feeding diets with YCWE tended to increase chloride (p = 0.081) and sodium (p = 0.064) in serum. Feeding diets with mycotoxins tended to decrease (p = 0.064) potassium and tended to increase (p = 0.053) sodium-to-potassium ratio in serum. There were no effects of mycotoxins, YCWE, or interaction in calcium levels of pigs.




2.1.4. Immunological and Oxidative Stress Measurements


No effects of mycotoxins, YCWE, or interaction were found in the concentrations of tumor necrosis factor-alpha (TNF-α) in duodenal and jejunal mucosa as well as in serum of pigs (Table 4). Feeding diets with mycotoxins increased (p < 0.05) duodenal immunoglobulin G (IgG). Feeding diets with YCWE reduced (p < 0.05) serum 8-hydroxy-2′-deoxyguanosine (8-OHdG) of pigs. For instance, in pigs fed diets with mycotoxins, there was a reduction of the levels of serum 8-OHdG down to 0.26 ng/mL when YCWE was included, whereas when no YCWE was added, there was increased oxidation with up to 1.66 ng/mL of 8-OHdG. There was an interaction (p < 0.05) between mycotoxins and YCWE, where a reduced (p < 0.05) jejunal IgG concentration was observed in pigs fed diets with mycotoxins with the addition of YCWE, whereas feeding with YCWE increased (p < 0.05) jejunal IgG levels in animals not challenged with mycotoxins. A tendency (p = 0.096) for an interaction was observed for serum IgG, indicating that YCWE increased (p < 0.05) serum IgG concentration in pigs, whereas this effect disappeared when mycotoxins were introduced. No effects of mycotoxins, YCWE, or interaction were observed on oxidative stress, concentrations of malondialdehydes (MDA) in duodenal and jejunal mucosa or in serum of pigs.




2.1.5. Histomorphometry of Duodenum and Jejunum


There were no effects of mycotoxins, YCWE, or interaction on villus height or villus width in duodenum of pigs (Table 5). Feeding diets with YCWE showed a tendency (p = 0.051) for reducing crypt depth in duodenum histomorphometry. No effects of mycotoxins, YCWE, or interaction were observed on villus height-to-crypt depth ratio in duodenum of pigs. Feeding diets with YCWE reduced (p < 0.05) villus width in jejunum. There were no effects of mycotoxins, YCWE, or interaction on villus height, crypt depth, and villus height-to-crypt depth ratio in jejunum of pigs.





2.2. Experiment 2


2.2.1. Growth Performance


There were no effects of mycotoxins, YCWE, or interaction on body weight of pigs during the first 5 days among pigs in treatment groups (Table 6). Feeding diets with mycotoxins tended to reduce (p = 0.079) pig body weight at day 15 and significantly reduced (p < 0.05) pig body weight in all periods between days 20 and 48. Feeding diets with YCWE showed a tendency (p = 0.057) for reducing body weight of pig on days 10 and 20, and significantly decreased (p < 0.05) pig body weight on day 15. Feeding diets with mycotoxins tended to decrease (p = 0.020) ADG of pigs from day 10 to 15 and significantly reduced (p < 0.05) ADG from day 15 to 20, as well as for all periods between days 20 and 48. Feeding diets with YCWE decreased (p < 0.05) ADG from day 0 to 5, from day 5 to 10, and for the phase 1 period. There were no effects of mycotoxins, YCWE, or interaction on ADG of pigs from 20 to 27 days. There was a tendency (p = 0.096) for an interaction on ADG of pigs from 27 to 34 days, indicating that mycotoxins tended to reduce ADG but the tendency disappeared with YCWE addition. There was an interaction (p < 0.05) on pig ADG from day 34 to 41, indicating that mycotoxins reduced ADG but YCWE successfully recovered ADG reduction. Feeding diets with mycotoxins reduced (p < 0.05) ADG of pigs for all periods from day 27 until the end of the experimental period, phase 2, and the overall period. Feeding diets with YCWE reduced (p < 0.05) ADFI of pigs for the periods evaluated during the first 15 days of the study and tended to decrease (p = 0.065) ADFI during phase 1. Feeding diets with mycotoxins reduced (p < 0.05) ADFI of pigs for all periods from day 5 to the end of the study, for phase 1, phase 2, and the overall periods. Feeding diets with YCWE tended to lower (p = 0.054) G:F for the first 5 days of the study. There was a tendency (p = 0.054) for an interaction from day 5 to 10, where feeding diets with mycotoxins alone tended to increase G:F, whereas feeding diets with mycotoxins and YCWE tended to reduce G:F of pigs. There were no effects of mycotoxins, YCWE, or interaction for G:F from day 10 to 34 or for phase 1 of pigs. Feeding diets with mycotoxins tended to increase (p = 0.078) G:F of pigs from day 41 to 48, and significantly increased (p < 0.05) G:F during phase 2 and the overall periods. Feeding diets with YCWE increased (p < 0.05) G:F of pigs from day 35 to 48, as well as for phase 2, and tended to increase (p = 0.079) G:F in the overall period.




2.2.2. Apparent Ileal Digestibility


There were no effects of mycotoxins, YCWE, or interaction for dry matter apparent ileal digestibility of pigs (Table 7). There was a tendency (p = 0.091) for an interaction, where feeding diets with mycotoxins alone reduced (p < 0.05) apparent ileal digestibility of crude protein, whereas feeding diets with mycotoxins and YCWE increased (p < 0.05) apparent ileal digestibility of crude protein of pigs. Similarly, there was a tendency (p = 0.096) for an interaction, where feeding diets with mycotoxins alone reduced (p < 0.05) apparent ileal digestibility of gross energy, whereas feeding diets with mycotoxins and YCWE increased (p < 0.05) apparent ileal digestibility of gross energy of pigs. There was an interaction (p < 0.05), where feeding diets with mycotoxins alone reduced (p < 0.05) apparent ileal digestibility of ether extract, whereas feeding diets with mycotoxins and YCWE increased (p < 0.05) apparent ileal digestibility of ether extract of pigs.




