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Editorial on the Research Topic
 Parent-Offspring Integration: Gut Health and Physiological Functions of Animals




INTRODUCTION

Despite the lack of a clear definition, the term “gut health” in animal nutrition or its etiology encompasses several physiological and functional features, including nutrient digestion and absorption, host metabolism and energy generation, a stable and appropriate microbiota/microbiome, defense mechanisms (i.e., barrier function and mucosal immune mechanisms), and the interactions between these components (1). Among other gut health variables, the gut microbiota has strong metabolic activities and plays several important roles in animals and poultry. It includes the regulation of nutrient utilization and physiological functions of the host, including the digestion and absorption of nutrients, fermentation of complex macronutrients, and nutrient and vitamin production, contributing to the construction of the intestinal epithelial barrier, the development and function of the host immune system, competing with pathogenic bacteria to prevent their harmful propagation, and physiological metabolism in distal organs or tissues (2–4). In addition to the composition of the gut microbiota, small molecule metabolites derived from gut microbiota can enter into the systemic circulation and play regulatory roles signaling molecules or toxins, affecting the performance and health of animals (1). In this context, maintaining a healthy gut microbiota has become a prominent strategy to improve animal and poultry's health and production performance.

It is well-established that mammalian gut microbiota regulates host metabolism, and its composition varies in hosts in different physiological states, such as during the pregnancy progression. In addition, maternal physiological changes during pregnancy are highly related to the growth and development of the fetus, which might be influenced by the gut microbiota (5, 6). Indeed, maternal gut microbiota (e.g., Firmicutes and Proteobacteria) could colonize the fetal/neonatal gut during pregnancy (via the placenta) or lactation (via maternal milk and mother's feces) and affecting the offspring's growth and development and as well other physiological functions later in life (7). Also, it is well-known that the gut microbiota is involved in regulating various host gut functions, and the offspring's growth and development largely depend on maternal physiological changes during pregnancy and lactation (8). Studies have found that maternal microbiota in the gastrointestinal tract (GIT) could colonize in the fetus in utero and then could be transmitted to the offspring through direct contact during parturition or lactation (9, 10). Also, maternal nutrition and metabolic and physiological conditions are the pivotal factors in fetal development, production performance, and offspring's growth and development (11). Therefore, maternal nutritional intervention during pregnancy and the perinatal period has been used to enhance the maternal gut health and improve the gut health of their offspring later in life (12, 13). Similarly, early growth and development of the GIT of poultry have critical importance to nutrients utilize and optimize the nutrients. Unlike in animals, early nutrition programming using both in ovo and post-hatch feeding has been used in poultry to modulate the early growth and development of gut health and found to be an effective strategy (14). In ovo feeding with specific prebiotics and probiotics affects gut microbiota and metabolic profile, ileal-histomorphology, immune functions, and growth performance of poultry (15, 16). Therefore, it is crucial to understand the parent-offspring integration on animals' gut health and physiological functions and nutritional strategies for beneficial impacts in offsprings.

To highlight recent findings in the field, a Research Topic entitled “Parent-offspring Integration: Gut Health and Physiological Function of Animals” was organized and came up with 14 relevant articles covering different aspects of the topic for both animals and poultry.



NUTRITIONAL STRATEGIES FOR PARENT-OFFSPRING INTEGRATION ON GUT HEALTH AND PHYSIOLOGICAL FUNCTION

During pregnancy, the maternal system can be influenced by several extrinsic factors; nutritional status is one of those that can program nutrient partitioning and ultimate growth, development, and function of the major fetal organ system (11). In addition, fetal growth and development are also associated with the fetal nutritional environment and could change as pregnancy progresses. Over the past few decades, different maternal nutritional strategies (i.e., energy intake and protein levels) have been gained interest to evaluate the fetal development and production performance of animals. For example, specific nutrients such as amino acids (methionine, cysteine, glutamine, and glutamate) could improve fetal development and thus influence the gut health of animals. These gastrointestinal proteins- or amino acids-fermenting bacteria have the potential function in the utilization and production of amino acids and microbial proteins, in turn, to feed the host in return (12). Similarly, dietary supplementation with probiotics (Bacillus subtilis) promoted growth performance, decreased diarrhea incidence, and ameliorated several indicators of intestinal health through the modulation of gut microbiota composition and metabolic activity in weaned piglets (Tian et al.). Interestingly, Guava leaf extract improved intestinal barrier function and enhanced the antioxidant ability of piglets challenged by enterotoxigenic Escherichia coli (Wang D. et al.). Also, Macleaya cordata extract combined with benzoic acid affected growth performance, immune response, and gut microbiota in weaned pigs (Wang F. et al.). These studies suggest that plant extracts have the potential to be used as gut health enhancers in pigs. As potential gut health enhancers, dietary feed supplements (including prebiotics, probiotics, synbiotics, and fatty acids) are gaining more attention to be used in maternal feeding programs in parent-offspring integration. These feed additives have been found to modulate microbial community, regulate the production of cytokines and antibodies, and improve gut development and the overall gut health of animals and poultry (17–19). Wang K. et al. evaluated the effects of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on colonic microbiota, antioxidant capacity, and immune function of weaned piglets. This study found that dietary probiotics or synbiotics supplementation to sows (during pregnancy and lactation) and their offspring piglets could increase the beneficial bacteria such as Bifidobacterium and Lactobacillus and decrease the pathogenic bacteria Escherichia coli in the colon of piglets. In addition, dietary probiotics or synbiotics supplementation to sows and their offspring piglets could improve the immune response and antioxidant capacity of weaned piglets. The study also found that intestinal microbiota changes were correlated with alterations of immunoglobulins and cytokine concentration and antioxidant capacity of piglets. Similarly, Wang X.-L et al. evaluated Lactobacillus delbrueckii as a probiotic in weaned pigs and found that it can improve intestinal morphology and modulate the microbiota community to promote growth performance. To get a similar understanding of poultry, Dunislawska et al. used bioactive substances, such as prebiotics, probiotics, or synbiotics, to evaluate the molecular response in intestinal and immune tissues in ovo study. They found that prebiotics and synbiotics could improve the gut barrier integrity and lipid metabolism and upregulate the gut-immune-related genes in the large gut. Das et al. reviewed different aspects of in ovo feeding and its application for modulating the performance and gut health of poultry. Thanabalan and Kiarie reported that feeding polyunsaturated omega-3 fatty acids to broiler breeders modulates breeder GIT microbiota with consequences of microbial colonization and succession in chicks. Also, it impacts the indices of immunocompetence, skeletal, and GIT development in chick post-hatch. Earlier, Yang et al. characterized the intestinal microbial community in broiler breeders to better understand their population and functions. In another study, Hernandez et al. evaluated the effectiveness of whole yeast cells, peppermint oil, and γ-tocopherol in gestation and lactation on maternal oxidative stress and offspring growth from birth to market. This study found that dietary inclusion of whole yeast cells, peppermint oil, and γ-tocopherol in sow diets improved offspring performance during the suckling and post-weaning periods. Moreover, whole yeast cell and γ-tocopherol inclusion in sow diets during lactation showed heavier offspring, while prenatal and postnatal inclusion of peppermint oil had lightweight pig up to the market. Zhou et al. evaluated the effect of supplementing all-trans retinoic acid to Hoxa1+/− pregnant sows and found that all-trans retinoic acid minimized the developmental defects of Hoxa1+/− and improved the birth weight and ear defects of Hoxa1−/− piglets. Qi et al. reported the characteristics of intestinal microbial succession and the correlation with the production of two important types of bacterial metabolites (short-chain fatty acids and bioamine) in piglets at the early growth stage. Zhu et al. studied the dynamic changes of metabolic profiles in maternal biofluids during the gestation period in a native breed (Huanjiang Mini-pigs) and found that there was a relationship with specific amino acids concentration in amniotic and allantoic fluid with the bodyweight of fetuses. On the other hand, Tang et al. reviewed the mechanisms of epidermal growth factor and their effects on animal intestinal phosphate absorption with the intention to highlight its role in gut health.

In conclusion, maternal nutritional programming could influence both parents' and their offspring's gut health and physiological functions. However, the underlying mechanisms of parent-offspring nutrient transportation still have remained unelucidated. Therefore, we should consider the parent-offspring integration, and more studies in this field are necessary to understand the exact mechanisms and functions and the long-term effects on gut health.
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Hoxa1 mutation adversely affect fetal pig development, but whether all-trans retinoic acid (ATRA) administration to Hoxa1+/− pregnant sows can improve Hoxa1−/− fetal pig development defects has not been reported. A total of 24 healthy Hoxa1+/− sows were mated with a healthy Hoxa1+/− boar and randomly assigned to one control group and nine experiment groups. ATRA was orally administered to pregnant sows at the doses of 0, 4, 5, or 6 mg/kg maternal body weight on 12, 13, and 14 days post coitum (dpc), respectively, and a total of 146 live piglets were delivered including 37 Hoxa1−/− piglets and 109 non-Hoxa1−/− piglets. Results indicated that Hoxa1−/− piglets delivered by sows in control group had bilateral microtia, canal atresia and ear's internal defects, and had lower birth liveweight and external ear score than non-Hoxa1−/− neonatal piglets (P < 0.05). Maternal administration with ATRA can effectively correct the development defects of Hoxa1−/− fetal pigs, Hoxa1−/− neonatal piglets delivered by sows administered ATRA at a dose of 4 mg/kg body weight on 14 dpc had higher birth liveweight (P > 0.05) and higher scores of external ear (P < 0.05) compared to Hoxa1−/− neonatal piglets from the control group, but had no significantly difference in terms of birth liveweight and external ear integrity than non-Hoxa1−/− piglets from the control group (P > 0.05). The time of ATRA administration significantly affected Hoxa1−/− fetal development (P < 0.05). Administration of ATRA to Hoxa1+/− pregnant sows at 4 mg/kg body weight on 14 dpc can effectively improve the birth liveweight and ear defects of Hoxa1−/− piglets.

Keywords: all-trans retinoic acid, intrauterine growth retardation, ear defects, Hoxa1 mutation, fetal pig


INTRODUCTION

Gene mutations, nutrition imbalance or adverse maternal environments may lead to abnormal development or death of fetuses (1–3). For instance, hox cluster genes regulate the migration and differentiation of cranial neural crest cells (CNCC) and embryonic patterning, thereby vitally impacting fetal organogenesis during embryonic development (4, 5). Mutations of hox family genes may cause abnormal CNCC migration and in turn result in abnormal development of fetus (6–8). It has been shown that targeted Hoxa1 inactivation leads to severe reduction of rhombomere 4 (r4) and r5 and death shortly after birth (9). Gavalas et al. (10) found that the deletion of Hoxa1 and

Hoxb1 in mice significantly reduces the number of CNCC in the second branchial arch, eventually leading to malformation of the organs derived from the second branchial arch (10). In addition, Hoxa1 mutations can lead to auricle loss and external auditory canal damage (10, 11) and to cardio-cerebrovascular abnormalities (12, 13). Alasti et al. (14) found in Iranian humans families that a Q186K variant in hoxa2 leads to a phenotype of external ear malformation (14). Qiao et al. (15) firstly reported that the Hoxa1 mutation of g.50111251 G>TC results in abnormal auricle and external auditory canal, dyspnea, and even death in newborn piglets (15).

The initial transcription of hox family cluster genes requires the involvement of retinoic acid (RA) (16). RA is a physiologic active substance produced from the catalysis of vitamin A by retinol dehydrogenase and retinaldehyde dehydrogenase. RA can bind to the response elements of hox family genes and regulate the transcription and expression of hox family genes, including Hoxa1 (17–19). The concentration of RA required by different hox family genes for initial transcription varies (20–22). All-trans RA (ATRA) is one of the geometric isomers of RA (23) and is involved in cellular differentiation, morphogenesis and fetal growth (24). Molotkova et al. (25) found that RA regulates the differentiation and development of the posterior neuroectoderm of mouse embryos at gestational age 7.5–9.5 days (25). Improper RA supplementation leads to abnormal migration of CNCC and causes various degrees of external ear malformation (26–29), high dose RA maternal administration can produce malformations during organogenesis (26, 27), cleft palate can be developed when administrating retinoid acid to pregnant mice at gestational day 11 or day 17 with level of larger than 10 mg/kg body weight (30) and fetal inner ear dysmorphogenesis was also observed when gravid mice were administered RA with two consecutive doses of 25 mg/kg body weight (31). In contrast, proper nutrition supplementation before birth can correct outer ear malformation caused by congenital defects (32). Furthermore, Pasqualetti et al. (28) reported that low-dose exogenous RA (5 mg/kg BW) can repair inner ear defects caused by mutations in Hoxa1 of mice at 7.5–9.5 days of gestation, suggesting that RA can compensate for the functional loss caused by the Hoxa1 defect and this restorative effect is only effective at 8–8.75 days post coitum (28).

In the previous study we found that the Hoxa1 mutation of g.50111251 G>TC resulted in low birth liveweight, ear malformations, hearing impairment and dyspnea of Hoxa1−/− neonatal piglets (15) and all Hoxa1−/− new born piglets will die during suckling period, but no information has been reported regarding by using maternal ATRA administration to repair those defects in Hoxa1−/− fetal pigs. The current study involved orally administering ATRA to Hoxa1+/− pregnant sows to investigate the effects of ATRA on birth weight, ear development of Hoxa1−/− neonatal piglets with an aim to determine the optimal dosage and time of ATRA administration for rescuing developmental defects of Hoxa1−/− fetus.



MATERIALS AND METHODS


Experimental Design

Twenty-four Hoxa1+/− sows which derived from a Chinese Erhualian founder boar and Shaziling founder sow were selected and mated to a healthy Hoxa1+/− boar, and then sows were randomly assigned to one control group (Group 0) and nine experimental groups (Group 1–9). ATRA was orally administered to sows as shown in Table 1. This experiment was complied with the policies of National Institutes of Health Guide for Care and Use of Laboratory Animals.


Table 1. Experimental design for the oral administration of all trans retinoic acid (ATRA) to Hoxa1+/− pregnant sows.

[image: Table 1]



Oral Administration of ATRA to Pregnant Sows

The amount of ATRA administered to each pregnant sow was calculated according to its body weight, and ATRA was dissolved in dimethyl sulfoxide (DMSO) at a ratio of 1:62.5 (w/w). The ATRA:DMSO mixture was diluted with 50 ml soybean oil and mixed with 0.5 kg basal diet and fed to sows on the scheduled date.



