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Abstract

:

Simple Summary


The earlier establishment of a health-benefiting intestinal microbiota can be an important strategy to improve intestinal health and subsequent growth performance. Functional oils, such as castor oil and cashew nutshell liquid, have been studied for promoting intestinal health due to their antimicrobial and anti-inflammatory properties. This study aimed to investigate the benefits of supplementation of functional oils on modulation of mucosa-associated microbiota, enhancing the intestinal health and growth performance of nursery pigs. It was demonstrated that the functional oils enhanced the intestinal health of the pigs by increasing beneficial and reducing harmful bacteria and by potentially reducing jejunal oxidative stress and enhancing intestinal morphology. Our results suggest that the blend composed of castor oil and cashew nutshell liquid can be used in nursery pigs to modulate the jejunal mucosa-associated microbiota and intestinal integrity of nursery pigs.




Abstract


This study aimed to investigate the effects of functional oils on modulation of mucosa-associated microbiota, intestinal health, and growth performance of nursery pigs. Forty newly weaned pigs (20 barrows and 20 gilts) with 7.0 ± 0.5 kg body weight (BW) were housed individually and randomly allotted in a randomized complete block design with sex and initial BW as blocks. The dietary treatments were a basal diet with increasing levels (0.00, 0.50, 0.75, 1.00, and 1.50 g/kg feed) of functional oils (a blend of castor oil and cashew nutshell liquid; Oligo Basics USA LLC, Cary, NC) fed to pigs for 34 days divided in two phases (P1 for 13 days and P2 for 21 days). Growth performance was analyzed weekly. On day 34, all pigs were euthanized to collect jejunal mucosa for analyzing the mucosa-associated microbiota and intestinal health, and ileal digesta for analyzing apparent ileal digestibility. Data were analyzed using SAS 9.4. Supplementation of functional oils did not affect the overall growth performance. Increasing supplementation of functional oils reduced (p < 0.05) the relative abundance of Helicobacteraceae, whereas it increased (p < 0.05) Lactobacillus kitasatonis. Supplementation of functional oils tended (p = 0.064) to decrease protein carbonyl and increase the villus height (p = 0.098) and crypt depth (p = 0.070). In conclusion, supplementation of functional oils enhanced intestinal health of nursery pigs by increasing beneficial and reducing harmful bacteria, potentially reducing oxidative stress and enhancing intestinal morphology, without affecting overall growth performance of pigs. Supplementation of functional oils at 0.75–1.50 g/kg feed was the most beneficial to the jejunal mucosa-associated microbiota and intestinal integrity of nursery pigs.
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1. Introduction


Nursery pig’s face changes in dietary sources and the environment after weaning that leads to weaning stress increase the risk of post-weaning diarrhea (PWD) during the first week [1,2,3]. Post-weaning diarrhea is one of the most destructive problems to newly weaned pigs, impairing their intestinal health and subsequent performance [4,5]. Antimicrobial growth promoters (AGP) have been conventionally used in nursery diets to control PWD and improve growth performance [6]. However, with the increasing concern about antimicrobial-resistant pathogens [7] and the ban of using AGP in many countries [8], different alternatives have started to be developed to promote the health and growth of pigs [9,10].



Phytobiotics including essential oils and herbal extracts have been studied as alternatives to AGP for swine and poultry [11,12,13,14] to promote functions beyond their energy value such as restoring the impaired villus-crypt structure as well as improving carcass characteristics [15,16,17]. Castor oil, which is mainly composed of ricinoleic acid, is known to have antimicrobial and anti-inflammatory effects when ingested orally by guinea pigs [18]. However, castor oil at oral doses greater than 10 mL/d can cause laxative effects, limiting its application in animal feeds at high doses [19,20,21]. Cashew nutshell liquid contains alkylphenolic oil, mainly composed of anacardic acid, cardanol, cardol, and methylcardol [22], providing anti-inflammatory and antioxidative effects that may lead to a reduction of diarrhea [23]. A combination of castor oil and cashew nutshell liquid as a blend provided antimicrobial and antioxidant effects, enhanced growth performance and intestinal structure in poultry [16,17,19,20], and may also apply to nursery pigs susceptible to intestinal challenges upon weaning.



It has been hypothesized that dietary supplementation of functional oils can modulate the mucosa-associated microbiota, thus enhancing the intestinal health and growth performance of nursery pigs. The objective of this study was to investigate the supplemental effects of functional oils on the modulation of mucosa-associated microbiota, intestinal health, and growth performance of nursery pigs.




2. Materials and Methods


2.1. Animals, Design, and Diets


The experimental protocol was approved by the Institutional Animal Care and Use Committee of North Carolina State University. Forty newly weaned pigs at 25 days of age (20 barrows and 20 gilts) with an initial BW of 7.0 ± 0.5 kg were housed individually and randomly allotted to five dietary treatments based on a randomized complete block design with initial BW and sex as blocks. Five dietary treatments (n = 8) were increasing supplementation (0.00, 0.50, 0.75, 1.00, and 1.50 g/kg feed) of functional oils (a blend of castor oil and cashew nutshell liquid; Oligo Basics USA LLC, Cary, NC). A basal diet was formulated to meet the nutrient requirements of pigs suggested by NRC [24] (Table 1). Supplementation of functional oils replaced the same amount of corn in basal diets. Pigs had ad libitum access to feed and water. The experimental period was 34 d, which was divided into two phases: phase 1 (day 1 to 13) and phase 2 (day 13 to 34). Titanium dioxide (0.4%) was added to phase 2 diets as an indigestible external marker.




2.2. Growth Performance and Fecal Score


The BW of each pig and individual feed intakes were recorded at the end of each phase to calculate the average BW, ADG, ADFI, and G:F as indicators of growth performance. Fecal scores were recorded daily based on a 1 to 5 scale, as described by Duarte et al. [25]: (1) very firm stool, (2) normal firm stool, (3) moderately loose stool, (4) loose, watery stool, and (5) very watery stool.




2.3. Sample Collection


After 34 days of feeding, all pigs were euthanized to remove the gastrointestinal tract to collect jejunal mucosa to measure microbiota composition, immune status, and oxidative stress status; jejunal tissues to measure morphology and crypt cell proliferation; and ileal digesta to measure apparent ileal digestibility (AID) of nutrients. Mucosal samples from mid-jejunum (3 m after the pyloric duodenal junction) were scraped, placed into 2 mL tubes, and later stored at −80 °C (after snap-freezing in liquid nitrogen, immediately after collection) for the microbiome, immune, and oxidative stress analysis. Sections (5 cm) of the mid-jejunum were taken, flushed with a 0.9% saline solution, and placed into 50 mL tubes with 40 mL of 10% formalin to be fixed for further microscopic assessment of jejunal morphology. For measuring AID of dry matter (DM), crude protein (CP), and gross energy (GE), an ileal portion (a portion of 30 cm prior to the ileocecal valve) was used to obtain ileal digesta. The ileal digesta was collected into 150 mL containers, placed on ice, and then stored at −20 °C for further analysis. The sample collection procedures were performed as previously described by Duarte et al. [2].




2.4. Microbiome Sequencing


The DNA was extracted from jejunal mucosa samples for microbiome analysis, as previously described by Adhikari et al. [26]. The kit QIAamp Fast DNA Stool (Qiagen; Germantown, Maryland, USA) was used to perform the DNA extraction. Samples of extracted DNA were sent to Mako Medical Laboratories (Raleigh, NC, USA) for microbial sequencing using the 16S rRNA amplicon. Briefly, the samples were prepared for the template using the Ion Chef instrument, and sequencing was performed on the Ion S5 system (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). The Ion 16S Metagenomics Kit (Thermo Fisher Scientific) was used to amplify variable regions V2, V3, V4, V6, V7, V8, and V9 of the 16S rRNA gene. To produce raw unaligned sequence data files, sequences were processed using the Torrent Suite Software (version 5.2.2) (Thermo Fisher Scientific). The Ion Reporter Software Suite (version 5.2.2) of bioinformatics analysis tools (Thermo Fisher Scientific) was used to perform the sequence data analysis in alignment with GreenGenes and MicroSeq databases, alpha and beta diversity plot generation, and the operational taxonomic unit (OTU) table generation. The Ion Reporter’s Metagenomics 16S workflow powered by Qiime (version w1.1) was used to analyze the samples. The relative abundance for phylum, family, species, and genus was calculated based on the OTU data. The “Others” were considered representing the combined OTU with a relative abundance of <1%, as previously described by Kim et al. [27].