2.2.3. Hematological Measurements


There were no effects of mycotoxins, YCWE, or interaction for hematological measurements on day 14 of pigs, except for neutrophils, where feeding diets with mycotoxins decreased (p < 0.05) the concentration in blood (Table 8). Feeding diets with YCWE increased (p < 0.05) red blood cell count, whereas it tended to increase (p = 0.071) white blood cell count at 45 days. Feeding diets with mycotoxins tended to increase (p = 0.052) hemoglobin concentration, whereas feeding diets with YCWE tended to reduce (p = 0.086) hemoglobin concentration on day 45. Feeding diets with YCWE reduced (p < 0.05) the percentage of hematocrit on day 45. There were no effects of mycotoxins, YCWE, or interaction for mean corpuscular volume, mean corpuscular hemoglobin, or mean corpuscular hemoglobin concentration of pigs on day 45. Feeding diets with YCWE tended to lower (p = 0.058) platelet count on day 45. Feeding diets with YCWE decreased (p < 0.05) lymphocyte count on day 45. There were no effects of mycotoxins, YCWE, or interaction for monocyte or eosinophil concentrations of pigs on day 45.




2.2.4. Serum Biochemical Measurements


Feeding diets with mycotoxins tended to decrease (p = 0.077) total protein concentration in serum on day 45 (Table 9). Likewise, feeding diets with YCWE tended to reduce (p = 0.077) total protein concentration in serum at 45 days. Feeding diets with mycotoxins tended to increase (p = 0.078) albumin concentration on day 45 and to decrease (p = 0.071) globulin concentration on day 14. Feeding diets with mycotoxins increased (p < 0.05) the albumin-to-globulin ratio on day 14. There was an interaction (p < 0.05) for the albumin-to-globulin ratio on day 45, indicating that there was a reduction of the albumin-to-globulin ratio when YCWE was added for pigs fed diets with no mycotoxins. There was an interaction for cholesterol on day 45, indicating that there was a decrease in cholesterol level when pigs were fed diets with mycotoxins and YCWE, in comparison to when pigs were fed diets without mycotoxins but with YCWE. There was a tendency (p = 0.067) for an interaction for serum AST on day 14, indicating that YCWE tended to reduce serum AST in pigs fed diets with mycotoxins but the tendency disappeared in pigs fed diets without mycotoxins. Feeding diets with YCWE tended to decrease (p = 0.091) serum alkaline phosphatase on day 14. Feeding diets with mycotoxins increased (p < 0.05) creatinine concentration in serum on day 14. Feeding diets with mycotoxins reduced (p < 0.05) cholesterol in serum on day 14. Feeding diets with YCWE decreased (p < 0.05) calcium levels, tended to decrease (p = 0.083) sodium levels, and tended to increase (p = 0.081) chloride levels in serum on day 14. Feeding diets with mycotoxins tended to decrease (p = 0.064) potassium concentration and tended to increase (p = 0.053) sodium-to-potassium in serum on day 14. There were no effects of mycotoxins, YCWE, or interaction for alkaline phosphatase, BUN, BUN-to-creatinine ratio, phosphorus, glucose, and creatine phosphokinase in serum of pigs neither on day 14 nor 45.




2.2.5. Jejunal Histomorphometry and Crypt Cell Proliferation


Feeding diets with mycotoxins reduced (p < 0.05) villus height in pig jejunum (Table 10). However, feeding diets with YCWE tended to increase (p = 0.088) villus height in pig jejunum. Feeding diets with mycotoxins tended to increase (p = 0.096) the width at the top of jejunal villus. There were no effects of mycotoxins, YCWE, or interaction for the width in the middle or bottom of the villus, nor for crypt depth and villus height/crypt depth ratio of pigs. Feeding diets with mycotoxins tended to reduce (p = 0.091) the percentage of Ki-67 staining-positive cells in jejunum. Whereas, feeding diets with YCWE tended to increase (p = 0.052) the percentage of cells positive to Ki-67 staining.




2.2.6. Immunological and Oxidative Stress Measurements


Feeding diets with mycotoxins increased (p < 0.05) immunoglobulin A (IgA) concentration in jejunal mucosa of pigs. In the other hand, feeding diets with YCWE reduced (p < 0.05) IgA concentration in jejunal mucosa of pigs. Feeding diets with YCWE tended to reduce (p = 0.055) TNF-α concentration in jejunal mucosa of pigs. There was a tendency for an interaction (p = 0.083) for TNF-α concentration in pig serum on day 14, where feeding diets with mycotoxins alone increased (p < 0.05) TNF-α concentration in comparison to feeding diets with mycotoxins and YCWE (Table 11). There were no effects of mycotoxins, YCWE, or interaction for serum concentrations of TNF-α, IgA, protein carbonyl, or MDA on day 45 of pigs. On day 14, there were no effects of mycotoxins, YCWE, or interaction for serum concentrations of IgA, IgG, protein carbonyl, or MDA of pigs. There was a tendency (p = 0.057) for an interaction, where IgG concentration tended to be higher in pigs fed diets with only mycotoxins than in diets with mycotoxins and YCWE on day 45. There were no effects of mycotoxins, YCWE, or interaction for jejunal mucosa concentrations of IgG and MDA of pigs. There was an interaction (p < 0.05), where feeding mycotoxins alone increased protein carbonyl concentration in jejunal mucosa of pigs, whereas feeding mycotoxins and YCWE reduced the amount of protein carbonyl.




2.2.7. Microbiome Analysis in Jejunal Mucosa


There were no effects of mycotoxins, YCWE, or interaction on pigs for the following bacterial phylum sequences from jejunal mucosa: Actinobacteria, Firmicutes, Proteobacteria, Chlamydiae, Deinococcus-Thermus, Fusobacteria, Nitrospirae, Tenericutes, and Verrucomicrobia (Table 12 and Figure 1). There was an interaction (p < 0.05) for Bacteriodetes indicating that YCWE increased Bacteriodetes in pigs fed diets with mycotoxins. There was a tendency (p = 0.062) for an interaction for Spirochaetes, indicating that YCWE tended to increase Spirochaetes in pigs fed diets with mycotoxins.