Body Weight, Recording of External Ear Phenotype, and External Ear Scoring

All pregnant sows finished the farrowing within 20 days, newborn piglets were individually cleaned with dry towel and weighed immediately after birth. The external ear phenotype on the left and right side of each piglet was recorded and scored according to Figure 1.


[image: Figure 1]
FIGURE 1. Score criteria for left and right external ear of neonatal piglets. Grade I: normal pinna with ear hole of external auditory canal, score 5. Grade II: small pinna with ear hole of external auditory canal, score 4. Grade III: strip pinna with atresia of external acoustic meatus, score 3. Grade IV: 2-3 “peanut” auricle with atresia of external acoustic meatus, score 2. Grade V: anotia, score 1.




Sample Collection

Each piglet was dried with clean towel immediately after delivery, then several pieces of ear samples were cut off with ear notcher or tail samples were obtained by removing the end portion of tail with tail clipper from each piglet, ear or tail samples of each piglet were immediately transferred to Eppendorf tubes containing 75% alcohol and stored at 4°C in refrigerator for genotyping.



Hoxa1- c.451 G>TC Genotyping

Genomic DNA from ear or tail tissues was extracted from each piglet using genomic DNA extraction Kit which was obtained from Genstar (Beijing, China). The concentration of extracted DNA was quantified and qualified using the A260/A280 ratio by NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, Rockland, DE) and genomic DNA was used as template for PCR amplification in 15-μl reaction mixtures containing 40 ng genomic DNA, 0.05 mM MgCl2, 0.2 μl 10 × Buffer, 0.4 mM dNTP, 1.0 U DNA polymerase, 20 pmol forward primer (5′-TGGACAATGCAAGAATGAGC-3′), and 20 pmol reverse primer (5′-CCCACGTCCTACTTCCAAAA-3′). PCR amplification was performed using the following conditions: 94°C/5 min followed by 30 cycles of 94°C, 30 s; 62°C, 30 s; and 72°C, 40 s; with a final elongation at 72°C for 8 min. Mutation from G to TC at base No. 451 of the Hoxa1 coding sequence was used for RFLP analysis with the following procedures (15): the PCR products were digested overnight at 37°C in 10 μl reaction mixtures (5 μl PCR product, 0.5 μl SmaI endonuclease, 1 μl 10 × T-buffer, 1 μl 0.1% BSA, and 2.5 μl H2O). The restriction fragments were stained with ethidium bromide, resolved on 1.5% agarose gels, and visualized under UV light. The wild-type allele (G) was represented by a restriction fragment of 891 bp and the mutant allele (TC) by two fragments of 438 bp and 453 bp, Hoxa1 was classified into one of three genotypes according to the bands produced by SmaI digestion (Figure 2).
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FIGURE 2. Hoxa1-c.451 G>TC genotyping by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assay. M: marker. Lane 1, 2, and 3: mutant (Hoxa1−/−), abnormal external ear. Lane 4, 7, and 8: wild type (Hoxa1+/+), normal external ear. Lane 5, 6, and 9: heterozygote (Hoxa1+/−), normal external ear.




High-Resolution Computer Tomography (CT) Scan

In order to compare the differences in internal structures of ears of piglets, four neonatal piglets including two neonate piglets (one Hoxa1−/− piglet and one Hoxa1−/− piglet) from control group and two neonate piglets (one Hoxa1−/− piglet with partially bilateral external defects of ears and one Hoxa1−/− piglet with normally bilateral external structures of ears) from experimental group 7 were selected for high-resolution computer tomography scan. Imaging was performed on a Revolution ACTs 16-MDCT scanner (GE Healthcare) using the following parameters: electric voltage 120 kVp, scanning time 1.0 sec, slice thickness 1.25 mm, and pitch 0.938:1.



Statistical Analyses

SPSS v. 17.0 software (IBM Corp., Armonk, NY, USA) was used for statistical analysis. All data were analyzed using two-way ANOVA (factors: date of ATRA administration and dose of ATRA) and Duncan's multiple comparison test was conducted to identify significant difference, differences were considered statistically significant if the P-value was ≤ 0.05.




RESULTS


Administration of ATRA to Pregnant Hoxa1+/- Sows Increased the Birth Liveweight of Hoxa1-/- Piglets

As shown in Table 2, Hoxa1−/− piglets in the control group had significantly lower average birth weights compared to the non-Hoxa1−/− (Hoxa1+/+ and Hoxa1+/−) piglets (P < 0.05). While there was no significant difference in average birth weight of Hoxa1−/− piglets among control group and experimental groups (P > 0.05) with an exception of G2, Hoxa1−/− piglets delivered by sows of G2 had a significant lower average birth liveweight than Hoxa1−/− piglets from G7 and G9, respectively (P < 0.05) but had no significant lower average birth liveweight compared to Hoxa1−/− piglets from other groups (P > 0.05). The average birth weight of the Hoxa1−/− piglets born from sows treated with ATRA on 14 dpc at doses of 4 mg/kg body weight and 6 mg/kg body weight were numerically higher than those born from control group and the other experimental groups (P > 0.05). In addition, the average birth liveweight of non-Hoxa1−/− piglets delivered by sows from control group was significantly higher than that of non-Hoxa1−/− piglets born by sows from experimental groups (P < 0.05). The Days of ATRA administration, dose of ATRA and the interaction of the days and dosage had significant effect on the birth liveweight of Hoxa1−/− piglets (P < 0.01).


Table 2. Effect of oral administration of all-trans retinoic acid (ATRA) to pregnant Hoxa1+/− sows on birth live weight of Hoxa1−/− piglets.
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Maternal Administration With ATRA Repaired the External Defects of Ears of Hoxa1-/- Piglets

All non-Hoxa1−/− (Hoxa1+/+ and Hoxa1+/−) new born piglets delivered by sows in control and experimental groups had normally bilateral external ears (normal pinna and external auditory meatus), one of the non-Hoxa1−/− piglets was selected as the representative and presented its external bilateral ears in Figure 3A. All new born Hoxa1−/− piglets in control group had defected bilateral external ears (bilateral microtia and atresia of external auditory meatus) and the defected external ears of four piglets were selected as the representatives and showed as Figure 3B. The deformed external ears of Hoxa1−/− piglets from experimental groups were partially or completely repaired by maternal ATRA administration, four Hoxa1−/− piglets from experimental group 7 were selected to display the effect of repairing defected external ears with maternal ATRA administration including one Hoxa1−/− piglet with completely repaired bilateral external ears (left of Figure 3C) and three Hoxa1−/− piglets with partially repaired external ears (middle and right of Figure 3C). Scoring of outer ears of each new born piglet was performed according to Figure 1 and the data are presented in Table 3. All non-Hoxa1−/− piglets either from control group or different experimental groups were delivered with normal pinna and ear hole of external auditory meatus on each side of the head and had a score of 5, Hoxa1−/− piglets in the control group were born with pinna defects and no ear hole of external auditory meatus on each side of the head and had lower score than new born non-Hoxa1−/− piglets had (P < 0.05). Hoxa1−/− piglets in the experimental groups were delivered with partial or no defects of pinna and ear hole on each side of the head and had higher score than Hoxa1−/− newborn piglets in the control group with an exception in experimental group 5. One Hoxa1−/− piglet that delivered by a sow in experimental group 7 had the normal pinna and ear hole of external auditory meatus on each side of the head and had the same score as non-Hoxa1−/− piglets had. The date of ATRA administration had significant effect on the repair of outer ear defects of Hoxa1−/− piglets (P < 0.01).
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FIGURE 3. Phenotypic comparison of the differences between normal and defected external ears and the differences of repairing defected external ears with ATRA. (A) One non-Hoxa1−/− neonatal piglet from control groups with normal bilateral external ears. (B) The representatives of Hoxa1−/− neonatal piglets from control groups with different defected external ears (C) four Hoxa1−/− neonatal piglets from G7: the left one with the completely repaired bilateral external ears; the middle one and the right two with the partially repaired external ears.



Table 3. Effect of oral administration of all-trans retinoic acid (ATRA) to pregnant Hoxa1+/− sows on external Ear development of Hoxa1−/− piglets.
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Maternal Administration With ATRA Improved the Internal Defects of Ears of Hoxa1-/- Fetal Piglets

In order to find out what are the differences in internal structures of ears among piglets that presented in Figure 3, we selected the non-Hoxa1−/− piglet of Figure 3A, one of the Hoxa1−/− piglet from Figure 3B (randomly), the Hoxa1−/− piglet with completely repaired bilateral external ears (left of Figure 3C) and the Hoxa1−/− piglet with partially repaired bilateral external ears (middle of the Figure 3C) to scan their internal structures of ears. Figure 4A exhibits that the non-Hoxa1−/− piglet of Figure 3A had the normal internal structures of ears on each side including external auditory meatus (EAM), auditory ossicles (AO), semicircular canal (SCC), vestibule, cochlea, and tympanic cavity (TC). Mutation of Hoxa1 caused not only the defected external ears but also the loss of internal structures of ears, because one of the Hoxa1−/− piglet from Figure 3B showed the losses of EAM, TC and MP and the deformed AO, SCC, vestibule and cochlea (Figure 4B). Maternal administration with ATRA in G7 was the most effective in repairing the internal defects of ears of Hoxa1−/− piglets, because the internal defects of ears of the Hoxa1−/− piglet from the middle of Figure 3C were partially repaired (Figure 4C), and the Hoxa1−/− piglet from the left of Figure 3C had the normal internal structures of ears as newborn non-Hoxa1−/− piglets had (Figure 4D).
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FIGURE 4. High-resolution CT imaging of internal structures of ears. (A) The non-Hoxa1−/− piglet of Figure 3A had the normal internal structures of ears on each side of the head. (B) The Hoxa1−/− piglet of Figure 3B had the complete absence of EAM, TC and MP. (C) The Hoxa1−/− piglet from the middle of Figure 3C had the partially repaired internal structures of ears. (D) The Hoxa1−/− piglet from the left of Figure 3C had the same normal internal structures of ears as the non-Hoxa1−/− piglet of Figure 3A had. EAM, external auditory meatus. MP, mastoid process. TC, tympanic cavity. AO, auditory ossicle. SCC, semicircular canals. V, vestibule. C, cochlea.





DISCUSSION

Hoxa1 and ATRA are essential for the normal development of ears and other body tissues of vertebrate embryos (12, 33, 34). Both Hoxa1 mutations and ATRA deficiency can cause abnormal ear development of fetuses and newborn infants with ear abnormalities being associated with intrauterine growth retardation (IUGR) (8), including the low head growth and low body weight of fetuses (12, 35, 36). In the present study, all neonatal Hoxa1−/− piglets born from sows in the control group presented little or no response to sound stimuli as our previous report (15) and had significantly lower live weight at birth than non-Hoxa1−/− littermate piglets (P < 0.05). László et al. (8) reported that adequate external sound stimuli is an effective method in promoting normal fetal growth during the last trimester of pregnancy and hearing loss of fetuses is associated with low intrauterine growth (8). After oral administration of ATRA to Hoxa1+/− pregnant sows at a dose of 4 mg/kg body weight on 14 dpc, their offsprings with Hoxa1−/− gene had more intact auricle and external auditory meatus and higher birth live weight than offsprings with Hoxa1−/− gene in control group.

The external ear develops from the mesenchyme of the first and second pharyngeal arches and the identity of these pharyngeal arches is determined by rhombomere segmentation (37, 38). In vertebrate embryos, RA is synthesized by retinaldehyde dehydrogenase 2 (Raldh2) in mesoderm (17) and binds to hox nuclear receptors to activate anteroposterior (AP)-restricted Hox expression patterns and rhombomere segmentation in the hindbrain (13, 39, 40). However, Raldh2 mesodermal expression is under direct transcriptional control of the Hoxa1-Pbx1/2-Meis2 complex 9, when a Hoxa1 mutation occurs, the function of the Hoxa1-Pbx1/2-Meis2 complex can be affected, leading to a reduction in the production of endogenous RA, abnormal outer ear development and ATRA deficiency (41). Hoxa1−/− mice showed abnormalities in hindbrain rhombomere segmentation and neural crest migration and presented with external ear defects (9, 42, 43). Administration of exogenous RA to pregnant mice at a dose of 2.5 mg/kg on day E7.5 or E8.5 effectively rescues the Hoxa1 mutant mice from inner ear defects (28, 41). Qiao et al. (15) firstly reported that newborn piglets develop unilateral or bilateral microtia or anotia when a c.451 G>TC mutation occurs in Hoxa1 piglets (15). Results from the current study showed that the administration of ATRA to pregnant Hoxa1+/− sows at doses of 4, 5, and 6 mg/kg body weight improved the development of ears of Hoxa1−/− fetuses, because maternal administration with ATRA partially or completely repaired the external defects of ears of Hoxa1−/− fetal piglets, and the most effective regimen for repairing ear defects of Hoxa1−/− fetuses was to administer exogenous ATRA to pregnant Hoxa1+/− sows at a dose of 4 mg/kg maternal body weight on 14 dpc, because neonatal Hoxa1−/− piglets in this group had the highest external ear scores and intact internal ear structures compared to those in the other experimental groups. One Hoxa1−/− piglet delivered by a sow given 4 mg/kg exogenous ATRA on 14 dpc developed normal structures of external and internal ears, the possible explanation might be that this piglet received more exogenous maternal ATRA via the placenta than the other fetuses.