2.5. Inflammatory Status, Humoral Immune Status, and Oxidative Stress Parameters


Frozen 1 g jejunal mucosa was taken with 2 mL phosphate-buffered saline solution (PBS) into 5 mL polypropylene tubes. Mucosa samples were ground for 30 s on ice and transferred to new 2 mL tubes for centrifugation of 15 min at 3000× g. The supernatant was collected into eight sets of 0.5 mL polypropylene tubes and stored at −80 °C. Sample preparation for analysis was followed as previously described by Holanda and Kim [28].



The concentrations of total protein, tumor necrosis factor-alpha (TNF-α), interleukin 8 (IL-8), malondialdehyde (MDA), protein carbonyl (PC), immunoglobulin A (IgA), and immunoglobulin G (IgG) were measured by the colorimetric method using commercially available kits according to instructions of the manufacturers. For each assay, the absorbance was read using an ELISA plate reader (Synergy HT, BioTek Instruments, Winooski, VT, USA) and software (Gen5 Data Analysis Software, BioTek Instruments). Mucosa samples were diluted (1:60) for the measurement of total protein in the working range 20–2000 μg/mL using Pierce BCA Protein Assay Kit (#23225, Thermo Fisher Scientific). The absorbance was measured at 562 nm and the concentration of protein was calculated based on the standard curve created from the concentration and absorbance of the respective standard. The total protein concentration was further used to normalize the concentration of the others parameters.



The TNF-α was measured using the kit Porcine TNF-α Immunoassay Kit (#PTA00, R&D Systems; Minneapolis, MN, USA). The working range of standards was 0 to 1500 pg/mL, and the absorbance was read at 450 nm and 550 nm. The IL-8 was measured following Porcine IL-8/CXCL8 Immunoassay Kit (#P8000, R&D Systems). For this analysis, mucosa samples were diluted (1:10) in a working range of 0–4000 pg/mL and the absorbance was read at 450 nm and 550 nm. The concentrations of TNF-α and IL-8 were calculated based on the standard curve created from concentration and absorbance of the respective standard and described as pg/mg of protein, following Holanda and Kim [28].



Malondialdehyde was measured following OxiSelect TBARS MDA Quantitation Assay Kit (#STA-330, Cell Biolabs, Inc.; San Diego, CA, USA). The concentration range of MDA standards was 0–125 μM. The absorbance was measured at 540 nm. The concentration of MDA was calculated based on the standard curve created from the concentration and absorbance of the respective standard and described as μmol/mg of protein, as described by Jang and Kim [29].



Protein carbonyl was measured following OxiSelect Protein Carbonyl ELISA Kit (#STA-310, Cell Biolabs, Inc). All samples were diluted to 10 μg/mL of PBS solution. The working range of standards was 0.375–7.500 nmol/mg protein. The absorbance was measured at 540 nm. The concentration of protein carbonyl was calculated based on the standard curve created from concentration and absorbance of the respective standard and described as nmol/mg of protein, following Duarte et al. [2].



The concentrations of IgG and IgA were analyzed following Chen et al. [30]. The mucosa samples were diluted with PBS to 1:1000, to analyze IgG using the kit ELISA Pig IgG (E101-104, Bethyl Laboratories, Inc, Montgomery, TX). The standard was used in a working range for 0–500 ng/mL. The absorbance was measured at 450 nm and the concentration of IgG in the mucosa was expressed as ng/mg of protein. The mucosal samples were diluted to 1:600 with PBS to analyze IgA using the kit ELISA Pig IgA (E101-102, Bethyl Laboratories, Inc). The standard was used in a working range of 0–1000 ng/mL. The absorbance was measured at 450 nm and the concentration of IgA in the mucosa was expressed as µg/mg of protein.




2.6. Intestinal Morphology


After being fixed in 10% formalin for 48 h, the jejunal tissue was rinsed with deionized water and then transferred to a 70% ethanol solution. Two sections of the jejunum were cut transversely and placed in cassettes into a container with 70% ethanol solution. The samples were sent to the North Carolina State University Histology Laboratory (Raleigh, NC). Then, the samples were dehydrated, embedded in paraffin, cut cross-section to 5 µm thick, and mounted on polylysine-coated slides. Slides were stained using a Ki-67 immunohistochemistry assay to detect Ki-67 positive cells as previously described by Kim et al. [27]. Villus height, villus width, and crypt depth were measured using a microscope (Olympus CX31, Lumenera Corporation, Ottawa, Canada) attached to a camera (Infinity 2-2 digital CCD, Lumenera Corporation). Lengths of 10 well-oriented intact villi and their associated crypts were measured in each slide. The villi length was measured from the top of the villi to the villi-crypt junction, the villi width measured in the middle of the villi, and the crypt depth was measured from the villi-crypt junction to the bottom of the crypt. Then, the villus height to crypt depth ratio (VH:CD) was calculated. Images of 10 intact crypts from each slide were cropped and the Image JS software was used for calculating the ratio of Ki-67 positive cells to total cells in the crypt (%). The averages of the 10 measurements per pig were calculated and reported as one number per pig. All analyses of the intestinal morphology were executed by the same person as previously described by Sun et al. [31]. The villus surface area was calculated using the following formula: villus surface area = 2π × (villus width) × (villus height). The means were expressed as ×100 µm2 as previously described by Xu et al. [32].




2.7. Apparent Ileal Digestibility


The frozen ileal digesta samples were dried by a freeze dryer. Dried digesta and feed samples were ground to fine powder form and stored into plastic containers for further analysis. Titanium dioxide concentration in the feed and digesta was measured as previously described by Myers et al. [33]. The working range of the standards was 0–10 mg of titanium dioxide. Samples were weighed around 0.5 g onto a tarred weighing paper and then placed into 75 mL digestion tubes. One Kjeltab tablet (Thermo Fisher Scientific) and five pieces of selenized boiling granules were added to each digestion tube to prevent explosive vaporization. After adding 10 mL of concentrated H2SO4 (sulfuric acid), all digestion tubes were vortexed immediately. Then, the tubes were heated for 2.5 h at 420 °C under a fume hood. When tubes got cool after 30 min at room temperature, 2 mL of 30% H2O2 (hydrogen peroxide) was added to each tube four times and was vortexed until a yellow to orange color appeared. Deionized water was added until reaching the volumetric mark (75 mL) and then the tubes were covered and gently mixed. After that, 200 µL from each tube was pipetted to a 96-well plate, which was read immediately at 410 nm. Titanium dioxide values were calculated based on the standard curve created from the concentration and absorbance of the respective standards.



The feed and digesta samples were weighed around 0.5 g to analyze the nitrogen content using TruSpec N Nitrogen Determinator (LECO CN-2000, LECO Corp., St. Joseph, MI, USA) to later obtain the CP (6.25 × N). Feed and digesta samples were weighed around 1 g and then compressed into pellet form to measure gross energy via bomb calorimeter (Parr 6200, Parr Instrument Company; Moline, IL, USA). Apparent ileal digestibility of DM, CP, and GE was calculated using the following equation previously described by Chen et al. [34]:


AID (%) = {1 − [(TiO2feed/TiO2digesta) × (Nutrientdigesta/Nutrientfeed)]} × 100



(1)




where TiO2feed represents the titanium dioxide concentration in the feed, TiO2digesta is the titanium dioxide concentration in the ileal digesta, Nutrientfeed represents the nutrient concentration or GE in the feed, and Nutrientdigesta is the nutrient concentration or GE in the ileal digesta.




2.8. Statistical Analysis


Data were analyzed based on a randomized block design by the SAS 9.4 software (SAS Inc., Cary, NC, USA). Dietary treatments were defined as fixed effects; random effects were blocks. The experimental unit was the pig, individually housed and fed. The analyses of the data of growth performance, digestibility, morphology, and immune and oxidative markers were performed using the MIXED procedure. Linear and quadratic effects of increasing supplementation of functional oils were tested by polynomial contrasts (n = 40). A pre-planned contrast was established to compare the inclusion of functional oils and the negative control diets (0 vs. others). The IML procedure was used to generate the coefficients for orthogonal polynomials. The RSREG procedure was used to predict the critical value and the stationary point when a quadratic effect was found. The fecal score data were analyzed using the MIXED procedure using the repeated measures statement as previously described in Duarte et al. [25]. Treatment, time, and their interaction were used as fixed effects. Initial BW and sex were considered random effects. When an interaction between treatment and time resulted, the comparisons among treatments means at different time points were performed using the slice command. Statistical differences were considered significant with p < 0.05 and tendency with 0.05 ≤ p < 0.10. The ls means statement was used to calculate the least squared mean values of normally distributed data. The microbiome data were tested for normal distribution with the UNIVARIATE (Shapiro-Wilk test), and the non-normally distributed data were analyzed using the GLIMMIX procedure through Poisson distributions according to Zhang et al. [35]. Dietary treatments were defined as fixed effects and the initial BW blocks within each sex were considered as random effects. The polynomial contrasts (linear, quadratic, and 0 vs others) effects were tested with multiple testing corrections applied according to Benjamini-Hochberg’s false discovery rate (q-value). A p value of <0.05 with a q value of <0.05 was considered significant. Results on Poisson distributed data are presented as back-transformed estimates with a 95% confidence interval.