There were no effects of mycotoxins, YCWE, or interaction on pigs for the percentage of bacterial sequences from jejunal mucosa in pigs for the following bacterial families: Clostridiaceae, Veillonellaceae, Ruminococcaceae, Propionibacteriaceae, Helicobacteraceae, Moraxellaceae, Oxalobacteraceae, Oxalobacteraceae, Chlamydiaceae, Staphylococcaceae, Pseudomonadaceae, Streptococcaceae, Paenibacillaceae, Succinivibrionaceae, Xanthomonadaceae, and for the total percent of all families lower than 1.0% in each family (Table 13). Feeding diets with mycotoxins increased (p < 0.05) the percentage of sequences from the family Lactobacillaceae. Feeding diets with YCWE reduced (p < 0.05) the proportion of sequences from the family Prevotellaceae. Feeding diets with YCWE tended to decrease (p = 0.064) the proportion of sequences from Eubacterium. Feeding diets with YCWE decreased (p < 0.05) the percentage of sequences from Erysipelotrichaceae and tended to decrease (p = 0.064) the proportion for Eubacterium in that family.



There were no effects of mycotoxins, YCWE, or interaction on pigs for the percentage of bacterial sequences from jejunal mucosa for the following bacterial species: Lactobacillus mucosae, Clostridium perfringens, Propionibacterium acnes, Lactobacillus delbrueckii, Chlamydia suis, Lactobacillus sp., Clostridium butyricum, Dialister succinatiphilus, Faecalibacterium prausnitzii, Succinivibrio dextrinosolvens, Massilia niabensis, Acinetobacter radioresistens, Streptococcus hyointestinalis, Mitsuokella jalaludinii, Ruminococcus gauvreauii, Helicobacter equorum, Staphylococcus sciuri, Stenotrophomonas rhizophila, Helicobacter mastomyrinus, Mitsuokella multacida, Prevotella sp., Helicobacter rappini, Bacillus coagulans, Eubacterium multiforme, Roseburia faecis, Clostridium hiranonis, Eubacterium biforme, and Lactobacillus johnsonii (Table 14). Feeding diets with mycotoxins reduced (p < 0.05) the percentage of sequences from Lactobacillus kitasatonis in jejunal mucosa of pigs. Feeding diets with YCWE increased (p < 0.05) the proportion of sequences from Prevotella copri and Prevotella stercorea, whereas it decreased (p < 0.05) the proportion from Lactobacillus equicursoris. Feeding diets with YCWE tended to increase the proportion of sequences from Turicibacter sanguinis (p = 0.064) and Clostridium sp. (p = 0.075). Feeding diets with mycotoxins tended to decrease the proportion of sequences from Leclercia adecarboxylata (p = 0.064) and Trabulsiella odontotermitis (p = 0.067).




2.2.8. Tight Junction Proteins in Jejunum


There were no effects of mycotoxins, YCWE, or interaction for tight junction proteins in jejunal mucosa of pigs (Figure 2).






3. Discussion


The present study was designed to test the efficacy of the YCWE (Mycosorb A+, Alltech Inc. Kentucky) derived from the cell wall of Saccharomyces cerevisiae and algal material in nursery and growing pigs challenged with AFB1, DON, and FB1 in naturally contaminated diets (Table 15).



In nursery pigs, aflatoxin concentration up to 20 μg/kg has shown no impact on the growth of pigs [3]. Nevertheless, the aflatoxin concentration at 180 μg/kg used in experiment 2 has shown impairment on growth performance of nursery pigs, where a stronger impairment on growth performance was noticed in comparison to growing pigs from experiment 1. In experiment 2, feeding diets with mycotoxins had an obvious and negative effect on growth performance in nursery pigs by reducing BW, ADG, and ADFI by 11%, 13%, and 17%, respectively. However, mycotoxins increased G:F by 4% during the entire period. The compensatory improvement of G:F is possibly due to the reduction in feed intake [12]. Mycotoxin impact was weaker in growing pigs, where mycotoxins decreased ADG by 18% and G:F by 15% during only the first seven days. These results along with the absence of change in ADFI during the first seven days are indicative that mycotoxins impaired animal growth by affecting nutrient absorption or utilization during acute challenge. As a result, mycotoxins tended to reduce pig BW on day 14. Challenges with aflatoxin and fumonisin in growing pigs have been shown to reduce BW, ADG, and ADFI when in higher concentrations (2.5 mg of aflatoxin and 100 mg of FB1/kg) than the concentrations used in experiment 1 (180 μg/kg AFB1 and 14 mg/kg FB1) [13]. A compensatory improvement of G:F of 8% was observed in growing pigs from day 14 to 21 in experiment 1 from the current study. Of interest, the interaction observed from day 27 to 34 and from day 34 to 41 showed that the reduction on ADG in nursery pigs fed diets with mycotoxins was ceased by the inclusion of YCWE in diets, suggesting a protective role of YCWE against mycotoxins with an impact on pig growth performance. The effects of YCWE on growth performance of nursery pigs fed diets with mycotoxins is supported by the results obtained for nutrient digestibility, where the apparent ileal digestibility of crude protein, gross energy, and ether extract was reduced in pigs fed diets with mycotoxins but increased when YCWE was included in the diets.