CONCLUSIONS

Hoxa1 mutations produce low birth liveweight and deformed ears of neonatal piglets. Administration of ATRA to Hoxa1+/− pregnant sows on 14 dpc at a dose of 4 mg/kg can improve birth liveweight and ear defects of Hoxa1−/− neonatal piglets. The findings of the present study can provide some useful information for how to repair fetal developmental defects with maternal treatment in the animal healthy production of gene mutant fetuses and in the prevention of human genetic ear disease during pregnancy instead of surgical repair after birth.
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Dietary Supplementation With Bacillus subtilis Promotes Growth and Gut Health of Weaned Piglets
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This study was conducted to investigate the effects of dietary supplementation with different types of Bacillus subtilis (B. subtilis) on the growth and gut health of weaned piglets. A total of 160 piglets were randomly assigned into four groups: control group (a basal diet), BS-A group (a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed), BS-B group (a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed), and BS-C group (a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed). All groups had five replicates with eight piglets per replicate. On days 7, 21, and 42 of the trial, blood plasma and intestinal tissues and digesta samples were collected to determine plasma cytokine concentrations, intestinal morphology, gut microbiota community and metabolic activity, and the expression of genes related to gut physiology and metabolism. The results showed that dietary B. subtilis supplementation improved (P < 0.05) the body weight and average daily gain (in BS-B and BS-C groups) of weaned piglets and decreased (P < 0.05) the diarrhea rates (in BS-A, BS-B, and BS-C groups). In the intestinal morphology analysis, B. subtilis supplementation improved (P < 0.05) the size of villus height and villus height to crypt depth ratio in the ileum of weaned piglets. Firmicutes, Bacteroidetes, and Tenericutes were the most dominant microflora in piglets' colon whatever the trial group and time of analysis. Dietary BS-C supplementation increased (P < 0.05) the relative abundances of Anaerovibrio and Bulleidia and decreased (P < 0.05) the relative abundances of Clostridium and Coprococcus compared with the control group. In addition, dietary B. subtilis supplementation increased (P < 0.05) the indicators of intestinal health, including plasma levels of interleukin (IL)-2 and IL-10, as well as the colonic levels of short-chain fatty acids. Furthermore, dietary B. subtilis supplementation also up-regulated (P < 0.05) the expression of genes involved in metabolic pathways related to intestinal microbiota maturation. In conclusion, these findings suggest that a diet containing BS-B or BS-C can efficiently promote growth performance, decrease diarrhea incidence, and ameliorate several indicators of intestinal health through the modulation of gut microbiota composition and metabolic activity in weaned piglets.
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INTRODUCTION

In swine production, weaning is a stressful event that exerts negative effects on microflora balance and mucosal barrier integrity of the digestive tract, eventually leading to gastrointestinal dysfunction, including diarrhea, low feed intake, low weight gain, and poor health of piglets (1). Over the past decades, antibiotics have been widely used as a powerful component to prevent infection and to increase the growth rate (2). However, severe antibiotic resistance problems have been caused by inappropriate or overuse of antibiotics and the widespread use of non-therapeutic antibiotics, leading to a complete ban on the use of antibiotics as growth promoter (3). Therefore, there is an urgent need to develop potential alternatives to growth-promoting antibiotics in order to optimize pig production without negative effects associated with systematic antibiotic use.

Probiotics, as one of the antibiotic alternatives for pig production, are increasingly used as prophylactics for gastrointestinal disorders and as nutritional supplements to promote a satisfactory health status (4). Among several bacterial species used as probiotics, Bacillus subtilis (B. subtilis) serves as a facultative anaerobe and is widely used as a possible candidate in monogastric feed due to high resistance of its spores to the harsh environment (such as the gastrointestinal tract of animals), and the possibility of long-term storage at ambient temperature (5). More importantly, B. subtilis, an intestinal microbe that may grow in the gut, has the ability to consume the oxygen to maintain an anaerobic environment for the prevention or therapy of gastrointestinal disorders (6, 7). Accumulating studies suggest a beneficial role for dietary supplementation with B. subtilis (400 g/t diet) on the growth performance of animals through improving intestinal function and health (8). Indeed, dietary supplementation with B. subtilis (500 mg/kg diet) showed a beneficial role in maintaining the intestinal barrier function and microflora balance in weaned piglets, and also improved their growth performance (9). However, it is worth to note that since the probiotics' effects are dependent on the combination of selected bacterial genera, their doses, and the feed composition (10), the effects of probiotics on animal growth performance is relatively heterogeneous, depending notably on the overall dietary context (11).

Therefore, we hypothesized that dietary B. subtilis supplementation may improve the growth performance and gut health and functions of weaned piglets through modulating the gut microbiota and its metabolic activity. Indeed, several bacterial metabolites have been shown to have an impact on the intestinal epithelium regarding parameters related to energy metabolism, barrier function, and epithelial renewal and homeostasis (12). In this study, we aimed to investigate the effects of three different types of B. subtilis on the growth performance, intestinal morphology, and microflora composition of weaned piglets.



MATERIALS AND METHODS


Experimental Design and Dietary Treatments

A total of 160 healthy crossbred piglets (Landrace × Large white, 7.00 ± 0.50 kg body weight) were weaned at 25 days of age and fed a corn and soybean meal-based diet. After 3 days of adaptation, the piglets were randomly assigned into four groups: control group (a basal diet), BS-A group (a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed), BS-B group (a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed), and BS-C group (a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed). All groups had five replicates with eight piglets per replicate. All the probiotics were commercial products provided by Evonik (China), Co., Ltd., Beijing China, and the dose of B. subtilis in the piglet's diet was as recommended by the manufacturer. The composition and nutrient levels of the basal diet met the nutritional requirements for nursey piglets established by the National Research Council (13), which are shown in Supplementary Table 1. The experiments lasted for 42 days.



Determination of Growth Performance and Health Status

All piglets were weighed individually at days 1, 7, 21, and 42 during the trial. The feed consumed by each pen was monitored daily. Average daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR; feed consumed/weight gain) were calculated for the periods of 1–7, 8–21, 22–42, and 1–42 days of the trial. The health status of piglets during the trial was assessed by fecal consistency scoring using a four-grade system, where 0 corresponded to firm and dry, 1 to pasty, 2 to thick and fluid, and 3 to watery (14). The fecal score was calculated as the sum of the diarrhea score over the period divided by the number of piglets in the period. The occurrence of diarrhea was defined as maintaining a score of 3 for 1 day. The diarrhea rate (%) was calculated as the sum of the total number of diarrheal piglets over the period divided by the number of piglets in the period multiplied by 100.



Sample Collection and Preparation

On days 7, 21, and 42 of the trial and 12 h after the last feeding, piglets from each replicate (n = 5) close to average body weight (BW) were sampled for plasma analysis and slaughtered by electric shock (120 V, 200 Hz). The intestinal contents from each colon (middle part) were collected and stored at −20°C for analyses of short-chain fatty acids (SCFAs), indole, skatole, bioamines, and the composition of the microbiota. Approximately 2 cm samples of the jejunum (10 cm from the anterior end of the jejunum), ileum (10 cm anterior to the ileocecal valve), and colon tissue (middle part) were collected, washed with cold physiological saline, immediately frozen in liquid nitrogen, and stored at −80°C for further analyses. The jejunum and ileum from all piglets were fixed with 4% paraformaldehyde-PBS for overnight, and then dehydrated and embedded in paraffin blocks. A 5 μm section was cut from each sample for histological analysis.



Determination of Plasma Cytokines Level

The plasma was collected by centrifuging at 4,000 g for 10 min at 4°C before stored at −20°C. Plasma levels of interleukin (IL)-2, IL-6, IL-10, interferon-alpha (INF-α), and tumor necrosis factor-alpha (TNF-α) were determined using porcine ELISA kits according to the manufacturer's instructions (CUSABIO, Wuhan, China). Plasma cytokine levels were then calculated from the correspondence standard curves.



Intestinal Histological Examination

The intestinal sections were deparaffinized, hydrated, and stained with hematoxylin and eosin as previously described (15). From each intestinal sample, villus height (VH) and crypt depth (CD) were measured at 10 visual fields, and the villus height to crypt depth ratio (VH/CD) was calculated.



16S Sequencing and Bioinformatics Analysis

Microbial genomic DNA was extracted from all samples using a HiPure Stool DNA Kit (Magen, Guangzhou, China) following the manufacturer's instructions. A multiplexed amplicon library covering V3–V4 region of the 16S rDNA gene was PCR-amplified with optimized primer sets for the Illumina HiSeq 2500 sequencing instrument (Illumina, San Diego, CA, USA). Each paired-end read was then spliced using the FLASH (16) software (version 1.2.1) to obtain the original spliced sequence (Raw contigs). Raw tags were mass filtered using Trimmomatic software (version 0.33) to obtain high-quality clean data. All chimeric sequences were removed by Uchime (17) (version 4.2). The chimera-free sequences were processed with a standard QIIME 1.91 pipeline (18) and clustered into operational taxonomic units (OTUs) at a 97% similarity threshold using an “Open-Reference” approach. The raw Illumina pair-end read data for all samples have been deposited in NCBI Sequence Read Archive (SRA) database under accession number: PRJNA597575.

Alpha diversity was analyzed by Chao1, Shannon, and Simpson indexes (19). Beta-diversity was analyzed by principal coordinates analysis (PCoA) based on OTU levels, and the hierarchical clustering tree was constructed based on Unweight Unifrac distances. To decipher the difference in microbiota structure among the four groups, linear discriminant analysis effect size (LEfSe) was performed (20). To probe the microbial metabolism and predict metagenome functional content from the marker genes, PICRUSt was used to explore differences in the KEGG pathway among the four groups (21).



Analysis of Bacterial Metabolites in Colonic Contents

The colonic contents were collected, homogenized, and centrifuged at 1,000 g for 15 min, as described previously (22). The intestinal SCFAs, including straight-chain fatty acids (acetate, propionate, butyrate, and pentanoate) and branched-chain fatty acids (BCFA; isobutyrate and isopentanoate) were detected by gas chromatography, as described previously (23). The bioamines, including putrescine, tryptamine, tyramine, spermidine, and spermine were measured by high-performance liquid chromatography, as described previously (24). Indole and skatole were analyzed by high-performance liquid chromatography as previously described (22).



Analysis of mRNA Levels of Genes Related to Intestine Health

Gene expression was measured by real-time polymerase chain reaction (RT-PCR), as previously described (25). Briefly, total RNA was isolated from colonic tissues using TRIzol (Invitrogen, Carlsbad, CA, USA), and fluoresce were monitored by the SYBR Green detection kit (Thermo Fisher Scientific, Waltham, MA, USA) on a 7900 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The RT-PCR was conducted with primers of the target genes (Supplementary Table 2) and the reference gene β-actin, and relative gene expression was calculated by the 2−ΔΔCt method (26).



Statistical Analysis

Intestinal morphology index, colonic metabolite, and the expression of intestinal health-related genes were analyzed with a one-way analysis of variance (ANOVA) using SPSS 19.0 software (SPSS, Inc., Chicago, IL, USA). The data are presented as means ± SE (standard error) and P < 0.05 indicates statistical significance. The alpha diversity indices, relative species abundances, and overall composition (at phyla and genera levels) of gut microbial communities were analyzed using the Kruskal-Wallis test. LEfSe was used to identify different taxa microbes among lines using default parameters.




RESULTS


Effects of B. subtilis on Growth Performance and Diarrhea Rate of Weaned Piglets

The effects of dietary B. subtilis supplementation on the growth performance of weaned piglets are presented in Table 1. The piglets in the BS-B and BS-C groups on days 7 and 21 of the trial had higher (P < 0.05) BW, as well as the piglets in the BS-C group on day 42, compared with the control group. On the overall experimenatal period (days 1–42), ADG was higher (P < 0.05) in the BS-C group than in the control group. In addition, piglets in the BS-B and BS-C groups on days 1–7 of the trial had lower (P < 0.05) FCR, as well as the piglets in the BS-C group on days 8–21, compared with the control group. Moreover, dietary B. subtilis supplementation (with the BS-A, BS-B, or BS-C types) decreased (P < 0.05) the diarrhea rate on the overall experimental period (days 1–42), except for the BS-C group on days 1–7 of the trial, compared with the control group.


Table 1. Effect of dietary supplementation with different types of B. subtilis on growth performance and diarrhea rate of weaned piglets.
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Effects of B. subtilis on Plasma Cytokine Levels of Weaned Piglets

The effects of dietary B. subtilis supplementation on plasma cytokine levels are presented in Table 2. The dietary supplementation resulted in some changes in the cytokine levels that were on some occasion transient. Compared with the control group, dietary BS-B supplementation increased (P < 0.05) plasma levels of IL-2 and TNF-α on day 7 of the trial, as well as the IL-10 level on day 21 of the trial. Dietary supplementation with three kinds of B. subtilis increased (P < 0.05) the IL-2 level and decreased (P < 0.05) the TNF-α level on day 21 of the trial. The BS-C supplementation increased (P < 0.05) the plasma levels of IL-6, IL-10, and INF-α on day 21 of the trial. On day 42 of the trial, the BS-A and BS-B groups showed an increased (P < 0.05) plasma IL-2 level compared with the control group.


Table 2. Effect of dietary supplementation with different types of B. subtilis on plasma cytokine levels of weaned piglets (pg/mL).
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Effects of B. subtilis on Intestinal Morphology of Weaned Piglets

The effects of dietary B. subtilis supplementation on intestinal morphology are presented in Table 3. On day 7 of the trial, the BS-C supplementation increased (P < 0.05) VH, as well as the BS-A, BS-B, and BS-C supplementation on VH/CD ratio, while the BS-A and BS-B supplementation decreased (P < 0.05) CD in the jejunum, compared with the control group. On days 21 and 42 of the trial, the BS-B supplementation increased (P < 0.05) VH in the jejunum compared with the control group. In the ileum, dietary supplementation with BS-A, BS-B, or BS-C increased (P < 0.05) VH throughout the trial and VH/CD ratio on days 7 and 42, compared with the control group. However, on day 21 of the trial, the BS-C supplementation increased (P < 0.05) VH/CD ratio and the BS-B supplementation decreased (P < 0.05) CD compared with the control group. Interestingly, an increase in the jejunum and ileum CD was observed in the BS-B group relative to the control group on day 21 of the trial (P < 0.05).


Table 3. Effect of dietary supplementation with different types of B. subtilis on intestinal morphology of weaned piglets.
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Effects of B. subtilis on Microbiota Diversity of Weaned Piglets

The effects of dietary B. subtilis supplementation on colonic microbial communities are presented in Figure 1. There were no significant differences in the Simpson or Shannon indexes throughout the trial (P > 0.05). However, the BS-A group had a lower (P < 0.05) Chao1 index than in the control group on days 7 and 21 of the trial. The PCoA analysis at the OTU level showed that there was no separation between the four groups (Figure 2A). Further investigation by using partial least square discriminant analysis (PLS-DA) as a supervised analysis showed that the microbial community structure was clearly separated and clustered into four groups (Figure 2B) during the overall experimental period.


[image: Figure 1]
FIGURE 1. Alpha diversity of the colonic bacterial community of weaned piglets fed with different types of B. subtilis (n = 5). Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed; BS-B group, a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed.



[image: Figure 2]
FIGURE 2. Beta diversity of the colonic bacterial community of weaned piglets fed with different types of B. subtilis (n = 5). Principal coordinate analysis (PCoA) on unweighted uniFrac distances among the four groups is shown along with the first two principal coordinates (PC) axes (A). Partial least square discriminant analysis (PLS-DA) score plots among the four groups (B). Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed; BS-B group, a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed.