3. Results


3.1. Growth Performance and Fecal Score


Increasing supplementation of functional oils did not affect BW, ADG, and ADFI of nursery pigs during the experimental period (Table 2). However, increasing supplementation of functional oils had a quadratic effect (p < 0.05) on G:F (minimum: 0.62 at 1.00 g/kg feed) during phase 1. Supplementation of functional oils (0.50 to 1.50 g/kg feed) reduced (p < 0.05) G:F of phase 1 compared with no supplementation.



Increasing supplementation of functional oils did not affect the fecal score of the pigs, whereas there was an effect of time on the treatment containing 1.50 g/kg feed functional oils (p < 0.05); the fecal score on the periods (day 1–7 and day 8–13) were greater than period (day 28–34). However, there was no interaction between treatments and time (Table 3).




3.2. Microbiota


At the phylum level (Table 4), increasing supplementation of functional oils increased (p < 0.05) the relative abundance of Firmicutes and Bacteroidetes and tended to decrease (p = 0.054) the Firmicutes/Bacteroidetes ratio. Whereas, increasing supplementation of functional oils reduced (p < 0.05) the relative abundance of Proteobacteria and increased (p < 0.05) the relative abundance of Firmicutes.



At the family level (Table 5), increasing supplementation of functional oils reduced (p < 0.05) the relative abundance of Helicobacteraceae and increased (p < 0.05) the relative abundance of Prevotellaceae, Burkholderiaceae, and Pseudomonadaceae. Whereas, increasing supplementation of functional oils had a quadratic effect (p < 0.05) on the relative abundance of Comamonadaceae (minimum: 2.94% at 0.61 g/kg feed) and Enterobacteriaceae (minimum: 0.82% at 0.62 g/kg feed) and tended to have a quadratic effect on the relative abundance of Burkholderiaceae (p = 0.083) (minimum: 5.93% at 0.61 g/kg feed) and Pseudomonadaceae (p = 0.052) (minimum: 3.22% at 1.43 g/kg feed). Moreover, increasing supplementation of functional oils (0.50 to 1.50 g/kg feed) reduced (p < 0.05) the relative abundance of Helicobacteraceae and Enterobacteriaceae and tended to increase (p = 0.052) the relative abundance of Pseudomonadaceae compared with no supplementation.



At the genus level (Table 6), increasing supplementation of functional oils reduced (p < 0.05) the relative abundance of Helicobacter and increased (p < 0.05) the relative abundance of Pelomonas and Pseudomonas. Whereas, increasing supplementation of functional oils had a quadratic effect (p < 0.05) on the relative abundance of Helicobacter (minimum: 34.73% at 0.80 g/kg feed), Campylobacter (maximum: 2.03% at 0.12 g/kg feed), Pseudomonas (maximum: 5.31% at 0.63 g/kg feed), and Corynebacterium (maximum: 2.27% at 0.58 g/kg feed). Moreover, increasing supplementation of functional oils (0.50 to 1.50 g/kg feed) decreased (p < 0.05) the relative abundance of Helicobacter and Campylobacter; increased (p < 0.05) the relative abundance of Lactobacillus, Pseudomonas, and “others” (representing the combined OTU with the relative abundance < 1%); and tended to reduce (p = 0.076) the relative abundance of Corynebacterium compared with no supplementation.



At the species level (Table 7), increasing supplementation of functional oils reduced (p < 0.05) the relative abundance of Helicobacter rappini and Helicobacter mastomyrinus, and increased (p < 0.05) the relative abundance of Prevotella copri, Lactobacillus kitasatonis, Curpiavidus necator, and Acinetobacter radioresistens. Increasing supplementation of functional oils tended to reduce (p = 0.075) the relative abundance of Pelomonas puraquae. Whereas, increasing supplementation of functional oils had a quadratic effect (p < 0.05) on the relative abundance of Helicobacter mastomyrinus (maximum: 15.71% at 1.05 g/kg feed), Pelomonas puraquae (minimum: 4.59% at 0.83 g/kg feed), Ralstonia insidiosa (maximum: 3.78% at 0.42 g/kg feed) and “others” (maximum: 34.10% at 1.35 g/kg feed). Moreover, increasing supplementation of functional oils (0.50 to 1.50 g/kg feed) reduced (p < 0.05) the relative abundance of Helicobacter rappini, Helicobacter mastomyrinus, and Helicobacter sp.; and increased (p < 0.05) the relative abundance of Prevotella copri and “others” compared with no supplementation. Also, it tended to reduce (p = 0.066) the relative abundance of Prevotella ruminicola.



In the same way, increasing supplementation of functional oils increased (p < 0.05) the alpha diversity of the mucosa-associated microbiota at the family level estimated with the Chao1 index (Table 8) and tended to increase (p = 0.053) the alpha diversity of the mucosa-associated microbiota at the genus level estimated with the Chao1 index.




3.3. Immune Status and Oxidative Stress


Increasing supplementation of functional oils did not affect the immune and oxidative stress and status parameters. However, the supplementation of functional oils (0.50 to 1.50 g/kg feed) tended to decrease (p = 0.064) the concentration of protein carbonyl compared with no supplementation (Table 9).




3.4. Intestinal Morphology


Increasing supplementation of functional oils (0.50 to 1.50 g/kg feed) tended to increase (p = 0.098) the villus height and crypt depth (p = 0.070) compared with no supplementation (Table 10). Whereas, increasing supplementation of functional oils did not affect other analyzed parameters.




3.5. Apparent Ileal Digestibility


Increasing supplementation of functional oils did not affect the AID of DM, CP, and GE (Table 11).





4. Discussion


In this study, increasing supplementation of functional oils did not affect the fecal score, whereas the fecal score of pigs on treatment containing 1.50 g/kg feed was better at the last week of the experiment in comparison with phase 1, indicating that beneficial effects on reducing fecal score were obtained about 4 weeks after feeding diets with the blend of functional oils at the level of 1.50 g/kg.



Although, some laxative effects have been reported to be orally administered [21], the cashew nutshell liquid increases the antimicrobial property of castor oil, allowing a reduction on the castor oil levels without losing the benefits associated with the anti-inflammatory and antimicrobial activities [22,36], therefore, suppressing the laxative effects [19,20]. Additionally, supplementation of functional oils resulted in improving feed efficiency of nursery pigs during phase 1, without affecting the growth performance in the overall experimental period. However, in previous studies utilizing the same blend of castor oil and cashew nutshell liquid, Murakami et al. [19] and Bess et al. [20] observed an increase in ADG and improved feed efficiency of broiler chickens fed a diet supplemented at 1.50 g/kg feed. Likewise, Torrent et al. [17] tested the effect of functional oils supplemented at 1.50 g/kg feed for broiler chickens under heat stress and also observed an increase in ADG by the end of the trial. In the same way, Moraes et al. [37] observed that supplementation of functional oils can provide positive effects on the growth performance of broiler chickens. The authors correlated the positive effects of the functional oils, composed by a blend of castor oil, and cashew nutshell liquid, to their antimicrobial, anti-inflammatory, and antioxidant properties.