Comparing the results of both experiments, along with results previously reported in the scientific field, the severity and persistence of the effects of the mycotoxin challenge on growth performance of pigs seems to depend on age, being more severe in nursery pigs in comparison to growing pigs. In addition, nursery pigs can be more susceptible to the mycotoxin challenge due to weaning stress [14]. Besides age and weaning stress factors, the presence of deoxynivalenol in the experimental diets fed to nursery pigs in experiment 2 may have intensified mycotoxins impairment on growth performance. Piglets weaned with 24 days (older than in experiment 2) and challenged with 3 mg/kg of DON, have shown impaired growth performance during the 14 days of the challenge [15]. However, deoxynivalenol-challenged pigs presented impaired growth performance when fed values as low as 0.6 mg/kg [16]. Deoxynivalenol impairment on growth performance seems to be caused specially by its anorexigenic effect. The reduction on feed intake caused by deoxynivalenol is due to an increased release of proinflammatory cytokines [17,18] satiety hormones [19], and neuroendocrine regulation [20]. Satiety hormones such as peptide YY and cholecystokinin have increased levels in serum after deoxynivalenol challenge in mice, resulting in reduced feed intake [19]. Resistance to deoxynivalenol was developed by adult mice where no anorexigenic effect was observed for at least two days after ceasing the challenge with the mycotoxin [21]. The same study showed that animals developed a dose-dependent increase in feed intake after the challenge, reinforcing animal ability of acclimation to mycotoxins. The neuroendocrine regulation is mediated by serotonin receptor activation in rats, reducing digesta transit time, and thus, feed intake [20]. Feeding higher concentrations of deoxynivalenol can even cause emesis. High serum levels of peptide YY and serotonin were described as responsible for the deoxynivalenol emetic effect in mice [22].



The YCWE from S. cerevisiae is composed of an inner layer of insoluble β-D-glucans arranged in a network [23]. Insoluble property and structural conformation allow the β-D-glucans to survive digestion and to mitigate the impact of mycotoxins in the lower gastrointestinal tract. Directly related to mycotoxins, β-D-glucans [8,24] and a mixture of YCWE, clay, and organic acids [15] have previously shown binding efficacy on Fusarium toxins, resulting in reduced deoxynivalenol impact on growth performance of nursery pigs [15]. Even though previous studies have shown improved animal performance, minor effects were observed in pigs fed diets with YCWE considering growth performance for nursery and growing pigs. In growing pigs, YCWE tended to reduce animal ADG during the first seven days and ADFI during the last seven days, suggesting a mild detrimental effect of YCWE on growth performance. In experiment 2 with nursey pigs, YCWE reduced feed intake during phase 1, which may have caused the reduced ADG for the same phase. The lower G:F for nursery pigs fed diets with YCWE during the first seven days may have enhanced G:F during the last days of the study, after day 34, as a compensatory mechanism [12], as observed as a tendency of increased G:F for the overall period for pigs fed diets with YCWE. The results regarding YCWE and growth performance were unexpected, since a combination of fermented media by S. cerevisiae and hydrolyzed yeast cell wall from S. cerevisiae [25] or S. cerevisiae cell wall [26] demonstrated enhanced nutrient digestibility and utilization in weaned pigs. Likewise, pigs fed YCWE had greater digestibility than pigs fed a basal diet without S. cerevisiae cell wall [26]. The production of total volatile fatty acids in ileum and cecum was also reported to be increased in pigs fed β-D-glucans from S. cerevisiae [27].



Growing pigs consuming mycotoxins showed increased serum albumin and reduced serum cholesterol and BUN. The observed increase in serum albumin could be due to the ability of the serum protein to hydrolyze Fusarium toxins [28] and to its antioxidant role [29], properties that may help with handling the mycotoxin challenge. Cholesterol and urea are primarily synthetized by hepatocytes and their decrease is indicative of impaired liver function [1]. In experiment 2, the interaction observed on day 45, where mycotoxins a decreased cholesterol level among pigs fed YCWE, is indicative that the supplementation with YCWE was not able to recover cholesterol synthesis by hepatocytes. Although, YCWE showed a tendency to reduce serum AST in pigs fed diets with mycotoxins. The aspartate aminotransferase is more sensitive than alanine aminotransferase for hepatic damage in pigs [30]. Therefore, YCWE could improve liver function in pigs with moderate hepatic damage, as shown in experiment 2 of the current study. The reduction on glucose and K levels, with a consequent impact on the Na-to-K ratio, might indicate kidney damage, due to inefficient glucose and K reabsorption after glomerular filtration [31,32,33]. The YCWE was able to prevent those changes in glucose and K. The tendency of increase in Na and Cl levels in serum of growing pigs fed diets with YCWE may be due to its composition. One of the components in the YCWE product is hydrated sodium calcium aluminosilicate, justifying the increase of Na in serum and the concomitant increase in Cl to maintain the electrolytic balance in serum.



The mycotoxin challenge can modulate the immune function of pigs and potentially increase animal susceptibility to infectious diseases or morbidity [34]. In the current study, mycotoxins reduced neutrophils blood levels for growing pigs in experiment 1. In growing pigs, the increased duodenal IgG concentration in animals fed mycotoxin compared to pigs without a mycotoxin challenge may indicate a late immune response, characterizing a specialized response by the adaptive immune system. In previous study carried out by our group, pigs challenged with DON and zearalenone did not show any alteration in white blood cells and IgG in comparison to animals fed a control diet [1]. In a different study, DON-challenged pigs have shown decreased serum IgG [33]. A combination of fermented media by S. cerevisiae and hydrolyzed yeast cell wall from S. cerevisiae have been shown to increase IgG and IgM levels in serum and IgA level in the gut [25]. In experiment 1, IgG levels in jejunum and serum, and lymphocyte count were increased by YCWE when pigs were fed diets without mycotoxins, suggesting YCWE’s ability to stimulate an immune response. In experiment 2, it was possible to notice a reduction of albumin-to-globulin ratio in pigs fed diets with YCWE and no mycotoxins, reinforcing YCWE’s effect as an immune stimulator. In experiment 1, equivalent IgG levels in jejunum were observed between pigs fed diets with YCWE and pigs fed diets with mycotoxins, indicating that YCWE could stimulate the immune system as much as mycotoxins but without the latter’s toxic effects. On the other hand, IgG concentration in serum in experiments 1 and 2 did not follow the same behavior as observed for the jejunal IgG described. Indeed, there was a reduction when YCWE was added to diets of pigs fed diets with mycotoxins, indicating a protective role of YCWE at the gut level with a possible reduction of systemic immune response.