Effects of B. subtilis on Microbial Communities of Weaned Piglets

Taxonomic differences in the microbial composition of weaned piglet's colonic contents showed that Firmicutes (67–80%), Bacteroidetes (10–25%), Tenericutes (2–5%), and Proteobacteria (1–6%) were the most abundant bacterial phyla for the overall experimental period (> 95% of OTUs) (Figure 3A). On days 21 and 42 of the trial, dietary BS-A, BS-B, or BS-C supplementation decreased (P < 0.05) the relative abundance of Firmicutes whereas increased (P < 0.05) the relative abundance of Bacteroidetes on day 42 of the trial compared with the control group. The top four abundant genera in the control group were g_Lactobacillus (>26%), f_Ruminococcaceae (>11%), o_Clostridiales (>13%), and Prevotella (>4%) on days 7 and 21 of the trial (Figure 3B). The BS-A and BS-B supplementation increased the relative abundance of Ruminococcaceae but decreased the relative abundance of Lactobacillus compared with the control group (P < 0.05). On day 42 of the trial, the top four abundant genera were f_Ruminococcaceae (13%), o_Clostridiales (11%), Lactobacillus (10%), and Prevotella (9%) in the control group. The BS-A supplementation increased (P < 0.05) the relative abundances of o_Clostridiales, f_Ruminococcaceae, Lactobacillus, and Prevotella compared with the control group.
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FIGURE 3. Colonic microbiota composition of weaned piglets fed with different types of B. subtilis (n = 5). Microbial community bar plot at the phylum level (A) and genus level (B). Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed; BS-B group, a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed.


Taxonomic differences of the colonic microbiota at the genus level are shown in Figure 4. On days 7 and 21 of the trial, the BS-A supplementation decreased (P < 0.05) the relative abundance of Lachnospira compared with the control group. Meanwhile, the relative abundance of Anaerovibrio was higher (P < 0.05) in the BS-C group than in the BS-A and control groups. On day 7 of the trial, the relative abundance of Coprococcus was lower (P < 0.05) in the three B. subtilis supplemented groups than in the control group (Figure 4A). On day 21 of the trial, the relative abundance of Streptococcus was lower (P < 0.05) in the BS-A and BS-B groups than in the control group (Figure 4B). On day 42 of the trial, Ruminococcus showed a lower abundance in the BS-C group than in the control group (P < 0.05) (Figure 4C). Furthermore, the relative abundance of Clostridium was lower (P < 0.05) in the three B. subtilis supplemented groups than in the control group, while Bulleidia showed a higher (P < 0.05) abundance in the BS-C group than in the other three groups (Figure 4C).
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FIGURE 4. Comparison of the colonic microbial community of weaned piglets fed with different types of B. subtilis on days 7 (A), 21 (B), and 42 (C) of the trial, respectively. Values are expressed as means ± SE, n = 5. *P < 0.05. Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed; BS-B group, a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed.




Effects of B. subtilis on Microbial Function of Weaned Piglets

The LEfSe analysis was carried out to understand the impacts of B. subtilis on the intestinal microbiota of piglets (Figure 5). The data showed significant differences among the four groups in the colonic microbiota for the entire trial. On day 7 of the trial, Lachnospiraceae, Turicibacter, and Sphaerochaeta were enriched in the BS-B group and Clostridiales and Anaerovibrio were enriched in the BS-C group (Figure 5A). Clostridiales, Anaerovibrio, and Desulfovibrio were the most abundant in the BS-C group on day 21 of the trial (Figure 5B). Morevoer, Clostridium was enriched in the control group and YRC-22 was enriched in the BS-B group on day 42 of the trial (Figure 5C).
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FIGURE 5. LEfSe analysis of the colonic microbial community of weaned piglets fed with different types of B. subtilis on days 7 (A), 21 (B), and 42 (C) of the trial, respectively (n = 5). Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed; BS-B group, a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed.


The PICRUSt algorithm was used to determine the functional differences by plotting different pathways against the KEGG database (Figure 6). On day 7 of the trial, the intestinal microbiota-enriched pathways in the three B. subtilis supplemented groups included metabolic steps involved in the biosynthesis of pantothenate and CoA; valine, leucine, and isoleucine biosynthesis; and unsaturated fatty acids (Figure 6A). On day 21 of the trial, the intestinal microbiota-enriched pathways in the three B. subtilis supplemented groups, included metabolic steps involved in biosynthesis of ansamycins, lysine degradation, and carbon fixation in prokaryotes (Figure 6B). On day 42 of the trial, the pathways involved in the three B. subtilis supplemented groups, are notably related to drug metabolism, carbon fixation in photosynthetic organisms, citrate/TCA cycle, folate biosynthesis, folate-dependent one-carbon metabolism, and thiamine metabolism (Figure 6C).


[image: Figure 6]
FIGURE 6. PICRUSt and KEGG analysis of the colonic microbial community of weaned piglets fed with different types of B. subtilis on days 7 (A), 21 (B), and 42 (C) of the trial, respectively (n = 5). Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtilis A at 1 × 106 CFU/g feed; BS-B group, a basal diet supplemented with B. subtilis B at 1 × 106 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 × 106 CFU/g feed.




Effects of B. subtilis on Gut Metabolite Concentrations in the Colon of Weaned Piglets

The effects of dietary B. subtilis supplementation on colonic SCFA concentrations are presented in Table 4. The acetate concentration was decreased (P < 0.05) in the BS-B group compared with the BS-A group on day 7 of the trial, as well as the propionate concentration compared with the BS-C group. On day 21 of the trial, the isobutyrate and isovalerate concentrations were increased (P < 0.05) in the BS-C group relative to the control group, as well as the butyrate concentration in the BS-C and control groups compared with the BS-B group. On day 42 of the trial, the acetate concentration was increased (P < 0.05) in the BS-B and BS-C groups, while the concentrations of isovalerate and valerate were decreased (P < 0.05) in the BS-B group, when compared with the control group.


Table 4. Effect of dietary supplementation with different types of B. subtilis on short-chain fatty acid concentration of colonic contents of weaned piglets (μg/g).
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As shown in Supplementary Table 3, the bioamine concentrations of colonic contents from the four groups were not significantly different on days 7 and 42 of the trial (P > 0.05). The tryptamine concentration was decreased (P < 0.05) in the BS-C group compared with the control group on day 21 of the trial, as well as the tyramine concentration compared with the BS-A group. Compared with the control group, the skatole concentration was decreased (P < 0.05) in the three B. subtilis supplemented groups on day 42 of the trial, as well as the skatole concentration in the BS-A group on day 21 of the trial. Moreover, the indole concentration was increased (P < 0.05) in the BS-A group compared with the control group on day 42 of the trial.



Effect of B. subtilis on mRNA Levels of Intestinal Health-related Genes of Weaned Piglets

The effects of dietary B. subtilis supplementation on the intestinal health-related gene mRNA levels are presented in Table 5. Compared with the control group, the mRNA level of E-cadherin was up-regulated (P < 0.05) in the three B. subtilis supplemented groups during the whole trial period. On day 7 of the trial, the levels of IL-6 and occludin were up-regulated (P < 0.05) in the three B. subtilis supplemented groups, as well as zonula occuldens (ZO)-1 and IL-10 in the BS-A and BS-B groups, when compared with the control group. Furthermore, compared with the control group, the mRNA levels of IL-1β and toll-like receptor (TLR)-4 were up-regulated (P < 0.05) in the BS-A and BS-B groups, as well as IL-2 and IFN-α in the BS-A and BS-C groups. On day 21 of the trial, compared with the control group, the level of IFN-α in the BS-A and BS-B groups and the level of IL-6 in the BS-B and BS-C groups was up-regulated (P < 0.05), as well as the level of IL-2 in the BS-A group and the level of TNF-α in the BS-B group. On day 42 of the trial, the mRNA levels of IL-β, IL-2, IL-10, and TLR-4 were up-regulated (P < 0.05) in the three B. subtilis supplemented groups compared with the control group. Moreover, the levels of IL-6 and TNF-α were up-regulated (P < 0.05) in the BS-B group, as well as the level of ZO-1 in the BS-B and BS-C groups and the level of occludin in the BS-C group, when compared with the control group.


Table 5. Effect of dietary supplementation with different types of B. subtilis on health-related genes of weaned piglets.
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DISCUSSION

Our data clearly show that dietary supplementation with B. subtilis type A, type B, or type C increased the body weight and ADG of piglets in conjunction with a decrease in the diarrhea rate when compared with the control group. Weaning stress may give rise to imbalanced intestinal micro-ecology, high diarrhea incidence, and subsequently a low growth rate (27). These problems can be mitigated by dietary probiotics supplementation in pigs as demonstrated in several previous works (28). Our study confirms previous studies reporting positive effects of dietary supplementation with B. subtilis on growth performance in weanling piglets (8, 29, 30) and gives several important information regarding the biological events by which supplementating B. subtilis may exert beneficial effects. However, literatures on the effect of B. subtilis supplementation on the host is not fully homogeneous (11), likely because of different experimental designs.

Improved growth performance may be related, at least in part, to a reduced diarrhea rate, as observed in the present study. In good accordance with our results, previous studies also demonstrated that dietary supplementation with B. subtilis KN-42 reduced the incidence of diarrhea in weaned piglets (7), and B. subtilis WS-1 also reduced diarrhea rate and death rate caused by pathogenic Escherichia coli (31). It is known that weanling stress is associated with an increase of the CD and with a reduction in VH (32). Our data showed that dietary B. subtilis supplementation increased the VH and the VH/CD in the jejunum and ileum, suggesting that such supplementation would counteract the negative effects of the weanling transition on the structure of the intestinal epithelium.

The possible causal link between improved intestinal epithelium structure and decreased diarrhea rate and associated improved piglet's growth, that has been already proposed (9), is reinforced by the results of our study. Improved intestinal epithelium structure is associated with the increased ability of the small intestine to absorb nutrients in the luminal content (33). Such a beneficial effect of the supplementation with B. subtilis was accompanied by the up-regulated expression of E-cadherin, occludin, and ZO-1 in the colon. The E-cadherin, occludin, and ZO-1 are proteins involved in tight junction assembly, stability, and thus optimal for barrier function (34). Up-regulation of the expression of genes coding for occludin and ZO-1 were also observed in vitro using a porcine epithelial cell line in response to B. subtilis treatment (35).

Weaning is usually associated with substantial dynamic changes of the intestinal microbiota that may affect intestinal functions (36). Probiotics treatment may induce beneficial effects by acting on the intestinal ecosystem (37). In the present study, although Simpson or Shannon indexes did not differ throughout the trial, the relative abundances of Anaerovibrio and Bulleidia were increased while Coprococcus and Clostridium abundances were decreased in response to dietary B. subtilis supplementation. Bulleidia can degrade carbohydrates and promote the digestion and utilization of solid feeds (38), and reduced numbers of Bulleidia may accelerate the onset of diarrhea in weaned piglets (39). Clostridium is closely related to protein fermentation and can increase the risk of diarrhea (40). Therefore, modification of the microbiota ecosystem (increased Bulleidia and decreased Clostridium) might be another reason for the better growth performance and lower diarrhea rate in response to dietary B. subtilis supplementation as observed in the present study.

The SCFAs produced by colonic microbial fermentation of indigestible fiber are important for gut integrity, glucose homeostasis, and immune function (41). In the present study, acetate and propionate were the major SCFAs produced in the colon after the addition of B. subtilis in piglets' diets, which was consistent with previous findings in pregnant Huanjiang mini-pigs (22). Acetate can inhibit pathogenic bacteria, and butyrate acts as a major energy source for colonic epithelial cells (41), and as an important regulator of gene expression in colonocytes (42). BCFAs are produced by microbes through the deamination and decarboxylation of amino acids (43). Our results showed that dietary B. subtilis supplementation decreased the concentrations of isobutyrate and isovalerate. Since BCFA concentrations are considered as an indicator of protein catabolism (44), our findings strongly suggest that B. subtilis supplementation decreases protein fermentation in the intestinal luminal content. Since protein fermentation has been linked with increased production of amino acid-derived bacterial metabolites with adverse effects on the colonic epithelium (45), the beneficial effect of B. subtilis supplementation may be linked to its capacity to limit such protein fermentation by the intestinal microbiota.

Cytokines play crucial roles in the regulation of the immune and inflammatory responses and the barrier integrity of the gut (46). IL-2 is critical for regulating lymphoid homeostasis (47). IL-10, a regulatory anti-inflammatory cytokine, can prevent over-activation of the immune response and suppress the production of pro-inflammatory cytokines (48). TNF-α, a pro-inflammatory cytokine, can increase intestinal permeability through the dysregulation of tight junction proteins (49). In the present study, dietary B. subtilis supplementation increased the expression levels of IL-2 and IL-10 and decreased the expression level of TNF-α on day 21 of the trial. We thus propose that the decreased pro-inflammatory and increased anti-inflammatory cytokines caused by B. subtilis treatment may be linked to the capacity of these bacteria to decrease the increased inflammatory status associated with the weanling transition. A previous study also showed that probiotic Lactobacillus and Bifidobacterium can decrease plasma TNF-α level and increase IL-10 level (50). Moreover, the present study also found that dietatry BS-B supplementation increased TNF-α level on day 7 of the trial and dietary BS-C supplementation increased IL-6 level on day 21 of the trial, these effects being likely detrimental in reference with the pro-inflammatory nature of these cytokines. However, further studies are needed to reveal the underlying mechanisms that are responsible for these observations.



CONCLUSION

In summary, dietary supplementation with BS-B or BS-C can improve the growth performance of piglets. This effect is associated with and maybe explained, by beneficial effects of B. subtilis on the diarrhea incidence, on the intestinal epithelium structure, and on the microbiota composition and metabolic activity in a sense that is believed to be associated with positive effects on gut health. We believe that these findings obtained are likely to be of interest and practical application for pig production.
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Intestinal microbiota are a key factor in maintaining good health and production results in chickens. They play an important role in the stimulation of immune responses, as well as in metabolic processes and nutrient digestion. Bioactive substances such as prebiotics, probiotics, or a combination of the two (synbiotic) can effectively stimulate intestinal microbiota and therefore replace antibiotic growth promoters. Intestinal microbiota might be stimulated at the early stage of embryo development in ovo. The aim of the study was to analyze the expression of genes related to energy metabolism and immune response after the administration of inulin and a synbiotic, in which lactic acid bacteria were combined with inulin in the intestines and immune tissues of chicken broilers. The experiment was performed on male broiler chickens. Eggs were incubated for 21 days in a commercial hatchery. On day 12 of egg incubation, inulin as a prebiotic and inulin with Lactobacillus lactis subsp. cremoris as a synbiotic were delivered to the egg chamber. The control group was injected with physiological saline. On day 35 post-hatching, birds from each group were randomly selected and sacrificed. Tissues (spleen, cecal tonsils, and large intestine) were collected and intended for RNA isolation. The gene panel (ABCG8, HNF4A, ACOX2, APBB1IP, BRSK2, APOA1, and IRS2) was selected based on the microarray dataset and biological functions of genes related to the energy metabolism and immune responses. Isolated RNA was analyzed using the RT-qPCR method, and the relative gene expression was calculated. In our experiment, distinct effects of prebiotics and synbiotics following in ovo delivery were manifested in all analyzed tissues, with the lowest number of genes with altered expression shown in the large intestines of broilers. The results demonstrated that prebiotics or synbiotics provide a potent stimulation of gene expression in the spleen and cecal tonsils of broiler chickens. The overall number of gene expression levels and the magnitude of their changes in the spleen and cecal tonsils were higher in the group of synbiotic chickens compared to the prebiotic group.