During the nursery phase, continual changes of the intestinal microbiome take place in response to various bacteria that come in contact with the host, disease, stressor levels, dietary changes [38], and feed additive supplementation [27]. In the present study, the supplementation of functional oils resulted in an increase in the relative abundance of Lactobacillus and Pseudomonas, both of which belong to the Firmicutes and Bacteroidetes phyla, respectively, and a decrease in the relative abundance of Helicobacter and Campylobacter, belonging to Proteobacteria. The changes in the microbiota population observed in the present study may be due to cardol and anacardic acid present in cashew nutshell liquid that acts as monovalent ionophores, causing damage to the cell membrane of gram-negative bacteria [39,40] and consequently reducing their abundance. In addition, the anacardic acid would act to enhance the neutrophil antibacterial function by promoting the production of neutrophil extracellular traps (NETs) [41], which are DNA-based structures that play a key role in pathogen clearance by neutrophils [42]. Additionally, the ratio between Firmicutes and Bacteroidetes was reduced with increasing supplementation of functional oils in the current study, which can be beneficial to the pigs [43]. Furthermore, increasing the supplementation of functional oils improved the alpha diversity of jejunal mucosa-associated microbiota at the family and genus levels, which is associated with beneficial effects on the intestinal health [44,45]. It is well known that the balance of microbiota is related to the greater diversity of species [26]. Greater microbiota diversity have been related to downregulated inflammatory response in the intestinal mucosa of nursery pigs [46,47], although this was not observed in the current study.



According to [20], the benefits of increasing supplementation of functional oils relative to the growth performance may be related to the anti-inflammatory and antioxidant properties of the blend. In the present study, the oxidative stress status was affected by a reduction in the PC concentration, without affecting the MDA and the anti-inflammatory parameters. The imbalance between the antioxidants and free radicals in the body characterizes oxidative stress [48]. In response, the organism produces different biomarkers, such as cytokines and immunoglobulins, to reduce and identify cell damage caused by the free radicals [29,30,48]. Reactive oxygen species (ROS) are formed as a natural byproduct from the metabolism of oxygen and play important roles in cell signaling and homeostasis. However, in high or chronic stress situations, an overproduction of ROS can occur and lead to increased oxidation and damage to the cell as well as cause an imbalance in the activation of the immune response [49,50,51]. High levels of ROS can degrade polyunsaturated lipids and protein groups, forming MDA and PC, both being toxic to the organism [51,52]. The tendency to reduce the concentration of PC with increasing supplementation of functional oils may be related to the roles of the compounds in functional oils that possess anti-inflammatory [18] and antioxidant properties [23] that can alleviate the effects of oxidative stress. The antioxidant action of the functional oils is due to the properties of the compounds within cashew nutshell liquid, which increases their rate of reaction with peroxyl radicals, a toxic compound to the cell, thus increasing the autoxidation of these toxic compounds [23]. Ricinoleic acid, the main compound in castor oil, has been shown to modulate neurogenic inflammation through a capsaicin-like action [18]. The capsaicin and capsaicin-like compounds stimulate the release of sensory neuropeptides from the peripheral endings of primary afferent neurons by rendering them insensitive to further stimulation and thereby presenting inflammatory and anti-inflammatory effects [18,53,54]. At this later stage of capsaicin and capsaicin-like action, an anti-inflammatory effect is caused in response to endogenous or exogenous neurogenic inflammation [18,54].



The oxidative stress products can affect proteins and lipids within the cell wall, leading to cell destruction and, consequently, changes in jejunal morphology [2,55,56]. This study showed that increasing supplementation of functional oils tended to increase the villus height and crypt depth in the mid-jejunum, without affecting other morphology parameters. Ferket et al. [16] tested the same source of functional oils and did observe an increase in the villus height and crypt depth of turkey poults. Therefore, the tendency of the reduction of the oxidative stress status found in the current study due to increasing supplementation of functional oils can partially explain the improvement in jejunal morphology.



The benefits related to the modulation of the intestinal mucosa-associated microbiota may have played a role in the positive effects observed on the oxidative stress status that in turn led to an enhancement of the jejunal morphology. Even without positively affecting the growth performance, increasing supplementation of functional oils positively modulated the intestinal mucosa-associated microbiota by decreasing the relative abundance of some potential pathogenic bacteria and increasing the relative abundance of beneficial bacteria. Beneficial modulation of the intestinal mucosa-associated microbiota can be essential for overall nursery pig performance by improving oxidative stress and immune status as well as intestinal morphology measurements [26,27].




5. Conclusions


In conclusion, the supplementation of functional oils enhanced intestinal health of nursery pigs by increasing beneficial and reducing harmful bacteria in the jejunal mucosa, and by potentially reducing jejunal oxidative stress and maintaining villus height, without affecting overall growth performance. Supplementation of functional oils at 0.75–1.50 g/kg feed was most beneficial to the structure of the jejunal mucosa-associated microbiota and intestinal integrity of nursery pigs.







Author Contributions


Conceptualization, S.W.K.; methodology, S.W.K.; formal analysis, S.W.K., M.E.D., V.H.C.M., and S.N.d.S.; investigation, V.H.C.M., and S.N.d.S.; resources, S.W.K.; data curation, V.H.C.M., M.E.D.; and S.W.K.; writing—original draft preparation, V.H.C.M., and S.W.K.; writing—review and editing, V.H.C.M., M.E.D., and S.W.K.; supervision, S.W.K.; project administration, S.W.K.; funding acquisition, S.W.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by Oligo Basics (Cary, NC, USA) and North Carolina Agricultural Foundation (Raleigh, NC, USA).




Institutional Review Board Statement


The experimental protocols used in this study were reviewed and approved by the Institutional Animal Care and Use Committee at North Carolina State University. The experiment was performed by trained scientists in full compliance the North Carolina State Animal Care and Use Procedures (REG 10.10.01).




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


Scholarship of S.N.S. was provided by the Coordination for the Improvement of Higher Education Personnel (CAPES), Brazil. CAPES-Print program—Finance code 001. Current address of S.N.S. is Universidade Federal de Pelotas, Pelotas, RS, 96010-000, BRA. The authors also acknowledge Ping Hu at Nanjing Agricultural University, China and Shen Fei Long at China Agricultural University for their assistance for carrying out animal study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Campbell, J.M.; Crenshaw, J.D.; Polo, J. The biological stress of early weaned piglets. J. Anim. Sci. Biotechnol. 2013, 4, 19. [Google Scholar] [CrossRef] [PubMed]

	



Duarte, M.E.; Zhou, F.X.; Dutra, W.M.; Kim, S.W. Dietary supplementation of xylanase and protease on growth performance, digesta viscosity, nutrient digestibility, immune and oxidative stress status, and gut health of newly weaned pigs. Anim. Nutr. 2019, 5, 351–358. [Google Scholar] [CrossRef] [PubMed]

	



Moeser, A.J.; Pohl, C.S.; Rajput, M. Weaning stress and gastrointestinal barrier development: Implications for lifelong gut health in pigs. Anim. Nutr. 2017, 3, 313–321. [Google Scholar] [CrossRef]

	



Gresse, R.; Chaucheyras-Durand, F.; Fleury, M.A.; Van de Wiele, T.; Forano, E.; Blanquet-Diot, S. Gut Microbiota Dysbiosis in Postweaning Piglets: Understanding the Keys to Health. Trends Microbiol. 2017, 25, 851–873. [Google Scholar] [CrossRef]

	



Sun, Y.; Kim, S.W. Intestinal challenge with enterotoxigenic Escherichia coli in pigs, and nutritional intervention to prevent postweaning diarrhea. Anim. Nutr. 2017, 3, 322–330. [Google Scholar] [CrossRef] [PubMed]

	



Cromwell, G.L. Feed Additives in Swine Diets. In Sustainable Swine Nutrition; Blackwell Publishing Ltd.: Oxford, UK, 2012; pp. 295–315. [Google Scholar]

	



Helm, E.T.; Curry, S.; Trachsel, J.M.; Schroyen, M.; Gabler, N.K. Evaluating nursery pig responses to in-feed sub-therapeutic antibiotics. PLoS ONE 2019, 14, e0216070. [Google Scholar] [CrossRef]

	



Van Boeckel, T.P.; Brower, C.; Gilbert, M.; Grenfell, B.T.; Levin, S.A.; Robinson, T.P.; Teillant, A.; Laxminarayan, R. Global trends in antimicrobial use in food animals. Proc. Natl. Acad. Sci. USA 2015, 112, 5649–5654. [Google Scholar] [CrossRef]

	



Nelson, R. FDA action on animal antibiotics could still have loopholes. Lancet Infect. Dis. 2014, 14, 376–377. [Google Scholar] [CrossRef]

	



Martin, M.J.; Thottathil, S.E.; Newman, T.B. Antibiotics Overuse in Animal Agriculture: A Call to Action for Health Care Providers. Am. J. Public Heal. 2015, 105, 2409–2410. [Google Scholar] [CrossRef]

	