The hypothesis of late response by the adaptive immune system is supported by no differences in TNF-α and MDA in gut mucosa and blood serum, which are related to early inflammatory response and cell damage, respectively. The absence of difference between pigs fed mycotoxin diets and control pigs for TNF-α and MDA were also observed in pigs challenged with Fusarium toxins [1]. A mixture of YCWE, clay, and organic acids was able to reduce TLR-4 expression and improve gut barrier function in deoxynivalenol-challenged nursery pigs [15]. Regarding cytokines, IFN-γ, IL-6, IL-12B, TNF-α, and PTGS2 were over expressed in pigs fed diets with DON [33]. The inclusion of YCWE in diets decreased 8-OHdG, molecule that indicates nucleic acid injury, suggesting reduced oxidative stress and improved cell viability [1]. Furthermore, the inclusion of YCWE in diets with mycotoxins successfully overcame the increase in protein carbonyl in jejunum mucosa observed in nursery pigs fed diets with mycotoxins.



Despite the effects observed for immune and oxidative stress markers, there were no noticeable effects on tight junction expression for claudin, occludin, or zona occludens-1 protein in experiment 2. Tight junctions are responsible for the juxtaposition of enterocytes and thus, are indicative of intestinal wall integrity [35]. The absence of effect of mycotoxins, YCWE, or interaction suggest that both the challenge with mycotoxins and the YCWE supplementation could not alter gut wall structure regarding tight junction constitution. Even still, there are other immune-related structures present on enterocyte surface that seem to have be altered in current study. The immune system can be modulated by the interaction of molecules present in the intestinal lumen with receptors along the intestinal wall. One such receptor is the TLR2, which can be stimulated by both yeast components as well as bacterial lipopolysaccharide [36,37]. The supplementation with YCWE could have enhanced the expression of TLR2 which promoted the survivability of Spirochaetes [36], as observed in experiment 2. The supplementation with the yeast cell wall has previously shown to reduce the proportion of disease-related bacteria [38]. In the current study, similar results were observed with the decrease of the proportion of Erysipellotrichaceae and Prevotellaceae families in pigs fed diets with YCWE, despite the increase in specific species within the family (P. copri and P. stercorea), suggesting an improvement in intestinal health of pigs fed diets with YCWE. This line of thought can also be used to explain the decrase in Lactobacillus equicursoris observed in pigs fed diets with YCWE. The L. equicursoris has demonstrated antagonistic ability against pathogenic bacteria in pigs [39], indicating that the supplementation with YCWE could have a role in reducing the load of pathogenic bacteria in the intestinal tract of pigs. The species Trabulsiella odontotermitis is found in the gastrointestinal tract of termites that are able to digest fungi cell wall [40]. The reduction of T. odontotermitis in pigs fed diets with mycotoxins was unexpected, since the ingestion of mycotoxins should have enhanced pigs’ ability to handle fungi presence in the feed. At the same time, pigs fed diets with mycotoxins had an increased proportion of Lactobalicaceae family and of Lactobacillus kitasatonis, which is known to play a probiotic role in pig intestine [41]. The Lactobacillus sp. have previously shown the ability to reduce mycotoxicity by binding to mycotoxins extracellularly [42,43] and, as gram-positive bacteria, can be considered as “native DON-degraders” [44]. Thus, the increase of Lactobacilaceae family proportion in the intestinal microbiome of mycotoxin-fed pigs as well as the increase of gram-positive bacteria as Turicibacter sanguinis and Clostridium sp. in pigs fed diets with YCWE can be indicative of an induced adaptation of the microbiome and of the pig itself to handle better mycotoxin challenge.



Cells from the intestinal crypts are responsible for enterocyte renewal and crypt depth is positively related with proliferative rate that can be measured by Ki-67 staining [45]. The tendency in reducing duodenal crypt depth in animals fed YCWE may indicate that the additive was able to enhance enterocyte survivability, thus reducing crypt cells’ proliferative rate. Indeed, YCWE tended to increase villus height as previously reported in pigs fed YCWE in comparison to pigs fed a basal diet without S. cerevisiae cell wall [26]. On the other hand, feeding diets with mycotoxins reduced villus height and tended to reduce the percentage of cells positive to Ki-67. Such outcomes suggest that mycotoxins reduced the villus height by impairing crypt cell proliferation. At the same time, the tendency to increase in villus width may be an adaptation strategy to increase the absorptive surface area after mycotoxins damage.



Collectively, the current study suggests that susceptibility of pigs to AFB1 180 μg/kg, DON 1 mg/kg, and FB1 9 mg/kg is higher in nursery pigs (6 to 29 kg, challenged for 48 days) than in growing pigs (56 to 89 kg, challenged for 35 days) to AFB1 180 μg/kg and FB1 14 mg/kg, depending on the health status of gastrointestinal and immune systems. The YCWE at 0.2% showed a protective role against the aforementioned mycotoxins, improving pig growth and health mainly in nursery pigs in comparison to growing pigs.




4. Materials and Methods


A protocol of these experiments was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at North Carolina State University (NCSU; Raleigh, NC, USA).



4.1. Animals and Experimental Diets


In experiment 1, one hundred and twenty pigs (60 barrows and 60 gilts at 55.58 ± 3.13 kg, crossbred pigs, Smithfield Premium Genetics, Rose Hill, NC, USA) were used. Pigs were housed in solid concrete floor indoor pens (1.42 × 3.86 m) at the North Carolina State University Swine Evaluation Station (Clayton, NC, USA). Pigs were grouped by body weight (BW) and randomly assigned to four treatments within a BW group. Each treatment had ten replicates and three pigs per pen.



In experiment 2, forty-eight newly weaned pigs at 3 weeks of age (24 barrows and 24 gilts at 5.98 ± 0.24 kg, PIC 337 × Camborough 22) were used. This study was conducted at the North Carolina State University Metabolism Evaluation Unit (Raleigh, NC, USA). Pigs were housed in a pen (0.74 × 1.5 m) equipped with a polyethylene feeder attached to the front of the pen, nipple water next to the feeder, and slatted flooring. Pigs were grouped by body weight (BW) and randomly assigned to four treatments within a BW group. Each treatment had twelve replicates and one pig per pen.