Keywords: microbiome, broiler chicken, gene expression, metabolism, immune response, inulin, inulin-based synbiotic


INTRODUCTION

Bioactive substances such as prebiotics and probiotics are gaining increasing recognition as an alternative to antibiotic growth promoters. Vaccines and antibiotics are the commonly preferred methods of disease prevention and control in poultry. However, there are risks associated with the acquisition of antibiotic resistance by microorganisms through the excessive use of antibiotics. Current trends in poultry production focus on natural feed additives that would have a positive impact not only on production but also on animal health.

Bacterial microbiota in the avian digestive tract are a key factor in the development and regulation of immunity, in the digestion and absorption of nutrients, and in their metabolism (1, 2). Under breeding conditions, the first contact of the chicken digestive system with exogenous bacteria occurs after hatching. It is possible to change the composition of the gut microbiota, provided that this process is carried out early enough, and this influences changes in the metabolism later in the development of the organism (3). In ovo technology enables the administration of bioactive substances during embryonic development and the stimulation of the intestinal microbiota before hatching (4).

Inulin is one of the most commonly used prebiotic additives with widely reported effectiveness. The mechanism of its action within the host organism is multidirectional. However, the positive effect of inulin administered both traditionally as a feed additive (5) and in ovo at the stage of embryonic development (6) has been repeatedly demonstrated. The administration of inulin affects the modulation of the intestinal microbiota by promoting beneficial Lactobacillus and Bifidobacterium bacteria strains, and also by inhibiting the development of pathogenic microorganisms (7, 8).

Development of the chicken immune system begins during embryogenesis and is continued after the post-hatch period. The development of immunity requires not only antigen stimulation but also energy to maintain the immune organs' growth (9). There has been speculation that, in avian species, the size and weight of the spleen reflect immune maturity (10). The activity and development of the immune system cells are strongly correlated with cholesterol flux (11). On the other hand, the spleen is one of the organs involved in cholesterol metabolism. The importance of the spleen in cholesterol homeostasis is indicated by the results of studies showing changes in plasma cholesterol concentration in case of splenectomy and splenomegaly. Spleen resection causes hyperlipidemia, while, in contrast, one of the consequences of splenomegaly is hypolipidemia (12). The most common explanation for hypolipidemia in splenomegaly was the comparison of the spleen to a storage pool for lipids (12). Moreover, cholesterol and its metabolites are important factors in shaping immune response (13). Cecal tonsils are considered to be the largest lymphoid aggregates of the lymphoid tissue associated with the intestines in birds. They elicit an immune response against bacterial and viral pathogens in the chicken gastrointestinal tract (14). The main function of the large intestine is fermentation of indigestible food matter by bacteria. The metabolic functions of each section of the gastrointestinal tract are determined by the community of small organisms living there.

The aim of this study was to analyze the expression of genes related to energy metabolism and immune response after the administration of inulin and a synbiotic, in which lactic acid bacteria were combined with inulin in the intestines and immune tissues of chicken broilers. The novelty of these studies is a multitissue and long-term analysis of changes in the expression of metabolic and immunological genes in response to the administration of inulin on day 12 of egg incubation (in ovo stimulation).



MATERIALS AND METHODS


In ovo Injection of Prebiotics and Synbiotics

The experiment was performed on 75 male broiler chickens (Ross 308, Aviangen Inc., Huntsville, AL, USA) as described in Slawinska et al. (15). Eggs were incubated for 21 days in a commercial hatchery. On day 12 of egg incubation, in ovo injection to an air chamber with 200 μL of bioactive substances was performed. Two bioactive substances were injected: prebiotic (PRE)—inulin extracted from Dahlia tubers (Sigma-Aldrich, GmbH, Schnelldorf, Germany); and synbiotic (SYN)—composed of 1.76 mg/egg of inulin and 1,000 CFU/egg Lactobacillus lactis subsp. lactis IBB2955 (IBB, PAS, Warsaw, Poland). Eggs were randomly selected to two experimental groups. The control group was injected with physiological saline. Bioactive substances preparation is described in Slawinska et al. (15). After hatching, the sex of each chick was determined. Thirty males with a mean initial body weight of 42 g were selected from each group for further steps. The selected birds were raised in three separate pens (one treatment group per pen) in accordance with the producer's standard rearing protocol for 35 days on a commercial farm. Straw was used as litter. Birds in all three groups underwent a three-phase feeding program. A starter ration was fed on days 1–14, a grower ration was fed on days 15–30, and a finisher ration was fed on days 31–35. Feed and water were provided ad libitum. Animal handling methodologies were approved by the Local Ethical Committee for Animal Experimentation, UTP University of Science and Technology in Bydgoszcz, Poland (Permit No 22/2012, June 21, 2012), and these were in accordance with the animal welfare recommendations of the European Union (directive 86/609/EEC).



Sample Collection and RNA Extraction

On days 1, 14, and 35 post-hatching, birds from each group (n=5) were randomly selected and sacrificed. Tissues (spleen, cecal tonsils, and large intestine) were collected from each individual and fixed in liquid nitrogen, and then stored at −80°C for analysis. Frozen tissues were homogenized in a Trizol reagent (Invitrogen, Carlsbad, USA) using a TissueRuptor homogenizer (Qiagen GmbH, Hilden, Germany) for RNA extraction. Total RNA was purified with a Universal RNA Purification Kit (EURx, Gdansk, Poland) according to the manufacturer's instructions. Qualitative and quantitative control was performed using agarose gel electrophoresis and a NanoDrop 2,000 spectrophotometer (Thermo Scientific NanoDrop Products, Wilmington, USA). RNA samples were stored at −20°C.



Gene Selection and Primer Design

The gene panel was selected based on the microarray dataset (Chicken Gene 1.1 ST, Affymetrix, Santa Clara, CA, USA) (15) and biological functions of genes related to the energy metabolism and immune responses. The analysis was carried out based on gene lists generated by Affymetrix Expression Console software and published in Slawinska et al. (15). In silico selection of gene sequences was based on the following criteria: p-value (p < 0.05) and fold change (up- or downregulated genes with a specific function related to metabolism and immune response after substance treatment). Sequences of primers were based on the literature or were designed with an NCBI Primer-BLAST tool based on the NCBI sequence. Primer sequences are shown in Table 1.


Table 1. Primer sequences used in the RT-qPCR reaction.
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RT-qPCR Reaction

Isolated RNA was reverse-transcribed to cDNA (Thermo Scientific, Maxima First Strand cDNA Synthesis Kit for RT-qPCR; Thermo Scientific/Fermentas, Vilnius, Lithuania) and diluted. Mixtures for qPCR contained the following: Maxima SYBR Green qPCR Master Mix (Thermo Scientific/Fermentas, Vilnius, Lithuania), 140 ng of cDNA, 1 μM of forward primer, and 1 μM of reverse primer. Primer sequences were derived from literature data or designed based on a cDNA nucleotide sequence using NCBI Primer Blast (18). qPCRs were carried out in duplicate. Thermal programs were carried out in a LightCycler II 480 (Roche Diagnostics, Basel, Switzerland). The program consisted of initial denaturation (95°C for 20 min) followed by 40 cycles of amplification (15 s at 95°C), annealing (20 s at melting temperature for each pair of primers), and elongation (20 s at 72°C). At the end of the thermal cycling, melting curves were generated to test for specificity of reactions.



Relative Quantification of Gene Expression

Relative gene expression analysis was performed for each experimental group using the ddCt method (19) according to the formula R = 2−ddCt using UB, ACTB, and G6PDH as reference genes. Geometric means of cycle threshold (Ct) values of reference genes were used in the analysis. Ct differences between target and reference genes were calculated for each sample. Control samples (injected with saline) were used as calibrators. The significance of the gene expression data was determined by comparing the Ct value of each experimental group with the control by Student's t-test (P < 0.05).




RESULTS

The administration of the prebiotic in ovo caused a statistically significant increase in the expression of ABCG8 on day 35 and APOA1 on day 1 in the large intestine (P < 0.05). In ovo delivery of the synbiotic resulted in a negative regulation of APBB1IP and IRS2 expression on days 1 and 35, and a positive regulation of BRSK2 and APOA1 on day 1 in the large intestine (P < 0.05). The results of gene expression in the large intestine are presented in Figure 1.
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FIGURE 1. Relative mRNA expression in three time points (day 1, day 14, and day 35) of genes related to energy metabolism and immune response in large intestine of broiler chicken injected in ovo with prebiotic (inulin) and synbiotic (inulin with Lactobacillus lactis subsp. lactis).


After the administration of the prebiotic, the spleen showed downregulation of the HNF4A gene on day 35 and of APOA1 on day 14, and upregulation of HNF4A and IRS2 on day 1 and of APBB1IP on day 14 (P < 0.05). The administration of the synbiotic showed increased expression of the following genes in the spleen on day 1: ABCG8, HNF4A, ACOX2, BRSK2, and APOA1. In contrast, there was a decrease in the expression of the IRS2 gene (P < 0.05). On day 14, the APBB1IP gene was upregulated (P < 0.05). However, on day 35, the following genes showed downregulation: HNF4A, ACOX2, BRSK2, and IRS2 (P < 0.05). The results of the changes in gene expression levels at three time points in the spleen are presented in Figure 2.
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FIGURE 2. Relative mRNA expression in three time points (day 1, day 14, and day 35) of genes related to energy metabolism and immune response in spleen of broiler chicken injected in ovo with prebiotic (inulin) and synbiotic (inulin with Lactobacillus lactis subsp. lactis).


After administration of the prebiotic in cecal tonsils, negative expression of the APOX2 gene was determined on day 14 and of the BRSK2 and APOA1 genes on day 35, while positive expression of APBB1IP and BRSK2 was noted on day 35 (P < 0.05). After administration of the synbiotic, ACOX2 expression was negatively regulated on days 14 and 35, and APBB1IP, BRSK2, and IRS2 expression on day 35 (P < 0.05). The results of changes in gene expression in cecal tonsils after in ovo administration of substances are presented in Figure 3.
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FIGURE 3. Relative mRNA expression in three time points (day 1, day 14, and day 35) of genes related to energy metabolism and immune response in cecal tonsils of broiler chicken injected in ovo with prebiotic (inulin) and synbiotic (inulin with Lactobacillus lactis subsp. lactis).




DISCUSSION

In ovo stimulation with microbiota-promoting bioactive substances is being rapidly adopted as the method of choice for modulating gut health, thereby enhancing immune system maturation in poultry (6, 20). Such early intervention is crucial for optimizing long-term health and performance effects as it allows for a proper transition in the early life stages from the embryonic to the early post-hatching periods of birds (21). Based on our previous reports, this technology proved to be efficient in delivering various bioactive substances including inulin prebiotics and inulin-based synbiotics into the developing chicken embryo (15, 22, 23). Moreover, these data demonstrated that a single in ovo delivery of prebiotics or synbiotics to a chicken embryo on day 12 of egg incubation significantly affected the central and peripheral lymphatic organ morphology and development (22, 23), and triggered transcriptional responses in the gut and immune-related tissues of adult individuals (15). Therefore, in this study, based on our previous transcriptome data (15), seven candidate genes related to energy metabolism and immune response were selected for further validation using RT-qPCR analysis. Results of the current study clearly indicate that the molecular responses through the modulation of gene expression are highly dependent on the type of bioactive substances used for in ovo stimulation, and this effect is stronger for inulin combined with Lactobacillus lactis (SYN) compared to inulin (PRE) administered alone. This can be attributed to the different modes of action displayed by prebiotics and synbiotics (24). Synbiotics are a combination of prebiotics and probiotics that are known to exert a synergistic interaction that likely leads to increased growth of indigenous beneficial gut microbiota as well as improved survival of probiotic microorganisms (6). Therefore, in ovo injection of synbiotics more effectively stimulates the host microbiome, which indirectly influences changes in gene expression in various tissues of broiler chickens. This is in accordance with our previous studies (15, 23), where superior effects of in ovo stimulation with synbiotics on the gene expression profile in the gut and immune-related tissues were found compared to their respective prebiotics.


Intestinal Gene Expression Changes in Response to in ovo Stimulation With PRE or SYN

In the current experiment, distinct effects of PRE and SYN following in ovo delivery were manifested in all analyzed tissues, with the lowest number of genes with altered expression shown in the large intestines of broilers. More than half of the examined genes in the large gut did not show a consistent direction of their expression changes in the prebiotic and synbiotic groups at different time points after hatching. Nevertheless, in ovo stimulation with inulin was demonstrated to increase the expression of genes involved in cholesterol metabolism and transport such as ABCG8 and APOA1. This could be attributed to the substantial metabolic changes occurring in the embryo in the hatching transition period in chickens (25). One of the underlying mechanisms involved in this process is a synergistic remodeling of a key hepatic mitochondrial network in order to sustain an undistorted switch from free fatty acids in the chick embryo to lipogenesis in the neonate (26). A concomitant increase in the mRNA levels for genes engaged in lipogenesis including cholesterol is also observed in the liver of newly hatched chicks (27). In the current study, in ovo treatment with both PRE and SYN induced an increased expression of the intestinal APOA1 gene as early as day 1, and this was followed by a gradual decrease until the end of this experiment. This gene encodes apolipoprotein A-1 (apo A-I), a protein that, in chickens, is the main protein constituent of the high-density lipoprotein (HDL) and that, to a lesser extent, is also present in the very low-density lipoprotein (VLDL), intermediate density lipoprotein (IDL), and low-density lipoprotein (LDL) (28). Increased apo A-I expression has been shown to efficiently promote reverse cholesterol transport from various peripheral tissues and from the yolk sac via plasma HDL to the liver (29). It should also be emphasized that apart from the liver, the intestines are also an important site of apo A-I synthesis and secretion in chickens (28). Recent research has also revealed that intestine-derived apo A-I is transported via endosomes and lysosomes to the liver where it is accumulated, and this process has been confirmed to work bidirectionally (30). Changes in APOA1 gene expression observed in the current study may be associated with digestive and metabolic adaptations as a rapid transition from yolk lipid-based metabolism to a solid carbohydrate-rich grain-based metabolism occurs over the first 2 weeks post-hatching (26). The period of short-term starvation before placement with feed and water might be another possible explanation for the observed APOA1 gene expression changes. This is in accordance with a recent proteomic investigation by Simon et al. (31) where 24-h-long fasting was shown to cause an upregulation of Apo A-I in the jejunum of broiler chicken. Additionally, there are data indicating that both intestinal microbiota as well as gut microbiome-derived short-chain fatty acids (SCFAs) are also a potent stimulus of intestinal and liver lipoprotein formation (32, 33). Taken together, the dynamic changes of APOA1 gene expression demonstrated in our study could be attributed to a concomitant combination of the aforementioned mechanism.