Lan, R.X.; Li, T.S.; Kim, I.H. Effects of essential oils supplementation in different nutrient densities on growth performance, nutrient digestibility, blood characteristics and fecal microbial shedding in weaning pigs. Anim. Feed. Sci. Technol. 2016, 214, 77–85. [Google Scholar] [CrossRef]

	



Zhai, H.; Liu, H.; Wang, S.; Wu, J.; Kluenter, A.-M. Potential of essential oils for poultry and pigs. Anim. Nutr. 2018, 4, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Kommera, S.K.; Mateo, R.D.; Neher, F.J.; Kim, S.W. Phytobiotics and Organic Acids as Potential Alternatives to the Use of Antibiotics in Nursery Pig Diets. Asian-Australas. J. Anim. Sci. 2006, 19, 1784–1789. [Google Scholar] [CrossRef]

	



Su, G.; Zhou, X.; Wang, Y.; Chen, D.; Chen, G.; Li, Y.; He, J. Effects of plant essential oil supplementation on growth performance, immune function and antioxidant activities in weaned pigs. Lipids Health Dis. 2018, 17, 139. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Zhao, X.H.; Yang, L.; Chen, X.Y.; Jiang, R.S.; Jin, S.H.; Geng, Z.Y. Resveratrol alleviates heat stress-induced impairment of intestinal morphology, microflora, and barrier integrity in broilers. Poult. Sci. 2017, 96, 4325–4332. [Google Scholar] [CrossRef] [PubMed]

	



Ferket, P.; Malheiros, R.; Moraes, V.; Ayoola, A.; Barasch, I.; Toomer, O.; Torrent, J. Effects of functional oils on the growth, carcass and meat characteristics, and intestinal morphology of commercial turkey toms. Poult. Sci. 2020, 99, 3752–3760. [Google Scholar] [CrossRef]

	



Torrent, J.; Menocal, J.A.; Coello, C.L.; González, E. Ávila Effects of functional oils on performance and carcass characteristics of broilers under two different temperature environments. Poult. Sci. 2019, 98, 5855–5861. [Google Scholar] [CrossRef]

	



Vieira, C.; Fetzer, S.; Sauer, S.K.; Evangelista, S.; Averbeck, B.; Kress, M.; Reeh, P.W.; Cirillo, R.; Lippi, A.; Maggi, C.A.; et al. Pro- and anti-inflammatory actions of ricinoleic acid: Similarities and differences with capsaicin. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2001, 364, 87–95. [Google Scholar] [CrossRef]

	



Murakami, A.E.; Eyng, C.; Torrent, J. Effects of Functional Oils on Coccidiosis and Apparent Metabolizable Energy in Broiler Chickens. Asian-Australas. J. Anim. Sci. 2014, 27, 981–989. [Google Scholar] [CrossRef]

	



Bess, F.; Favero, A.; Vieira, S.L.; Torrent, J. The effects of functional oils on broiler diets of varying energy levels. J. Appl. Poult. Res. 2012, 21, 567–578. [Google Scholar] [CrossRef]

	



Stewart, J.J.; Gaginella, T.S.; Olsen, W.A.; Bass, P. Inhibitory actions of laxatives on motility and water and electrolyte transport in the gastrointestinal tract. J. Pharmacol. Exp. Ther. 1975, 192, 458–467. [Google Scholar]

	



Kubo, I.; Nihei, A.K.-I.; Tsujimoto, K. Antibacterial Action of Anacardic Acids against Methicillin ResistantStaphylococcus aureus(MRSA). J. Agric. Food Chem. 2003, 51, 7624–7628. [Google Scholar] [CrossRef] [PubMed]

	



Amorati, R.; Pedulli, G.F.; Valgimigli, L.; Attanasi, O.A.; Filippone, P.; Fiorucci, C.; Saladino, R. Absolute rate constants for the reaction of peroxyl radicals with cardanol derivatives. J. Chem. Soc. Perkin Trans. 2 2001, 2, 2142–2146. [Google Scholar] [CrossRef]

	



NRC Nutrient Requirements of Swine, 11th ed.; National Academies Press: Washington, DC, USA, 2012.

	



Duarte, M.E.; Tyus, J.; Kim, S.W. Synbiotic Effects of Enzyme and Probiotics on Intestinal Health and Growth of Newly Weaned Pigs Challenged With Enterotoxigenic F18+Escherichia coli. Front. Veter-Sci. 2020, 7, 1–13. [Google Scholar] [CrossRef]

	



Adhikari, B.; Kim, S.W.; Kwon, Y.M. Characterization of Microbiota Associated with Digesta and Mucosa in Different Regions of Gastrointestinal Tract of Nursery Pigs. Int. J. Mol. Sci. 2019, 20, 1630. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.W.; Holanda, D.M.; Gao, X.; Park, I.; Yiannikouris, A. Efficacy of a Yeast Cell Wall Extract to Mitigate the Effect of Naturally Co-Occurring Mycotoxins Contaminating Feed Ingredients Fed to Young Pigs: Impact on Gut Health, Microbiome, and Growth. Toxins 2019, 11, 633. [Google Scholar] [CrossRef]

	



Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 2008, 5, 611–628. [Google Scholar] [CrossRef] [PubMed]

	



Jang, K.B.; Kim, S.W. Supplemental effects of dietary nucleotides on intestinal health and growth performance of newly weaned pigs. J. Anim. Sci. 2019, 97, 4875–4882. [Google Scholar] [CrossRef]

	



Chen, H.; Zhang, S.; Kim, S.W. Effects of supplemental xylanase on health of the small intestine in nursery pigs fed diets with corn distillers’ dried grains with solubles. J. Anim. Sci. 2020, 98, 2008–2010. [Google Scholar] [CrossRef]

	



Sun, Y.; Duarte, M.E.; Kim, S.W. Dietary inclusion of multispecies probiotics to reduce the severity of post-weaning diarrhea caused by Escherichia coli F18+ in pigs. Anim. Nutr. 2021. [Google Scholar] [CrossRef]

	



Xu, Y.; Stark, C.R.; Ferket, P.R.; Williams, C.M.; Auttawong, S.; Brake, J. Effects of dietary coarsely ground corn and litter type on broiler live performance, litter characteristics, gastrointestinal tract development, apparent ileal digestibility of energy and nitrogen, and intestinal morphology. Poult. Sci. 2015, 94, 353–361. [Google Scholar] [CrossRef]

	



Myers, W.D.; Ludden, P.A.; Nayigihugu, V.; Hess, B.W. Technical Note: A procedure for the preparation and quantitative analysis of samples for titanium dioxide1. J. Anim. Sci. 2004, 82, 179–183. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Zhang, S.; Park, I.; Kim, S.W. Impacts of energy feeds and supplemental protease on growth performance, nutrient digestibility, and gut health of pigs from 18 to 45 kg body weight. Anim. Nutr. 2017, 3, 359–365. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhu, Y.-H.; Zhou, D.; Wu, Q.; Song, D.; Dicksved, J.; Wang, J.-F. Oral Administration of a Select Mixture of Bacillus Probiotics Affects the Gut Microbiota and Goblet Cell Function following Escherichia coli Challenge in Newly Weaned Pigs of Genotype MUC4 That Are Supposed To Be Enterotoxigenic E. coli F4ab/ac Receptor Negative. Appl. Environ. Microbiol. 2016, 83, e02747-16. [Google Scholar] [CrossRef]

	



Novak, A.F.; Clark, G.C.; Dupuy, H.P. Antimicrobial activity of some ricinoleic acid oleic acid derivatives. J. Am. Oil Chem. Soc. 1961, 38, 321–324. [Google Scholar] [CrossRef]

	



Moraes, P.O.; Andretta, I.; Cardinal, K.; Ceron, M.; Vilella, L.; Borille, R.; Frazzon, A.P.; Frazzon, J.; Santin, E.; Ribeiro, A.M.L. Effect of functional oils on the immune response of broilers challenged with Eimeria spp. Animal 2019, 13, 2190–2198. [Google Scholar] [CrossRef] [PubMed]

	



Isaacson, R.; Kim, H.B. The intestinal microbiome of the pig. Anim. Health Res. Rev. 2012, 13, 100–109. [Google Scholar] [CrossRef] [PubMed]

	