Corn and wheat naturally contaminated with mycotoxins were identified and the mycotoxin concentrations were confirmed. Corn was analyzed by the Alltech 37+ program at Alltech (Nicholasville, KY, USA) for 16 mycotoxins including AFB1 and FB1, and wheat was analyzed for 11 mycotoxins including DON. Quantification of AFB1 and FB1 was conducted using UPLC-MS/MS. Corn contained AF (2.8 mg/kg for experiments 1 and 2) and FUM (170.2 mg/kg for experiments 1 and 2) and wheat contained DON (7.3 mg/kg, for experiment 2) and these were used to make experimental diets (Table 16 and Table 17). This contaminated corn and wheat were blended with corn and wheat without mycotoxins in order to reach the desired levels of 180 μg/kg AFB1 and 14 mg/kg FB1 (experiment 1) and 180 μg/kg AFB1, 1 mg/kg DON, and 9 mg/kg FB1 (experiment 2) in the final diets. Non-contaminated corn and wheat were also used to formulate a control without mycotoxins. Mycotoxin analysis in corn and wheat was completed by collecting 10 samples from different locations to obtain a representative mixture. Ten samples were combined and thoroughly blended together before two subsamples were collected for analysis of mycotoxin content measured by the Alltech 37+ program using UPLC-MS/MS (Table 18).



Four treatments were based on a 2 × 2 factorial arrangement with mycotoxin (180 μg/kg AFB1 and 14 mg/kg FB1 or 180 ug/kg AFB1, 1 mg/kg DON, and 9 mg/kg FB1 for experiments 1 or 2, respectively) and yeast cell wall extract (YCWE; Mycosorb A+, Alltech Inc., Nicholasville, KY, USA: 2 g/kg diet) as two factors. Thus, the 4 treatments were: (1) MT-YC 0%: corn-soybean meal-based diet without detectable AFB1 and FB1, (2) MT-YC 0.2%: MT-YC 0% + YCWE, (3) MT+YC 0%: MT-YC 0% + 180 μg/kg AFB1 and 14 mg/kg FB1 or 180 μg/kg AFB1, 1 mg/kg DON, and 9 mg/kg FB1 (respectively for experiments 1 or 2) by the use of naturally contaminated corn and wheat replacing clean corn and wheat used in MT-YC 0%, and (4) MT+YC 0.2%: MT+YC + YCWE. The YCWE-based MT-YC 0.2% and MT+YC 0.2% is composed of hydrolyzed yeast, which includes the cell wall fraction of the organism. Pigs were fed the experimental diets for a 5-week period based on the phase 5 diet for experiment 1, and were fed the experimental diets for 48 days based on a 2-phase feeding program (phase 1: 20 days and phase 2: 28 days). Feed intake and body weight were recorded weekly. During the entire experimental period, all pigs had free access to feed and water. Concentrations of essential nutrients met requirements suggested by the National Research Council [46]. All diets were free of antimicrobial growth promoter and ZnO. Titanium dioxide (0.4%) was added to experimental diets from day 43 of experiment 2 as an indigestible external marker to measure apparent ileal digestibility (AID).



Challenge periods and inclusion levels of mycotoxins in this study were based on previous studies where pigs at similar body weights were challenged with AF, FUM, and DON (isolated or in combination) for equivalent periods of time to enable comparison of results [2,4,16]. The inclusion level of 0.2% for YCWE was chosen based on the recommended level by the manufacturer, which was previously tested and showed the ability to reduce mycotoxin toxicity [3,47].




4.2. Sampling and Laboratory Analyses


4.2.1. Blood Sampling


In experiment 1, the pig with median BW from each pen was bled at the end of 4 weeks of feeding, whereas in experiment 2, pigs were bled on days 14 and 45 for hematological, biochemical, anti-oxidative, and immunological analysis. Blood was collected in Vacutainer tubes (BD Biosciences, San Jose, CA, USA) without anticoagulant to obtain serum for serum biochemistry as indicators of overall physiological status, TNF-α as an indicator of inflammatory status, IgA (only for experiment 2) and IgG as indicators of humoral immune status, MDA as an indicator of lipid peroxidation, protein carbonyl (only for experiment 2) as an indicator of oxidative protein damage, and 8-hydroxydeoxyguanosine (8-OHdG, only for experiment 1) as an indicator of oxidative DNA damage. Blood was allowed to clot before centrifuging for 15 min at 3000 × g (4 °C) to collect serum, and samples were stored at –80 °C until analyzed. Blood samples were also collected in tubes containing EDTA to obtain whole blood for hematological measurements.




4.2.2. Tissue, Mucosa, and Digesta Collection


At the last day of feeding, from each treatment, a pig representing an average body weight of each of the 8 pens (4 gilt pens and 4 barrow pens) were selected, excluding one of the heaviest and one of the lightest pens for experiment 1, and all pigs for experiment 2. Pigs were euthanized to collect mucosa tissue samples from duodenum (a portion of 20 cm, only for experiment 1) and distal jejunum (a portion of 20 cm prior to ileum). Duodenum and distal jejunum were isolated and flushed with saline solution. About 10 cm of their section was fixed in 10% formaldehyde phosphate buffer and kept for microscopic assessment of mucosal morphology, such as villus height and crypt depth. Mucosa from the left duodenum and jejunum were also stored in liquid nitrogen immediately after collection and moved to –80 °C until analysis. The mucosa was used to measure TNF-α, IgG, and MDA for both experiments and IgA and protein carbonyl only for experiment 2. In experiment 2, ileal portion (a portion of 20 cm prior to ileocecal valve) was used to obtain ileal digesta for apparent ileal digestibility. The ileal digesta was collected by gently squeezing. The ileal digesta were stored in sterile containers and kept frozen at –20 °C. The ileal digesta was freeze-dried (24D × 48, Virtis, Gardiner, NY) for storage and chemical analysis. Freeze-dried digesta was used for measuring apparent ileal digestibilityof dry matter, crude protein, growth energy, and ether extract. In experiment 2, jejunal tissues were used to measure tight junction proteins (claudin-1, occludin, and zona occludens-1 protein) as indicators of gut integrity using Western Blot.