Our further analysis revealed increased ABCG8 gene expression in the large intestine of 35-day-old broiler chickens injected in ovo with inulin. The ATP-binding cassette (ABC) genes represent the largest family of transmembrane proteins that are key components involved in lipid homeostasis as they are implicated in the ATP-dependent transport of cholesterol, bile acids, phospholipids, and sphingolipids (34). A study by Yu et al. (35) demonstrated that intestinal cholesterol absorption was profoundly reduced, whereas its biliary secretion and fecal excretion were shown to be increased in transgenic mice overexpressing the human ABCG8 protein. Therefore, we believe that the significant upregulation of the ABCG8 gene observed in the current study provides another premise supporting the idea that prebiotics exert a hypocholesterolemic effect in broiler chickens.

Furthermore, our data also identified two genes (IRB2 and APBB1IP) that displayed a higher level of expression in the group of 1- and 35-day-old chickens that received in ovo SYN. The IRB2 gene encodes insulin receptor substrate 2, an adaptor protein that is known to play an important role in glucose homeostasis via insulin signal transduction (36). It had previously been shown that some species of Lactobacilli had the ability to attenuate, inter alia, type 2 diabetes through increasing the mRNA level of IRS2 in rodents (25, 37). This is also in accordance with our previous study where in ovo injection with synbiotics, i.e., Lactobacillus salivarius with galactooligosaccharides (GOS) or Lactobacillus plantarum with raffinose family oligosaccharides (RFO), caused an improved plasma glucose homeostasis and insulin sensitivity in 7-day-old broiler chickens (38). Although IRS2 is known primarily for its insulin-induced metabolic effects, there are results confirming its additional role in the processes of intestinal epithelial cell proliferation and differentiation (39, 40). An immunohistochemical study by Modica et al. (39) showed that the IRS2 protein is predominantly expressed in the ileal villus and at the surface of the colonic epithelium of adult mice. Moreover, these authors also revealed highly elevated expression of IRS2 mRNA and protein levels in HT29 cells after 24-h treatment with sodium butyrate at 1 mM concentrations (39). A more recent study by Anders et al. (40) shed new light on the role of the IRS2 protein for proper gut function as they demonstrated that high IRS2 expression is crucial for maintaining a regenerative capacity of the small intestinal and colonic epithelium through homeostatic mechanisms that keep the balance between proliferative and mature cells. Additionally, Anders et al. (40) also postulate that decreased IRS2 expression in the small intestinal or colonic epithelium may serve as an early potential marker for tumor development. Here, we also demonstrated that SYN delivered in ovo induced an increase in the expression of the APBB1IP gene encoding the Rap1-interacting molecule (RIAM). The RIAM protein plays an important adaptor role in the proper assembly of adhesion complexes as its depletion has been shown to attenuate the interactions between focal adhesion components (41). It is known that RIAM can be activated through phosphorylation by the focal adhesion kinase (FAK) (42). As reported by Ma et al. (43), elevated FAK activity is required in both the maintenance and repair of the epithelial barrier through the redistribution of tight junctional (TJ) proteins. As shown by Liu et al. (44), microbiota-targeted interventions such as prebiotics, probiotics, and synbiotics administration have been proven to regulate intestinal epithelial function by increasing TJ formation. Therefore, we assumed that the upregulation of both IRB2 and APBB1IP genes could further confirm the above-mentioned findings indicating that synbiotics are key players in maintaining the regenerative capacity of the large intestinal epithelium as well as in keeping the intestinal barrier at steady state in broiler chickens.



Gene Expression Changes in The Peripheral Immune Organs Triggered by in ovo Stimulation With PRE or SYN

Our results also demonstrated that PRE or SYN injected in ovo provides a potent stimulation of gene expression in the spleen and cecal tonsils of broiler chickens. The overall number of gene expression levels and the magnitude of their changes in the spleen and cecal tonsils were higher in the group of SYN chickens compared to the PRE group. However, unlike in the case of the large intestines, the direction of their expression changes was largely consistent in both analyzed tissues. According to the above, it seems that the observed trend of gene expression alterations in peripheral immune organs may reflect a dynamic and critical phase in shaping both the immune and metabolic system in the early post-hatching period.

Cytokines are critical intercellular mediators of communication in the immune system. They are also known to be the main regulators of the initiation and maintenance of the host immune defense and homeostasis (45). As shown by Sugimura et al. (46), Lactococcus lactis JCM5805 can stimulate human dendritic cells for the production of IFNs. This is consistent with our previous study where in ovo stimulation with inulin enriched with Lactococcus lactis 2955 caused a significant upregulation of the IFN-γ gene in the cecal tonsils but not in the spleen of 35-day-old chickens (23). Cytokine-induced immune response is also regulated by the hepatocyte nuclear factor 4 alpha (HNF4A) gene, as previously reported by Ihara et al. (47) and Jiang et al. (48). HNF4A is present in leukocytes, granulocytes, and T cells (48), which are the source of many cytokines that play an important role in the modulation of inflammatory response. In our experiment, the splenic HNF4A gene was shown to be upregulated in 1-day-old chickens and was followed by a significant down-expression at 35 days post-hatch in both experimental groups. This gradual decrease in HNF4A expression could be related to the fact that in 35-day-old chickens, the spleen is fully mature and allows for stable immune function maintenance. Our data also demonstrated that both PRE and SYN delivered in ovo caused an increased expression of a splenic APBB1IP gene encoding Rap1-interacting molecule (RIAM) in the group of 14-day-old chickens. This could be potentially associated with a dramatic change in the immune system of chickens that occurs at about 14 days of age. Chickens after hatching are well equipped with antibodies from their mothers, and their levels rise to a peak at around 14 days and subsequently fall with time to a level that is not sufficient to protect against various pathogens. This time is very stressful for the chicken body and stimulation for immune system development. The APBB1IP protein is a key activator of leukocyte integrins (49) and has also been shown to induce β1 and β2 integrin-mediated adhesion in Jurkat T cells (50). Additionally, Klapproth et al. (51) demonstrated an important role of APBB1IP in β2 integrin activation in neutrophils, macrophages, and T cells in mice.

Here, we also found APOA1 gene expression changes in the spleen and cecal tonsils in both experimental groups. Apart from its role in lipoprotein metabolism, the apo A-I protein also exerts anti-inflammatory properties (52). In the spleen of 1-day-old chickens, in ovo stimulation with inulin or an inulin-based synbiotic induced an upregulation of the APOA1 gene; however, the changes were confirmed to be statistically relevant only in the SYN group. The increased APOAI expression on the first day after hatching may be caused by the factors previously described in the case of the large intestine: adaptation from yolk lipid-based metabolism and simultaneous short post-hatch food deprivation that causes reverse cholesterol transport from the spleen and other immune tissue. The same mechanism may be proposed for ABCG8 expression. On the other hand, it may constitute another evidence of the anti-inflammatory effects of synbiotics containing Lactococcus lactis. At 14 days after hatch, the direction of APOA1 gene expression was changed toward downregulation in the group of birds treated in ovo with inulin. This suggests that prebiotics and, to some extent, synbiotics can weaken anti-inflammatory functions in favor of pro-inflammatory reactions, which can be associated with changes to the immune system of chickens with a positive effect on monocyte recruitment and macrophage chemotaxis. Decreased levels of APOA1 gene expression were also observed in the cecal tonsils of 35-day-old chickens in both experimental groups; however, these changes did not reach statistical significance in the PRE group. This reflects that the immune system of chickens at that age is not only concentrated on the anti-inflammatory responses related to monocytes and macrophages. Specific immunity is much better developed. This finding is further supported by the decreased expression of IRS2 that was found in spleen and cecal tonsils in the group of 1- and 35-day-old chickens stimulated in ovo with SYN. The IRS2 protein is mainly involved in IL-4-induced proliferation and has well-documented antiapoptotic properties (53, 54). This is consistent with our previous study where the relative expression of IL-4 in the cecal tonsils of 35-day-old chickens was also found to be downregulated in response to in ovo stimulation with inulin alone or inulin enriched with Lactococcus lactis 2955 (23). It is known that IL-4 is an anti-inflammatory cytokine, and its downregulation shows the orientation of the immune system to the specific responses too. Moreover, it was recently reported by Bohlul et al. that Lactococcus lactis can induce cellular apoptosis (55). Therefore, we believe that during the development of the immune system, aberrant immune cells can be eliminated by apoptosis, which may be modulated by Lactococcus lactis via IRS2 downregulation.

Analyses carried out in the same experiment showed a positive effect of inulin on the length of intestinal villi, including increased activity of amylase, lipase, and trypsin in the pancreas, and improved short-chain fatty acid profile. It was also shown to increase the number of goblet cells in the duodenum and the jejunum (6, 56). Earlier reports on the in ovo administration of inulin suggested that it may modulate the development of the central and peripheral lymphatic organs in broilers alone or in combination with a probiotic. This injection also leads to the development of GALT after hatching and colonization of lymphocytes. In cecal tonsils, on day 7, stronger colonization of GALT by T lymphocytes was observed after the administration of the inulin and the inulin-based synbiotic. On day 21, an increase in the number of T lymphocytes in the ileum was also demonstrated. Inulin does not affect the quality characteristics of the meat. After administration of the inulin-based synbiotic, the growth rate of the chickens was faster (1–3 weeks) compared to the saline-treated control group (6, 57). In conclusion, the present study showed that in ovo treatment with an inulin-based synbiotic proved to be effective at modulating gene expression changes in the peripheral immune and gut tissues in broiler chickens. The synbiotic used in this experiment composed of inulin and L. lactis appeared to be potent in stimulating the interactions between microbiota and host cells. Our data also confirmed favorable effects of in ovo prebiotics and synbiotics stimulation on improved gut barrier integrity and lipid metabolism, as reflected by a significant upregulation of the ABCG8, IRB2, and APBB1IP genes in the large gut.
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The effects of dietary supplementation with guava leaf extracts (GE) on intestinal barrier function and serum and fecal metabolome in weaned piglets challenged by enterotoxigenic Escherichia coli (ETEC) were investigated. In total, 50 weaned piglets (Duroc × Yorkshire × Landrace) from 25 pens (two piglets per pen) were randomly divided into five groups: BC (blank control), NC (negative control), S50 (supplemented with 50 mg kg−1 diet GE), S100 (100 mg kg−1 diet GE), and S200 (200 mg kg−1 diet GE), respectively. On day 4, all groups (except BC) were orally challenged with enterotoxigenic ETEC at a dose of 1.0 × 109 colony-forming units (CFUs). After treatment for 28 days, intestinal barrier function and parallel serum and fecal metabolomics analysis were carried out. Results suggested that dietary supplementation with GE (50–200 mg kg−1) increased protein expression of intestinal tight junction proteins (ZO-1, occludin, claudin-1) (p < 0.05) and Na+/H+ exchanger 3 (NHE3) (p < 0.05). Moreover, dietary supplementation with GE (50–200 mg kg−1) increased the level of tetrahydrofolic acid (THF) and reversed the higher level of nicotinamide-adenine dinucleotide phosphate (NADP) induced by ETEC in serum compared with the NC group (p < 0.05), and enhanced the antioxidant capacity of piglets. In addition, dietary addition with GE (100 mg kg−1) reversed the lower level of L-pipecolic acid induced by ETEC in feces compared with the NC group (p < 0.05) and decreased the oxidative stress of piglets. Collectively, dietary supplementation with GE exhibited a positive effect on improving intestinal barrier function. It can reprogram energy metabolism through similar or dissimilar metabolic pathways and finally enhance the antioxidant ability of piglets challenged by ETEC.
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INTRODUCTION

Weaned piglets infected with enterotoxigenic Escherichia coli (ETEC) may cause post-weaning diarrhea, which leads to growth retardation and damage to the innate and adaptive immune systems of piglets. These risk factors increase the morbidity and mortality of piglets and result in large economic losses in the swine industry worldwide (1, 2). Regarding the mechanisms of ETEC infectious diarrhea, it has been demonstrated that ETEC can produce colonization factors (CFs) and enterotoxins that adhere to the intestinal mucosa of piglets, and this action inhibits intestinal immune function, perturbs hydro-electrolytic secretions in the intestine, and results in the occurrence of diarrhea (3).

As a consequence of this, veterinary antibiotics have been commonly used to treat intestinal infections for improving animal growth and health in several decades. However, concerns about antimicrobial resistance, residue accumulation in animal products, and environmental pollution have led to a limited application of antibiotics as growth promoters (4, 5). Due to these factors, searching for alternatives to antibiotic growth promoters, such as pro- and prebiotics, organic acids, enzymes, and plant extracts, have attracted more and more attention (5–7). Among the candidate alternatives to antibiotics, plant extracts appear to be one of the most widely accepted (8, 9).

Guava (Psidium guajava L.) is a tropical fruit and medicinal plant, which is mainly distributed in the tropical and subtropical areas. Guava leaf extract (GE), known as an herbal medicine for the treatment of respiratory and gastrointestinal diseases (10), is reported to contain phenolics, triterpenoids, and other compounds that have antibacterial, antioxidant, and anti-inflammatory activities (11–13). Pruning usually is used to stimulate growth and influence fruiting in guava (14); thus, residual guava leaves from pruned processing are promising sources of natural feed additives, which may be utilized as a potential alternative for in-feed antibiotics.