Moraes, P.O.; Cardinal, K.M.; Gouvêa, F.L.; Schroeder, B.; Ceron, M.S.; Lunedo, R.; Frazzon, A.P.G.; Frazzon, J.; Ribeiro, A.M.L. Comparison between a commercial blend of functional oils and monensin on the performance and microbiota of coccidiosis-challenged broilers. Poult. Sci. 2019, 98, 5456–5464. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, R.; Colwell, D.; Gilleard, J. Botanicals: An alternative approach for the control of avian coccidiosis. World’s Poult. Sci. J. 2012, 68, 203–215. [Google Scholar] [CrossRef]

	



Hollands, A.; Corriden, R.; Gysler, G.; Dahesh, S.; Olson, J.; Ali, S.R.; Kunkel, M.T.; Lin, A.E.; Forli, S.; Newton, A.C.; et al. Natural Product Anacardic Acid from Cashew Nut Shells Stimulates Neutrophil Extracellular Trap Production and Bactericidal Activity. J. Biol. Chem. 2016, 291, 13964–13973. [Google Scholar] [CrossRef]

	



Von Köckritz-Blickwede, M.; Nizet, V. Innate immunity turned inside-out: Antimicrobial defense by phagocyte extracellular traps. J. Mol. Med. 2009, 87, 775–783. [Google Scholar] [CrossRef]

	



Chen, L.; Xu, Y.; Chen, X.; Fang, C.; Zhao, L.; Chen, F. The Maturing Development of Gut Microbiota in Commercial Piglets during the Weaning Transition. Front. Microbiol. 2017, 8, 1688. [Google Scholar] [CrossRef]

	



Mach, N.; Berri, M.; Estellé, J.; Levenez, F.; Lemonnier, G.; Denis, C.; Leplat, J.-J.; Chevaleyre, C.; Billon, Y.; Doré, J.; et al. Early-life establishment of the swine gut microbiome and impact on host phenotypes. Environ. Microbiol. Rep. 2015, 7, 554–569. [Google Scholar] [CrossRef]

	



Niu, Q.; Li, P.; Hao, S.; Zhang, Y.; Kim, S.W.; Li, H.; Ma, X.; Gao, S.; He, L.; Wu, W.; et al. Dynamic Distribution of the Gut Microbiota and the Relationship with Apparent Crude Fiber Digestibility and Growth Stages in Pigs. Sci. Rep. 2015, 5, 9938. [Google Scholar] [CrossRef]

	



Lewis, M.C.; Inman, C.F.; Patel, D.; Schmidt, B.; Mulder, I.; Miller, B.; Gill, B.P.; Pluske, J.; Kelly, D.; Stokes, C.R.; et al. Direct experimental evidence that early-life farm environment influences regulation of immune responses. Pediatr. Allergy Immunol. 2012, 23, 265–269. [Google Scholar] [CrossRef]

	



Schokker, D.; Zhang, J.; Zhang, L.-L.; Vastenhouw, S.A.; Heilig, H.G.H.J.; Smidt, H.; Rebel, J.M.J.; Smits, M.A. Early-Life Environmental Variation Affects Intestinal Microbiota and Immune Development in New-Born Piglets. PLoS ONE 2014, 9, e100040. [Google Scholar] [CrossRef]

	



Dalle-Donne, I.; Rossi, R.; Giustarini, D.; Milzani, A.; Colombo, R. Protein carbonyl groups as biomarkers of oxidative stress. Clin. Chim. Acta 2003, 329, 23–38. [Google Scholar] [CrossRef]

	



Turrens, J.F. Mitochondrial formation of reactive oxygen species. J. Physiol. 2003, 552, 335–344. [Google Scholar] [CrossRef] [PubMed]

	



Diao, H.; Yan, H.L.; Xiao, Y.; Yu, B.; Yu, J.; He, J.; Zheng, P.; Zeng, B.; Wei, H.; Mao, X.; et al. Intestinal microbiota could transfer host Gut characteristics from pigs to mice. BMC Microbiol. 2016, 16, 1–16. [Google Scholar] [CrossRef]

	



Pryor, W.A.; Stanley, J.P. Suggested mechanism for the production of malonaldehyde during the autoxidation of polyunsaturated fatty acids. Nonenzymic production of prostaglandin endoperoxides during autoxidation. J. Org. Chem. 1975, 40, 3615–3617. [Google Scholar] [CrossRef] [PubMed]

	



Del Rio, D.; Stewart, A.J.; Pellegrini, N. A review of recent studies on malondialdehyde as toxic molecule and biological marker of oxidative stress. Nutr. Metab. Cardiovasc. Dis. 2005, 15, 316–328. [Google Scholar] [CrossRef] [PubMed]

	



Maggi, C.A.; Meli, A. The sensory-efferent function of capsaicin-sensitive sensory neurons. Gen. Pharmacol. Vasc. Syst. 1988, 19, 1–43. [Google Scholar] [CrossRef]

	



Holzer, P. Capsaicin: Cellular targets, mechanisms of action, and selectivity for thin sensory neurons. Pharmacol. Rev. 1991, 43, 143–201. [Google Scholar] [PubMed]

	



Assimakopoulos, S.F.; Tsamandas, A.C.; Louvros, E.; Vagianos, C.E.; Nikolopoulou, V.N.; Thomopoulos, K.C.; Charonis, A.; Scopa, C.D. Intestinal epithelial cell proliferation, apoptosis and expression of tight junction proteins in patients with obstructive jaundice. Eur. J. Clin. Investig. 2010, 41, 117–125. [Google Scholar] [CrossRef]

	



Sido, A.; Radhakrishnan, S.; Kim, S.W.; Eriksson, E.; Shen, F.; Li, Q.; Bhat, V.; Reddivari, L.; Vanamala, J.K. A food-based approach that targets interleukin-6, a key regulator of chronic intestinal inflammation and colon carcinogenesis. J. Nutr. Biochem. 2017, 43, 11–17. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Composition of basal diets (as-fed basis).
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	Item
	Phase 1
	Phase 2





	Ingredient, %
	
	



	Corn, yellow
	46.06
	49.97



	Soybean meal, 48% CP
	19.00
	21.00



	Corn, DDGS 1
	10.50
	15.00



	Whey permeate
	12.50
	6.25



	Blood plasma
	3.00
	1.00



	Poultry meal
	4.10
	2.00



	Poultry fat
	1.80
	1.50



	L-Lys HCl
	0.56
	0.51



	DL-Met
	0.17
	0.12



	L-Thr
	0.15
	0.12



	L-Trp
	0.01
	0.01



	Salt
	0.23
	0.22



	Vitamin premix 2
	0.03
	0.03



	Trace mineral premix 3
	0.15
	0.15



	Dicalcium phosphate
	0.62
	0.55



	Limestone
	0.96
	1.02



	Titanium dioxide
	0.00
	0.40



	Calculated composition
	
	



	Dry matter, %
	90.18
	89.38



	ME, kcal/kg
	3404
	3370



	Crude protein, %
	21.82
	21.14



	SID 4 Lys, %
	1.35
	1.23



	SID Cys + Met, %
	0.74
	0.68



	SID Trp, %
	0.22
	0.20



	SID Thr, %
	0.79
	0.73



	Ca, %
	0.80
	0.70



	STTD 5 P, %
	0.40
	0.33



	Total P, %
	0.63
	0.65



	Analyzed composition
	
	



	Dry matter, %
	88.97
	88.68



	Crude protein, %
	22.30
	22.11



	Ca, %
	0.96
	0.75



	Total P, %
	0.72
	0.68







1 DDGS: distillers dried grains with solubles. 2 The vitamin premix provided per kilogram of complete diet: 6614 IU of vitamin A as vitamin A acetate, 992 IU of vitamin D3, 19.8 IU of vitamin E, 2.64 mg of vitamin K as menadione sodium bisulfate, 0.03 mg of vitamin B12, 4.63 mg of riboflavin, 18.52 mg of D-pantothenic acid as calcium pantothenate, 24.96 mg of niacin, and 0.07 mg of biotin. 3 The trace mineral premix provided per kilogram of complete diet: 39.6 mg of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as Zinc sulfate; 15.15 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as sodium selenite. 4 Functional oils composed of a mixture of castor oil and cashew nutshell liquid containing: oleic acid: 4.51%; palmitic acid: 1.30%; stearic acid: 1.38%; 8,11-Octadecadienoic acid methyl ester: 4.39%; Octadeca-9,12,15 trienoic acid: 0.54%; methyl ricinoleate: 87.37%; and elaidic acid: 0.51% (Oligo Basics, Cary, CA, USA) or corn. 4 SID = standardized ileal digestible. 5 STTD = standardized total tract digestible.
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Table 2. Growth performance of nursery pigs fed diets with increasing supplementation of functional oils.