4.2.3. Hematological and Biochemical Assays


Whole blood with EDTA was sent to Antech Diagnostics (Cary, NC, USA) for complete blood counting. Measurements included hematocrit, hemoglobin, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, mean corpuscular volume, platelet number, red blood cell count, white blood cell count, basophils, eosinophils, lymphocytes, monocytes, and neutrophils.



Concentrations of serum alanine aminotransferase, albumin, alkaline phosphatase, aspartate aminotransferase, bilirubin, BUN-to-creatinine ratio, calcium, chloride, cholesterol, creatinine, creatine phosphokinase, globulin, glucose, phosphorus, potassium, sodium, and BUN were measured (Antech Diagnostics, Cary, NC, USA) for determination of serum biochemistry.




4.2.4. Tumor Necrosis Factor-α


Tumor necrosis factor-α was measured in duodenal and jejunal mucosa as well as in serum by enzyme-linked immunosorbent assay (ELISA), as described by Weaver et al. [48]. Determination of TNF-α was completed following the manufacturer’s procedure (PTA00; R and D System, Minneapolis, MN, USA). Mucosa samples (500 mg) of duodenum and jejunum were weighed and suspended into 1.0 mL PBS. Mucosa samples were homogenized (Tissuemiser; Thermo Fisher Scientific Inc., Rockford, IL, USA) on ice. The homogenate was centrifuged for 30 min at 10,000× g (4 °C) to collect supernatant, which was used to determine concentrations of TNF-α and protein concentrations. Protein concentrations of mucosa supernatant in duodenum and jejunum were measured using a BCA protein assay (23225; Thermo Fisher Scientific, Rockford, IL, USA). Briefly, 50 µL of standard plus dilute or 100 µL of sample was added to microplate wells coated with capture antibody in conjunction with biotinylated antibody reagent. Detection occurred by the use of horseradish peroxidase, TMB substrate, and a stop solution of 2 M sulfuric acid (H2SO4). Absorbance was read at 450 nm and 550 nm by an ELISA plate reader (Synergy HT, Biotek Inc. Winooski, VT, USA) and the Gen 5 data analysis software (Biotek Inc. Winooski, VT, USA). Concentrations of TNF-α in mucosa and serum were expressed as ng/g of protein and pg/mL, respectively. The detection limit for TNF-α was 5 pg/mL. Unless otherwise defined, all processes of sample extraction and protein measurements used herein have the same method.




4.2.5. Immunoglobulins A and G


Concentrations of porcine IgA and IgG in duodenal and jejunal mucosa as well as in serum were measured via ELISA, as described by Weaver et al. [4]. Goat anti-pig IgA or IgG was used to capture antibodies by coating wells. Horseradish peroxidase conjugated to goat anti-pig IgA or IgG were used as the detection antibody in combination with the TMB (3,3′,5,5′-tetramethylbenzidene) enzyme substrate (E100-102 or E100-104; Bethyl Laboratories Inc., Montgomery, TX, USA). A solution of 0.18 M H2SO4 was used to stop the enzyme-substrate reaction. Absorbance was read at 450 nm using an ELISA plate reader and Gen 5 data analysis software. Concentrations of IgA and IgG in mucosa and serum were expressed as mg/g of protein and mg/mL, respectively. Detection limits were 15.6 to 1000 ng/mL or 7.8 to 500 ng/mL for IgA and IgG, respectively.




4.2.6. Malondialdehydes


Concentrations of MDA in duodenal and jejunal mucosa as well as in serum were analyzed using a TBARS assay (STA-330; Cell Biolabs, San Diego, CA, USA) as described by Shen et al. [49]. Concentrations of MDA in mucosa and serum were expressed as µmol/mg protein and nmol/mL, respectively. The assay range for MDA was 0 to 125 µM.




4.2.7. 8-Hydroxy-Deoxyguanosine


Production of 8-OHdG in serum was determined by ELISA (STA-320; Cell Biolabs, San Diego, CA, USA) as described by Weaver et al [48]. Undiluted samples were added to an 8-OHdG conjugate-coated microplate, followed by diluted anti-8-OHdG antibody, and finally diluted secondary antibody enzyme conjugate. After incubation, the provided stop solution was added to each well, and allowed to incubate for 8–10 min before being stopped with a stop solution in order to achieve a color change which was not over-saturated. Samples were then measured at 450 nm and concentration was determined based on the standard curve.




4.2.8. Protein Carbonyl


Concentration of protein carbonyl in jejunal mucosa and serum as an index of oxidative protein was analyzed using an ELISA kit (STA 310; Cell Biolabs, San Diego, CA, USA) as described by Shen et al. [49]. Concentrations of protein carbonyl in mucosa and plasma were expressed as µmol/g protein. The assay range for protein carbonyl was 0 to 7.5 nmol/mg protein.




4.2.9. Chemical Analysis


In experiment 2, dry matter of digesta was quantified by weighing digesta samples prior to and after freeze-drying, as described in Passos et al. [50]. Nitrogen was quantified in ground feed and digesta samples using TruSpec N Nitrogen Determinator (LECO Corp., St. Joseph, MI, USA) to calculate crude protein (method 992.15; [51]). Gross energy was quantified in ground feed and digesta samples using a Parr 6200 Calorimeter (Parr Instrument Co., Moline, IL). Ether extract was quantified in ground feed and digesta samples using ether extraction method (method 920.39; [51]).




4.2.10. Apparent Ileal Digestibility


In experiment 2, apparent ileal digestibility (%) of dry matter, crude protein, gross energy, and ether extract was calculated using the titanium dioxide concentration in digesta and feed by using the equation: AID = 100 – ((ND/NF) × (TiF/TiD) × 100), where, AID is the apparent nutrient digestibility, ND is the nutrient concentration present in the ileal digesta, NF is the nutrient concentration in the feed, TiF is the titanium dioxide concentration in the feed, and TiD is the titanium dioxide concentration in the ileal digesta. Titanium dioxide was measured and calculated using a standard curve based on the methods described by Myers et al. [52].