Current studies have demonstrated that GE possesses antidiarrheal activity in various diarrhea models (15, 16). Our previous study also indicated that GE could attenuate diarrhea and improve intestinal anti-inflammatory ability in piglets challenged by ETEC (17). However, there are few reports about the relationship between the antidiarrheal effect of GE and related metabolic regulation. In the post-genomic era, metabolomics is an emerging strategy of research in the field of biological sciences, which provides a platform to study the endogenous metabolite changes in response to a biological system with genetic or environmental changes (18). In fact, metabolomics may shed light on the complex interaction mechanism between the intestinal diarrhea disease and metabolic phenotype and can regulate them to obtain therapeutic benefits (19). Therefore, here, we analyzed the intervention of GE on metabolic profiling and related endogenous differential metabolites by metabolomics in weaned piglets. Meanwhile, we also evaluated the effects of GE on tight junction-related proteins in weaned piglets, aiming to provide a potential window through which to explore the crosstalk between GE-mediated metabolic changes and its antidiarrheal processes during the progression of weaned piglets challenged by ETEC.



MATERIALS AND METHODS


Preparation of Guava Leaf Extract

Fresh guava leaves were collected from the guava plantations in Qionghai City of Hainan Province, China, during the pruning period in July 2018, and fresh leaves were dried (60°C, 24 h) and powdered. The powder (50 kg) was exhaustively extracted with 95% ethanol three times at room temperature and then filtered. The solvent was evaporated under reduced pressure using a rotary vacuum evaporator to afford GE (3.47 kg), which was stored at 4°C for an animal experiment.



Feeding Trial and Experimental Design

The current feeding trial is from our previous published study (17). Fifty 21 ± 3 day-old crossbred weaned piglets (Duroc × Yorkshire × Landrace, 7.35 ± 0.18 kg) were selected and transported from the piggery to the barn, where they were randomly allotted to five groups of five replicate pens per group (two piglets per pen). The five groups were as follows: (1) blank control group (BC), piglets were fed diet without supplements and ETEC challenge; (2) negative control group (NC), piglets were fed diet without supplements and challenged by ETEC; (3) S50 group (S50), piglets were fed diet supplemented with 50 mg kg−1 GE and challenged by ETEC; (4) S100 group (S100), piglets were fed diet supplemented with 100 mg kg−1 GE and challenged by ETEC; (5) S200 group (S200), piglets were fed diet supplemented with 200 mg kg−1 GE and challenged by ETEC. The diet was formulated to meet the nutrient recommendations of the National Research Council (2012). The ingredient and nutrient composition of basal diet were presented in Supplementary Table 1.

Feed and water were available ad libitum during the 28-day experimental period. All piglets were housed in a weaner facility temperature maintained at 25 ± 0.5°C, with 12 h of light and dark. On day 4, all piglets (except BC) were orally challenged with about 1.0 × 109 colony-forming units (CFUs) of ETEC according to the method developed by Wu et al. (20). ETEC was obtained from the China Veterinary Culture Collection Center (Beijing, China). The occurrence of diarrhea during the whole experiment for each group was observed.



Sample Collection

On day 29, one pig was randomly selected from each pen, and the blood samples were collected from the jugular vein, and serum was prepared by centrifugation at 700 × g for 15 min at 4°C and stored at −80°C until metabolomics analysis. After sampling, all piglets were anesthetized by an intraperitoneal injection of 50 mg kg−1 pentobarbital sodium and were killed by exsanguination. Fecal samples were collected directly in 10-ml sterile plastic tubes from the rectum of piglets and stored at −80°C until analysis. The small intestine was removed, and a piece (4-cm length) of the middle jejunum was collected, gently rinsed with 0.1 M phosphate-buffered saline (PBS) at pH 7.2, and then fixed in 10% formaldehyde-phosphate buffer for subsequent immunohistochemical analysis.



Immunohistochemistry

Immunohistochemical assay was used to detect the claudin-1, occludin, zonula occludens 1 (ZO-1), and Na+/H+ exchanger 3 (NHE3) proteins expression in the jejunal mucosa with densitometric analysis as described previously (21). Polyclonal primary antibodies against claudin-1, occludin, ZO-1, and NHE3 (1:200 dilution, Proteintech, Wuhan, China) were employed. The average integrated optical density of the positive products was detected by using the Image-Pro Plus software (version 6.0 for Windows) at 200 × magnification.



Serum and Fecal Sample Preparation and Analysis by Ultra-High-Performance Liquid Chromatography Coupled With a Hybrid Quadrupole Time-of-Flight Mass Spectrometry

Serum and fecal samples were extracted prior to analysis by ultra-high-performance liquid chromatography coupled with a hybrid quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS) in positive ionization mode. Serum samples (100 μl) were prepared via one-step protein precipitation with 400 μl of methanol (TEDIA, Fairfield, USA). The samples were left at −80°C for 6 h after a 2-min vortex. After that, the samples were centrifuged at 20,000 × g for 10 min at 4°C. Then 400 μl of supernatant was transferred into an Eppendorf Tube, and the supernatant was concentrated in a vacuum centrifugal concentrator for 1 h using SPD121P SpeedVac Concentrator (Thermo Fisher, Germany), then reconstituted with 100 μl of acetonitrile (ACN) (MERCK, Darmstadt, Germany) for UHPLC-QTOF-MS analysis as described previously (22).

For extraction of the fecal samples, fecal samples (100 mg) were prepared via protein precipitation with 500 μl of methanol. Then the samples were vigorously vortexed for 5 min and centrifuged at 20,000 × g at 4°C for 10 min. After the supernatant was collected, the residue again was extracted according to the above extraction procedure and combined with the previous supernatant. At last, 200 μl of supernatant was transferred into the sampling vial for UHPLC-QTOF-MS analysis as described previously (23).

Briefly, the prepared sample (5 μl) was injected into an XBridge HILIC (2.1 × 100 mm, 3.5 μm) column (Waters, USA) at 30°C in an LC-30AD series UHPLC system (NexeraTM, Shimadzu, Japan), coupled with QTOF mass spectrometer (TripleTOF5600, Sciex, USA, Concord, ON) equipped with Turbo V ESI (electrospray ionization) sources. The mass spectrum was scanned and collected (m/z 70–1,000) in positive mode at a flow rate of 0.25 ml min−1. The chromatographic gradient condition for samples analysis was 80–20% B over 0–24 min, 20–80% B over 24–24.5 min, and the composition was held at 80% B for 8.5 min, where A = 50% ACN, and 50% water contains 0.1% formic acid (SIGMA, Deisenhofen, Germany), and B = 95% ACN, and 5% water contains 0.1% formic acid.

Drying gas temperature and the ion spray voltage were set at 550°C and 5,000 V, respectively. Atomization gas pressure, auxiliary heating gas pressure, and curtain gas pressure were set at 45, 45, and 35 psi, respectively. The instrument was mass calibrated by automatic calibration infusing the Sciex Positive Calibration Solution (Sciex, Foster City, CA, USA) after every six-sample injections. One quality control sample and one blank vial were run after each cycle of 10 samples.

Automatic peak extraction, peak matching, peak alignment, and normalization preprocessing on the acquired data were performed using MarkerView software (Sciex, USA). The retention time and m/z tolerances were 0.1 min and 10 ppm, respectively; the response threshold was 100 counts and the isotope peak was removed. After Pareto scaling, principal component analysis (PCA), and partial least-squares discrimination analysis (PLS-DA) models were carried out to visualize the metabolic difference among BC, NC, S50, S100, and S200 groups. The quality of the models was described using R2X and R2Y. To avoid model overfitting, 999 cross-validations in SIMCA-P 13.0 were performed throughout to determine the optimal number of principal components. R2X, R2Y, and Q2Y values of models were nearly 1.0, indicating that these models retain the ability to explain and predict variations in the X and Y matrix.

Furthermore, the value of fold change (FC) was calculated as the average normalized peak intensity ratio between the two groups. Differences between data sets with FC > 1.10 or and p < 0.05 (Student t-test) were considered statistically significant. The structural identification of differential metabolites was performed by matching the mass spectra with an in-house metabolite library, including accuracy mass, retention time, MS/MS spectra, and online databases Metlin (http://www.metlin.scripps.edu) and HMDB (http://www.hmdb.ca).

The impact of ETEC and GE on metabolic pathways was evaluated based on the MetaboAnalyst platform, a tool for metabolomics data analysis platform, which is available online (https://www.metaboanalyst.ca). The pathway analysis module combines results from powerful pathway enrichment analysis with pathway, topology analysis to help researchers identify the most relevant pathways involved in the conditions being investigated. The analysis report was then presented graphically as well as in a detailed table. Potential biomarkers for GE efficacy were identified based on the metabolic pathway enrichment and statistics analysis.



Statistical Analysis

Statistical analysis of the integral optical density among the groups was evaluated by using the one-way analysis of variance (ANOVA), performed using SPSS 23.0 (IBM-SPSS Inc., Chicago, USA). The results were presented as mean ± standard error of mean (SEM). Orthogonal polynomial contrasts were used to test for linear and quadratic effects of GE by comparing with the NC group. Significant differences and extremely significant differences were evaluated by Tukey multiple comparisons test at p < 0.05 and p < 0.01, respectively.




RESULTS


Immunohistochemistry

As seen in Figure 1 and Table 1, the color signals and the integral optical density of occludin and claudin-1 in the S100 and S200 groups were significantly higher than in the NC group (p < 0.05), and NHE3 in the GE groups (GEs) was significantly higher than that of the NC group (p < 0.05). Supplementation of GE in the diet linearly and quadratic increased the integral optical density of claudin-1 (p < 0.01), occludin (p < 0.01), and NHE3 (p < 0.01) compared with the NC group.
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FIGURE 1. The representative figure of jejunal mucosal claudin-1 (A), occludin (B), zonula occludens 1 (ZO-1) (C), and Na+/H+ exchanger 3 (NHE3) (D) protein expression in different groups (immunohistochemical staining, ×200). The staining was visualized using DAB (brown), and slides were counterstained with hematoxylin (n = 5). BC, blank control group, piglets were fed diet without supplements and ETEC challenge; NC, negative control group, piglets were fed diet without supplements and challenged by ETEC; S50, piglets were fed diet supplemented with 50 mg kg−1 of GE and challenged by ETEC; S100, piglets were fed diet supplemented with 100 mg kg−1 of GE and challenged by ETEC; S200, piglets were fed diet supplemented with 200 mg kg−1 of GE and challenged by ETEC.



Table 1. Effect of guava extract (GE) on the integral optical density of claudin-1, occludin, zonula occludens 1 (ZO-1), and Na+/H+ exchanger 3 (NHE3) in jejunal mucosa of piglets.
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Analysis of Fecal Metabolomics

Using the optimal UHPLC-QTOF-MS condition described above, the representative total ion chromatograms (TICs) for fecal samples are presented in Supplementary Figure 1A. The score plots of PCA overlapped partly both in the direction of PC1 and PC2 based on the fecal samples from the NC vs. BC group (Figure 2A1), S50 vs. NC group (Figure 2B1), S100 vs. NC group (Figure 2C1), and S200 vs. NC group (Figure 2D1). Supervised PLS-DA analysis suggested that there were significant differences between two groups, indicating the distinct metabolic profiling of the NC vs. BC group (Figure 2A2), S50 vs. NC group (Figure 2B2), S100 vs. NC group (Figure 2C2), and S200 vs. NC group (Figure 2D2).
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FIGURE 2. Score plots of principal component analysis (PCA) models in fecal metabolomics. (A1,B1,C1,D1) represent the score plots of the PCA models (NC vs. BC group, S50 vs. NC group, S100 vs. NC group, and S200 vs. NC group, respectively), and (A2,B2,C2,D2) represent the score plots of the PLS-DA models (NC vs. BC group, S50 vs. NC group, S100 vs. NC group, and S200 vs. NC group, respectively).


Metabolic profiling in the feces was significantly changed based on the results of the NC vs. BC group, S50 vs. NC group, S100 vs. NC group, and S200 vs. NC group, respectively (Supplementary Table 2). L-pipecolic acid is a unique differential metabolite between the NC group and BC group. Different metabolic pathways were enriched from the groups of S50 vs. NC, S100 vs. NC, and S200 vs. NC, respectively (Supplementary Figure 2). The details of the top 4 ranked metabolic pathways and relevant differential metabolites between the BC, NC, and GEs groups are presented in Table 2. It shows that the S50 group significantly boosted the production of 3-methoxytyramine (p < 0.05) and decreased the production of epinephrine, normetanephrine, N-acetylserotonin, melatonin, and caffeine (p < 0.05) compared with the NC group. The S100 group significantly upregulated the levels of biliverdin and L-pipecolic acid (p < 0.05), and downregulated the levels of 5-aminolevulinic acid and phosphorylcholine (p < 0.05) compared with the NC group. Moreover, the S200 group significantly downregulated the levels of uridine 5′-monophosphate (UMP), deoxycytidine monophosphate (dCMP), deoxyguanosine, and L-phenylalanine (p < 0.05) compared with the NC group.


Table 2. Top 4 ranked metabolic pathways and relevant differential metabolites in the feces of piglets.
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Analysis of Serum Metabolomics

The UHPLC-QTOF-MS system can picture metabolic profiling of five groups with TIC (Supplementary Figure 1B). To investigate the global metabolic rewiring in the serum among NC, BC, S50, S100, and S200 groups, all observations were integrated and analyzed using PCA (Figure 3). The score plots of PCA overlapped partly both in the direction of PC1 and PC2 based on the serum samples from the NC vs. BC group (Figure 3A1) and the S50 vs. NC group (Figure 3B1). The score plots of PCA from the S100 vs. NC group (Figure 3C1) were separated from each other. To further explore the differences between the two groups, supervised PLS-DA was applied for chemometrics analysis (Figure 3). The score plots of PLS-DA showed that the NC vs. BC group (Figure 3A2), S50 vs. NC group (Figure 3B2), S100 vs. NC group (Figure 3C2), and S200 vs. NC group (Figure 3D2) could be clearly separated, which reflected the remarkably distinct metabolic status of the serum samples among the BC, NC, S50, S100, and S200 groups. Many metabolites in the serum were significantly altered based on the results of the NC vs. BC group, S50 vs. NC group, S100 vs. NC group, and S200 vs. NC group, respectively (Supplementary Table 3). Finally, different metabolic pathways were identified and further enriched as referred to as the KEGG pathway (Supplementary Figure 3).
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FIGURE 3. Score plots of PCA models in serum metabolomics. (A1,B1,C1,D1) represent the score plots of the PCA models (NC vs. BC group, S50 vs. NC group, S100 vs. NC group, and S200 vs. NC group, respectively), and (A2,B2,C2,D2) represent the score plots of the PLS-DA models (NC vs. BC group, S50 vs. NC group, S100 vs. NC group, and S200 vs. NC group, respectively).