Table 2. Growth performance of nursery pigs fed diets with increasing supplementation of functional oils.





	
Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others






	
BW, kg

	

	

	

	

	

	

	

	

	




	
Initial

	
7.0

	
7.0

	
7.0

	
7.0

	
7.0

	
0.5

	
0.922

	
0.988

	
0.913




	
d 13

	
9.3

	
9.0

	
9.3

	
9.3

	
9.5

	
0.8

	
0.432

	
0.554

	
0.899




	
d 34

	
22.5

	
22.0

	
23.1

	
22.0

	
23.6

	
1.6

	
0.205

	
0.570

	
0.787




	
ADG, g/d

	

	

	

	

	

	

	

	

	




	
Phase 1

	
173

	
149

	
174

	
160

	
194

	
30

	
0.261

	
0.491

	
0.859




	
Phase 2

	
628

	
617

	
658

	
617

	
669

	
40

	
0.223

	
0.693

	
0.659




	
Overall

	
454

	
441

	
473

	
442

	
488

	
35

	
0.166

	
0.535

	
0.753




	
ADFI, g/d

	

	

	

	

	

	

	

	

	




	
Phase 1

	
205

	
237

	
258

	
253

	
247

	
43

	
0.392

	
0.284

	
0.161




	
Phase 2

	
926

	
910

	
997

	
953

	
1031

	
75

	
0.109

	
0.938

	
0.426




	
Overall

	
650

	
652

	
715

	
685

	
731

	
61

	
0.114

	
0.720

	
0.291




	
G:F

	

	

	

	

	

	

	

	

	




	
Phase 1

	
0.85

	
0.63

	
0.66

	
0.65

	
0.79

	
0.05

	
0.758

	
0.004

	
0.003




	
Phase 2

	
0.68

	
0.69

	
0.66

	
0.65

	
0.66

	
0.02

	
0.216

	
0.423

	
0.450




	
Overall

	
0.70

	
0.68

	
0.67

	
0.65

	
0.67

	
0.02

	
0.319

	
0.127

	
0.141








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level); Results are showed as least squared means.
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Table 3. Fecal score of nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Trt 2

	
Trt × Time






	
d 0 to 7

	
3.16

	
3.33

	
3.28

	
3.25

	
3.37 a

	
0.11

	
0.661

	




	
d 7 to 13

	
3.20

	
3.12

	
3.24

	
3.37

	
3.41 a

	
0.10

	
0.262




	
d 13 to 20

	
3.07

	
3.16

	
3.21

	
3.35

	
3.23 a,b

	
0.09

	
0.240




	
d 20 to 27

	
3.10

	
3.07

	
3.19

	
3.19

	
3.21 a,b

	
0.07

	
0.347




	
d 27 to 34

	
3.20

	
3.12

	
3.10

	
3.21

	
3.07 b

	
0.08

	
0.569




	
p value, Time

	
0.723

	
0.296

	
0.600

	
0.492

	
0.049

	

	

	
0.726








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level). Results are showed as least squared means. 2 Trt = treatments. a,b Within a column with different letters differ (p < 0.05).
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Table 4. Relative abundance of jejunal mucosa-associated microbiota at the phylum level in nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others






	
Proteobacteria

	
73.50

	
59.22

	
52.26

	
68.31

	
60.16

	
6.12

	
0.313

	
0.205

	
0.009




	
Firmicutes

	
11.97

	
20.50

	
22.12

	
17.17

	
23.32

	
4.24

	
0.013

	
0.258

	
0.009




	
Bacteroidetes

	
8.16

	
8.57

	
11.99

	
11.83

	
14.37

	
2.14

	
0.012

	
0.304

	
0.050




	
Actinobacteria

	
2.96

	
7.52

	
3.55

	
2.72

	
3.31

	
1.43

	
0.272

	
0.657

	
0.305




	
Others 2

	
0.70

	
0.45

	
4.91

	
0.27

	
0.66

	
0.83

	
0.658

	
0.635

	
0.843




	
F:B 3

	
2.08

	
4.04

	
2.30

	
1.42

	
1.10

	
0.56

	
0.054

	
0.979

	
0.870








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level). Results showed as means presented as back-transformed estimates with a 95% confidence interval. 2 Representing the combined total of all <1% abundance. 3 Firmicutes to Bacteroidetes ratio.
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Table 5. Relative abundance of jejunal mucosa-associated microbiota at the family level in nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others






	
Helicobacteraceae

	
46.75

	
40.49

	
26.46

	
48.43

	
20.95

	
10.76

	
0.002

	
0.139

	
0.002




	
Lactobacillaceae

	
7.09

	
10.81

	
15.60

	
6.58

	
12.42

	
1.58

	
0.314

	
0.966

	
0.138




	
Prevotellaceae

	
7.87

	
7.56

	
11.00

	
11.15

	
13.10

	
2.32

	
0.009

	
0.485

	
0.314




	
Burkholderiaceae

	
6.32

	
5.28

	
7.05

	
4.24

	
10.82

	
1.05

	
0.043

	
0.083

	
0.957




	
Comamonadaceae

	
4.36

	
2.50

	
3.89

	
1.73

	
5.81

	
0.72

	
0.314

	
0.045

	
0.439




	
Veillonellaceae

	
2.44

	
3.23

	
2.16

	
2.17

	
2.90

	
1.02

	
0.930

	
0.593

	
0.931




	
Enterobacteriaceae

	
4.05

	
0.93

	
1.4

	
0.99

	
2.93

	
0.97

	
0.639

	
0.007

	
0.004




	
Microbacteriaceae

	
1.86

	
1.12

	
1.62

	
0.91

	
2.31

	
0.47

	
0.593

	
0.314

	
0.639




	
Streptococcaceae

	
0.97

	
1.59

	
1.15

	
0.76

	
2.49

	
0.66

	
0.317

	
0.423

	
0.655




	
Lachnospiraceae

	
0.74

	
1.08

	
1.2

	
1.44

	
1.58

	
0.45

	
0.408

	
0.655

	
0.593




	
Clostridiaceae

	
0.53

	
1.62

	
0.57

	
0.68

	
1.36

	
0.49

	
0.609

	
0.653

	
0.639




	
Campylobacteraceae

	
0.34

	
1.13

	
1.51

	
0.10

	
0.53

	
0.59

	
0.593

	
0.655

	
0.639




	
Pseudomonadaceae

	
0.07

	
0.33

	
0.75

	
0.76

	
0.98

	
0.82

	
0.005

	
0.052

	
0.052




	
Moraxellaceae

	
0.10

	
0.24

	
0.51

	
0.10

	
1.17

	
0.40

	
0.083

	
0.655

	
0.510




	
Others 2

	
5.07

	
9.96

	
6.21

	
4.92

	
7.22

	
3.23

	
0.957

	
0.553

	
0.382








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level). Results showed as means presented as back-transformed estimates with a 95% confidence interval. 2 Representing the combined total of all <1% abundance.
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Table 6. Relative abundance of jejunal mucosa-associated microbiota at the genus level in nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others






	
Helicobacter

	
42.44

	
28.84

	
51.14

	
23.33

	
50.42

	
10.89

	
0.016

	
0.002

	
0.041




	
Lactobacillus

	
11.36

	
16.47

	
9.63

	
13.39

	
9.97

	
2.09

	
0.990

	
0.365

	
0.013




	
Prevotella

	
7.78

	
11.39

	
10.96

	
13.38

	
6.95

	
2.14

	
0.958

	
0.728

	
0.813




	
Ralstonia

	
4.64

	
5.85

	
3.65

	
9.48

	
6.44

	
0.94

	
0.378

	
0.292

	
0.114




	
Pelomonas

	
2.72

	
4.26

	
1.88

	
6.56

	
4.75

	
0.69

	
0.003

	
0.114

	
0.292




	
Microbacterium

	
1.26

	
1.76

	
1.01

	
2.68

	
2.13

	
0.46

	
0.782

	
0.435

	
0.252




	
Cupriavidus

	
0.69

	
1.33

	
0.82

	
2.54

	
1.24

	
0.41

	
0.252

	
0.285

	
0.369




	
Campylobacter

	
1.28

	
1.57

	
0.12

	
0.76

	
0.23

	
0.66

	
0.358

	
0.020

	
0.035




	
Pseudomonas

	
0.32

	
0.70

	
0.75

	
1.00

	
0.85

	
1.09

	
0.016

	
0.015

	
0.007




	
Corynebacterium

	
1.61

	
0.07

	
0.06

	
0.02

	
0.01

	
0.94

	
0.285

	
0.002

	
0.076




	
Acinetobacter

	
0.10

	
0.38

	
0.07

	
0.99

	
0.13

	
0.38

	
0.127

	
0.292

	
0.817




	
Others 2

	
8.29

	
6.45

	
6.71

	
8.67

	
5.16

	
2.96

	
0.159

	
0.284

	
0.217








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level). Results showed as means presented as back-transformed estimates with a 95% confidence interval. 2 Representing the combined total of all <1% abundance.
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Table 7. Relative abundance of jejunal mucosa-associated microbiota at the species level in nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others