4.2.11. Immunohistochemistry for Ki-67 and Morphometry on Duodenum and Jejunum


In experiment 1, duodenal and jejunal samples were embedded in paraffin, cut cross-section to 5 µm thick, and mounted on polylysine-coated slides. Slides were then stained (hematoxylin and eosin) and examined under a Sony Van–Ox S microscope (Opelco, Washington, DC). Villus height (from the tip of the villi to the villus-crypt junction), villus width (width of the villus at one-half of the villus height), and crypt depth (from villus junction to the base of the crypt) were determined according to Weaver et al. [48]. Lengths of 10 well-oriented intact villi and their associated crypt were measured in each slide. The same person executed all the analyses of intestinal morphology.



In experiment 2, jejunal samples were embedded in paraffin. Epitope retrieval was performed using 10 mM citrate buffer, pH 6.0 in a pressure cooker (Dako, Carpinteria, CA). Endogenous peroxidase was quenched with 3% hydrogen peroxide and sections were blocked using protein block reagent (Dako, Carpinteria, CA). Primary monoclonal antibody of Ki-67 (Dako, Carpinteria, CA) was used after 1:500 dilutions. Secondary antibody was attached using Vector ImmPRESS anti-mouse polymer reagent (Vector Laboratories, Burlingame, CA) after 1:2 dilutions. Diaminobenzamine reagent (Vector Laboratories, Burlingame, CA) was used as the chromogen. Image JS software [53] was used for calculating the Ki-67-positive cell. Simultaneously, jejunal morphometry can be available with the immunohistochemistry.




4.2.12. Microbiome Analysis of Jejunal Mucosa


In experiment 2, mucosa-associated microbiome was sequenced. DNA was extracted from jejual mucosa with QIAGEN’s QIAamp® DNA Stool MiniKit (Qiagen, Crawley, UK). Samples were prepared for template preparation on the Ion Chef TM instrument and sequencing on the Ion S5 TM system (ThermoFisher Scientific, Inc., Wilmington, DE, USA). Variable regions V2, V3, V4, V6, V7, V8, and V9 of the 16S rRNA gene were amplified with the Ion 16S Metagenomics Kit (ThermoFisher Scientific, Inc., Wilmington, DE). Sequences (hypervariable regions) were processed using the Torrent Suite TM Software (version 5.2.2; ThermoFisher Scientific, Inc., Wilmington, DE) to produce “.bam” files for further analysis. Sequence data analysis, alignment to GreenGenes (anybody) and MicroSeq (experts) databases, alpha and beta diversity plot generation, and OTU table generation were performed by the Ion Reporter TM Software Suite of bioinformatics analysis tools (version 5.2.2; ThermoFisher Scientific, Inc., Wilmington, DE). Samples were analyzed using Ion Reporter’s Metagenomics 16S workflow powered by Qiime (version w1.1).




4.2.13. Tight Junction Proteins in Jejunal Tissue


In experiment 2, four samples of jejunal tissue in each treatment were used to measure tight junction protein, as described by Yang et al. [37]. Tissue samples (50 mg) of jejunum were weighed and suspended into 0.5 mL RIPA lysis and extraction buffer containing 5 µL protease inhibitor cocktail. Tissue samples were homogenized on ice. The homogenate was centrifuged at 10,000 × g at 4 °C for 10 min to collect supernatant. Protein concentration of the supernatant was adjusted to 2 µg/µL by using a BCA protein assay, as mentioned above. The adjusted supernatant was denatured at 100 °C for 5 min in the water bath and was loaded in each well for SDS-PAGE. After SDS-PAGE, the gel was moved on polyvinylidene difluoride membrane for transferring a target protein to the membrane. Protein was electrophoretically transferred at 90 mV for 1 h. This was then blocked in 5% skim milk, and incubated (overnight at 4 °C) with primary antibodies against claudin, occluding, zona occludens-1 protein, and β-actin. The membrane was subsequently washed and incubated (1 h at room temperature) with horseradish-conjugated secondary antibodies. The immunoblot was developed with the DAB substrate kit (34002; Pierce, Rockford, IL). The density of bands was identified by using image analyzer software (LI-COR Biosciences, Lincoln, NE).





4.3. Data Analysis and Interpretation


In both experiment 1 and experiment 2, data from this study were analyzed based on a randomized complete block design by the Mixed model of SAS Software (Cary, NC, USA). The experimental unit was a pen. Factors were mycotoxin and YCWE. Factors, interaction between factors, and sex were the fixed effects and initial BW block was a random effect. Diets with or without mycotoxins were compared with the PDIFF option to evaluate if the mycotoxin effect was mitigated by YCWE once an interaction between mycotoxin and YCWE was found. Statistical differences among treatment means were considered significant with p < 0.05, whereas 0.05 ≤ p < 0.10 was used as the criteria for tendency.
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Figure 1. Bacterial phyla (expressed as a percentage of relative abundance of sequences) collected from jejunal mucosa of weanling pigs fed diets with mycotoxins (MT) or and yeast cell wall extract (YC), based on 16S rRNA gene sequencing in experiment 2. Each pattern represents a particular bacterial phylum. Phylum sequences that did not achieve 1% within each phylum were combined as “Others”. MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and wheat; YC 0%: no addition of yeast cell wall extract (YCWE; Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. 
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Figure 2. Tight junction proteins of jejunal mucosa in weanling pigs fed diets with mycotoxin or/and yeast cell wall extract. Zo-1: zona occludens-1 protein; MT-: diet without aflatoxin B1 and fumonisin B1; MT+: inclusion of 180 μg/kg aflatoxin B1, 1 mg/kg deoxynivalenol, and 9 mg/kg fumonisin B1 by replacing the clean corn and clean wheat with naturally mycotoxin-contaminated corn and wheat; YC 0%: no addition of yeast cell wall extract (YCWE; Mycosorb A+, Alltech, Nicholasville, KY, USA); YC 0.2%: YCWE added at 2 g/kg of feed. 
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