	
Helicobacter rappini

	
28.60

	
26.26

	
17.81

	
18.43

	
13.78

	
2.76

	
0.001

	
0.146

	
0.001




	
Helicobacter mastomyrinus

	
15.98

	
8.94

	
17.09

	
14.40

	
6.62

	
2.64

	
0.001

	
0.002

	
0.004




	
Prevotella copri

	
7.57

	
10.89

	
9.57

	
13.98

	
16.20

	
1.73

	
0.001

	
0.406

	
0.005




	
Pelomonas puraquae

	
5.45

	
3.62

	
4.74

	
2.66

	
7.92

	
0.77

	
0.075

	
0.009

	
0.328




	
Lactobacillus mucosae

	
2.68

	
4.94

	
4.83

	
4.22

	
3.02

	
1.04

	
0.644

	
0.102

	
0.146




	
Ralstonia insidiosa

	
3.96

	
3.00

	
3.45

	
1.59

	
4.32

	
0.84

	
0.829

	
0.040

	
0.232




	
Prevotella sp.

	
3.04

	
1.13

	
2.31

	
3.07

	
2.67

	
0.89

	
0.328

	
0.828

	
0.232




	
Microbacterium ginsengisoli

	
2.60

	
1.85

	
2.10

	
1.44

	
3.69

	
0.53

	
0.228

	
0.102

	
0.535




	
Prevotella ruminicola

	
2.50

	
0.51

	
1.50

	
2.52

	
1.88

	
0.97

	
0.228

	
0.800

	
0.066




	
Pelomonas aquatica

	
1.61

	
1.40

	
1.57

	
0.98

	
2.82

	
0.45

	
0.209

	
0.210

	
0.948




	
Lactobacillus kitasatonis

	
0.73

	
1.25

	
1.64

	
0.54

	
4.21

	
0.58

	
0.002

	
0.211

	
0.218




	
Propionibacterium acnes

	
0.63

	
2.19

	
1.19

	
0.69

	
0.48

	
0.50

	
0.211

	
0.545

	
0.454




	
Streptococcus alactolyticus

	
1.02

	
1.23

	
0.59

	
0.60

	
1.66

	
0.57

	
0.406

	
0.115

	
0.825




	
Cupriavidus necator

	
0.72

	
0.36

	
0.69

	
0.93

	
2.12

	
0.48

	
0.005

	
0.584

	
0.805




	
Helicobacter sp.

	
1.98

	
0.43

	
0.39

	
1.27

	
0.06

	
0.52

	
0.102

	
0.377

	
0.001




	
Corynebacterium glutamicum

	
0.01

	
0.92

	
0.03

	
0.01

	
0.01

	
0.26

	
0.524

	
0.825

	
0.406




	
Acinetobacter radioresistens

	
0.05

	
0.04

	
0.14

	
0.03

	
0.68

	
0.30

	
0.001

	
0.200

	
0.345




	
Others 2

	
13.00

	
19.90

	
16.32

	
25.92

	
17.44

	
3.56

	
0.218

	
0.005

	
0.006








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level). Results showed as means presented as back-transformed estimates with a 95% confidence interval. 2 Representing the combined total of all <1% abundance.
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Table 8. Alpha diversity of jejunal mucosa-associated microbiota at the family level in nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others 2






	
Family

	

	

	

	

	

	

	

	

	




	
Chao1

	
35.99

	
47.70

	
44.05

	
48.87

	
58.99

	
26.85

	
0.044

	
0.966

	
0.092




	
Shannon

	
2.36

	
2.41

	
2.83

	
2.21

	
2.88

	
0.92

	
0.249

	
0.672

	
0.474




	
Simpson

	
0.60

	
0.57

	
0.70

	
0.54

	
0.72

	
0.18

	
0.174

	
0.486

	
0.676




	
Genus

	

	

	

	

	

	

	

	

	




	
Chao1

	
35.40

	
47.73

	
40.45

	
49.14

	
56.86

	
26.53

	
0.053

	
0.983

	
0.103




	
Shannon

	
2.10

	
2.23

	
2.60

	
1.98

	
2.64

	
0.89

	
0.276

	
0.712

	
0.414




	
Simpson

	
0.54

	
0.53

	
0.67

	
0.49

	
0.67

	
0.19

	
0.218

	
0.677

	
0.506








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level); results are shown as least squared means. 2 Representing the combined total of all <1% abundance.
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Table 9. Immune status and oxidative stress of nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratric

	
0 vs. FO






	
TNF-α 2, pg/mg of protein

	
0.47

	
0.54

	
0.43

	
0.37

	
0.64

	
0.09

	
0.323

	
0.130

	
0.810




	
IL-8 3, pg/mg of protein

	
650

	
625

	
530

	
558

	
771

	
117

	
0.388

	
0.200

	
0.825




	
MDA 4, µmol/mg of protein

	
0.57

	
0.70

	
0.57

	
0.61

	
0.57

	
0.19

	
0.734

	
0.925

	
0.765




	
PC 5, nmol/mg of protein

	
3.11

	
2.42

	
2.83

	
2.45

	
2.55

	
0.37

	
0.304

	
0.421

	
0.064




	
IgA 6, µg/mg of protein

	
3.41

	
4.17

	
4.32

	
3.69

	
3.75

	
0.70

	
0.941

	
0.645

	
0.497




	
IgG 7, µg/mg of protein

	
2.42

	
1.71

	
1.65

	
2.43

	
2.02

	
0.53

	
0.980

	
0.893

	
0.432








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level); results are shown as least squared means. 2 Tumor necrosis factor-alpha; 3 Interleukin 8; 4 Malondialdehyde; 5 Protein carbonyl; 6 Immunoglobulin A; 7 Immunoglobulin G.
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Table 10. Jejunal morphology in nursery pigs fed diets with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others






	
Villus height, μm

	
401

	
471

	
451

	
416

	
453

	
25

	
0.578

	
0.977

	
0.098




	
Villus width, μm

	
97

	
90

	
91

	
94

	
93

	
3

	
0.921

	
0.568

	
0.196




	
Crypt depth, μm

	
86

	
90

	
99

	
97

	
96

	
7

	
0.166

	
0.105

	
0.070




	
Villus area, μm2 × 10−2

	
385

	
420

	
407

	
390

	
417

	
20

	
0.574

	
0.800

	
0.303




	
VH:CD ratio 2

	
4.7

	
5.2

	
4.6

	
4.4

	
4.7

	
0.3

	
0.435

	
0.282

	
0.751




	
Ki-67 positive 3, %

	
36.7

	
36.7

	
39.3

	
37.6

	
37.3

	
2.3

	
0.748

	
0.289

	
0.463








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level); Results are shown as least squared means. 2 Villus height to crypt depth ratio; 3 Ratio of Ki-67 positive cells to total cells in the crypt.
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Table 11. Apparent ileal digestibility of dry matter, crude protein, and gross energy in diets of nursery pigs with increasing supplementation of functional oils.
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Item

	
Functional Oils, g/kg Feed 1

	

	
p-Value




	
0.00

	
0.50

	
0.75

	
1.00

	
1.50

	
SEM

	
Linear

	
Quadratic

	
0 vs. Others 2






	
Dry matter, %

	
61.05

	
62.87

	
60.71

	
63.32

	
63.96

	
3.24

	
0.500

	
0.950

	
0.562




	
Crude protein, %

	
68.29

	
68.46

	
71.72

	
80.06

	
67.88

	
6.10

	
0.856

	
0.145

	
0.534




	
Gross energy, %

	
65.56

	
64.81

	
66.87

	
68.17

	
65.59

	
3.16

	
0.867

	
0.497

	
0.812








1 Five supplemental levels of functional oils (n = 40 total, n = 8 per supplemental level); Results are showed as least squared means. 2 Representing the combined total of all <1% abundance.
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