As shown in Table 3, the top 4 ranked metabolic pathways between the BC, NC, and GE groups displayed characteristic differences in the serum of piglets, respectively. It is interesting that nicotinamide-adenine dinucleotide phosphate (NADP), as a node molecule, was upregulated in the NC group in comparison with the BC group and downregulated in the GE groups in comparison with the NC group (Figure 4A). Notably, tetrahydrofolic acid (THF) is a key node molecule affected by GE, and GE supplementation significantly upregulated the level of THF (p < 0.05) compared with the NC group (Figure 4B). Additionally, considering dosage influence on the GE groups, the important top 4 ranked metabolic pathways and relevant metabolites affected also yielded dissimilar results. Especially, it suggested that GE in the S100 group significantly increased the synthesis of adenosine triphosphate (ATP), L-glutamic acid (L-glu), and L-glutamine (Gln) (p < 0.05) compared with the NC group. On the other hand, the NC group significantly reduced the production of thiamine pyrophosphate (TPP) (p < 0.05) compared with the BC group. However, GE in the S200 group significantly increased the production of TPP and L-aspartic acid (p < 0.05) compared with the NC group.


Table 3. Top 4 ranked metabolic pathways and relevant differential metabolites in the serum of piglets.
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FIGURE 4. Histogram analysis of key node molecules detected in the serum of piglets: (A) nicotinamide-adenine dinucleotide phosphate (NADP); (B) tetrahydrofolic acid (THF). *p < 0.05; **p < 0.01.





DISCUSSION


Intestinal Mucosal Barrier

In our previous study, the diarrhea incidences of piglets in the BC, NC, S50, S100, and S200 were 1.79, 21.43, 14.29, 8.93, and 7.14%, respectively. It suggested that dietary addition of GE could reduce diarrhea incidence significantly in weaned piglets challenged by ETEC (17). In general, diarrhea disease caused by ETEC infections is a major risk factor for impaired intestinal structure and barrier function of piglets. It has been reported that claudins and occludins are considered in the tight junction protein components, which primarily regulated the permeability of uncharged and charged molecules. Furthermore, ZO-1 is the adaptor protein that modulates the actin cytoskeleton (24, 25), and NHE3 is a primary mediator of the absorptive route for Na+ entering the intestinal epithelium from the lumen (26). Thus, all of them play important roles in mediating the functional integrity of the junction in epithelial and endothelial cells of the intestines (24–26). Our results showed that ETEC decreased the expression of epithelial tight junctions, such as claudin-1, occludin, ZO-1, and NHE3, thereby, in turn, increasing cellular permeability and disturbed the intestinal mucosal barrier. Subsequently, luminal antigens rather than bacteria may enter the lamina propria, resulting in inflammation (27). However, weaned piglets fed a diet supplementation with GE (50–200 mg kg−1 in the diet) are characterized by increased expression of claudin-1, occludin, ZO-1, and NHE3, which are crucial for the formation of a semipermeable mucosal barrier and the recovery of the barrier function of intestinal tight junctions compared with the NC group. Furthermore, previous studies also suggested that GE was rich in phenolics (28), and phenolics have a positive effect on gut health (29). Specifically, quercetin and myricetin, known as the main phenolic constituents in GE (17, 30), have been demonstrated to enhance intestinal barrier function (31). Consequently, it is assumed that the abundant phenolics in GE exerted anti-inflammatory (32) and anti-diarrhea activity (15), and improved the intestinal barrier function and gut mucosal integrity of piglets.



Fecal Metabolomics

In mammals, L-pipecolic acid has long been recognized as a metabolite of lysine degradation (33). In this pathway, peroxisomal sarcosine oxidase (PSO) can catalyze L-pipecolic acid and oxygen to yield (S)-2,3,4,5-tetrahydropiperidine-2-carboxylate and hydrogen peroxide (H2O2). As seen in Figure 5 and Table 2, it indicated that L-pipecolic acid was significantly lower in the NC compared with the BC group and suggested that ETEC might have activated the reactions mentioned above, and led to the consumption of L-pipecolic acid and the production of H2O2. H2O2 accumulation can induce disruption of the intestinal epithelial barrier function by a mechanism involving phosphatidylinositol 3-kinase and c-Src kinase (34, 35). Here, consistent with the results of immunohistochemistry, in the present study, it suggests that H2O2-induced oxidative stress in the gut might have been considered to be one of the important pathogenic mechanisms in the NC compared with the BC group, which disrupted intestinal epithelial tight junctions and barrier functions.
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FIGURE 5. Top 4 ranked metabolic pathways and related differential metabolites in the feces of piglets. The details of abbreviated metabolites: AANAT, serotonin N-acetyltransferase; ADP, adenosine diphosphate; AMP, adenosine monophosphate; ASMT, acetylserotonin O-methyltransferase; ATP, adenosine triphosphate; ALAS1, 5-aminolevulinate synthase; CDA, calcium-transporting ATPase; CHKA, choline kinase alpha; COMT, catechol O-methyltransferase; DBH, dopamine beta-hydroxylase; DPYD, dihydropyrimidine dehydrogenase [NADP(+)]; DPYS, dihydropyrimidinase; GMP, guanosine 5′-monophosphate; GMPR, guanosine 5′-monophosphate oxidoreductase 1; GMPS, GMP synthase (glutamine hydrolyzing); HMOX1, heme oxygenase; IMP, inosine-5′-monophosphate; IMPDH1, inosine-5′-monophosphate dehydrogenase 1; NAD, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NT5C2, cytosolic purine 5′-nucleotidase; PAH, phenylalanine-4-hydroxylase; PCYT1A, choline phosphate cytidylyltransferase A; PNMT, phenylethanolamine N-methyltransferase; PNP, polyribonucleotide nucleotidyltransferase; PSO, peroxisomal sarcosine oxidase; SAH, S-adenosyl-L-homocysteine; SAM, S-adenosylmethionine; TYMP, thymidine phosphorylase; UPB1, beta-ureidopropionase; UPP2, uridine phosphorylase 2; XMP, xanthosine monophosphate; AH2 and A are two generic compounds.


In addition, catecholamines are generally associated with stress events that result in high levels of Gram-negative pathogens, such as Escherichia coli (36). The metabolic results between the S50 vs. NC group suggested that dietary addition with 50 mg kg−1 GE can decrease the production of stress hormones, such as catecholamines (epinephrine and normetanephrine), and increase the production of 3-methoxytyramine (an inactive metabolite of dopamine) through tyrosine metabolism and catecholamine biosynthesis pathways and finally inhibit the growth of Escherichia coli against oxidative stress in the gut. In addition, it has been reported that caffeine can increase intracellular calcium levels through direct effects on metabolic phosphorylase-like enzyme (PHOS) regulation and calcium mobilization from the sarcoplasmic reticulum (37). Compared with the NC group, the caffeine level in the feces from the S50 group was downregulated, which may reduce the intracellular calcium content, thereby inhibiting the pathophysiological process that leads to diarrhea (38).

Based on the fecal metabolomics data of the S100 vs. NC group, it showed that 100 mg kg−1 of GE upregulated the level of biliverdin and downregulated the level of 5-aminolevulinic acid in the gut via the porphyrin metabolism pathway. This process started as the condensation of glycine and succinyl-CoA by 5-aminolevulinate synthase (ALAS) and generated 5-aminolevulinic acid. Presumably, the resulting 5-aminolevulinic acid has two fates. On one hand, it may be finally converted into biliverdin via a series of metabolic steps, leading to the accumulation of biliverdin in the gut (Figure 5). The biliverdin generated in this process can protect the intestines from oxidants and inflammation (39, 40). On the other hand, 5-aminolevulinic acid was also potentially absorbed into the blood, resulting in the high level of 5-aminolevulinic acid in the serum via glycine and serine metabolism (Figure 6). Here, 5-aminolevulinic acid reduced intracellular carbon monoxide and inhibited oxidative stress and inflammation response (41). Moreover, phosphorylcholine was downregulated in the S100 group compared with the NC group, which was associated with the phosphatidylcholine and phospholipid biosynthesis pathways. It means that most of the choline of the S100 group might not be catabolized in the gut but was absorbed into the blood, and then it fluxed into betaine metabolism and was probably utilized for betaine biosynthesis (Figure 6). Notably, L-pipecolic acid in the feces of the S100 group was significantly higher than that of the NC group. Conversely, L-pipecolic acid in the feces of the NC group was significantly lower than that of the BC group. Our findings suggested that 100 mg kg−1 of GE might inhibit the activity of PSO and reverse the lower levels of L-pipecolic acid caused by ETEC, which in turn prevented the production of H2O2 and decreased oxidative stress level.
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FIGURE 6. Top 4 ranked metabolic pathways and related differential metabolites in the serum of piglets. The details of abbreviated metabolites: ACLY, ATP-citrate synthase; ADP-Rib, adenosine diphosphate ribose; AHCY, adenosylhomocysteinase; AKR1B1, aldose reductase; ALAS1, 5-aminolevulinate synthase; ALDH3A1, aldehyde dehydrogenase dimeric NADP-preferring; AMDHD1, probable imidazolonepropionase; BHMT, betaine–homocysteine S-methyltransferase 1; βine, betaine; CS, citrate synthase; DHFR, dihydrofolate reductase; DMGDH, dimethylglycine dehydrogenase, mitochondrial; F6P, fructose 6-phosphate; Fglu, N-formyl-L-glutamic acid; FPNT, formamidopyrimidine nucleoside triphosphate; 5-FTF, N5-formyl-THF; FTCD, formimidoyltransferase-cyclodeaminase; G6P, glucosamine 6-phosphate; GA, glyceric acid; GCH1, GTP cyclohydrolase 1; GCLC, glutamate–cysteine ligase catalytic subunit; GCLM, glutamate–cysteine ligase regulatory subunit; GFPT1, glutamine-fructose-6-phosphate aminotransferase; Gln, L-glutamine; Glu-Cys, glutamylcycteine; GLYCTK, glycerate kinase; GNMT, glycine N-methyltransferase; GNPNAT1, glucosamine 6-phosphate N-acetyltransferase; GPT, glutamate pyruvate transaminase; GPX1, glutathione peroxidase 1; GSSG, oxidized glutathione; GSR, glutathione reductase; GSS, glutathione synthetase; GTP, guanosine triphosphate; HAL, histidine ammonia-lyase; HDC, histidine decarboxylase; HNMT, histamine N-methyltransferase; IDPA, 4-imidazolone-5-propionic acid; L-glu, L-glutamic acid; MAOA, amine oxidase (Flavin containing) A; MAT2A, S-adenosylmethionine synthase isoform type-2; MAT2B, methionine adenosyltransferase 2 subunit beta; MDH1, malate dehydrogenase; ME1, NADP-dependent malic enzyme; MIDAC, methylimidazoleacetic acid; MIDAD, methylimidazole acetaldehyde; MTHF, 5-methyltetrahydrofolic acid; MTR, methionine synthase; N-AG6P, N-acetyl-D-glucosamine-6-phosphate; N-AG, N-acetyl-D-glucosamine; NAGK, N-acetyl-D-glucosamine kinase; PC, pyruvate carboxylase; PDHA1, pyruvate dehydrogenase E1-alpha; PDHB, pyruvate dehydrogenase E1-beta; PEMT, phosphatidylethanolamine N-methyltransferase; PGA, 3-phosphoglyceric acid; PPE, phosphatidyl-ethanolamide; PPME, phosphatidyl-N-methylethanolamide; QDPR, dihydropteridine reductase; SARDH, sarcosine dehydrogenase; SHMT1, serine hydroxymethyltransferase cytosolic; THF, tetrahydrofolic acid; TPP, thiamine pyrophosphate; UROC1, urocanate hydratase.


Based on the S200 vs. NC group, L-phenylalanine was downregulated, which is a double-edged sword. First, L-phenylalanine is not only an essential amino acid but also a precursor of tyrosine and catecholamines (including tyramine, dopamine, epinephrine, and norepinephrine), so the lower level of L-phenylalanine might decrease oxidative stress in the intestine (36). Second, the lower level of L-phenylalanine also might lead to a decrease in gut hormone secretion, including glucose-dependent insulinotropic peptide (GIP) and cholecystokinin (CCK) (42). GIP and CCK are important hormonal regulators of the ingestion, digestion, and absorption of intestinal nutrients (43, 44). Additionally, our results indicated that UMP and dCMP were downregulated in the S200 group compared with the NC group. Both of them were involved in the pyrimidine metabolism and lactose synthesis pathways and suggested that UMP and dCMP finally may be degraded to β-alanine through the pyrimidine metabolism pathway, and then the β-alanine synthesized probably fluxed into the alanine metabolism pathway. In this pathway, alanine and glyoxylic acid can be converted into glycine and pyruvic acid via serine-pyruvate aminotransferase. Meanwhile, D-glucose probably participated in the biosynthesis of pyruvic acid, leading to the lower level of UMP in the lactose synthesis pathway. Then the pyruvic acid generated via two pathways may be absorbed into the blood and was involved in the transfer of acetyl groups into the mitochondria pathway (Figure 6). Furthermore, our data revealed that the lower level of deoxyguanosine in the feces was associated with the higher level of inosine-5′-monophosphate (IMP) in the serum in the S200 group compared with the NC group (Supplementary Table 3), while the higher level of IMP, as a nucleotide, may be propitious to the growth and maturation of intestinal epithelial cells and plays an important role in intestinal immunity and health (45).



Serum Metabolomics

As seen in Figure 6 and Table 3, based on the NC vs. BC group, ETEC challenge decreases glucosamine 6-phosphate (G6P) and oxidized glutathione (GSSG) levels and increases NADP levels in the serum by affecting the glutamate and glutathione metabolism pathways, which may result in the accumulation of H2O2 in the serum. On one hand, the produced H2O2 cannot be reduced to water (H2O), which resulted in peroxide interference and cell damage through oxidation of lipids, proteins, and nucleic acids (46). On the other hand, H2O2 is not a radical but is considered a reactive oxygen species, which can induce a cascade of radical reactions and inactivate pyruvate dehydrogenase (PDH) (47, 48), leading to accumulation of TPP in the serum and meaning that pyruvic acid cannot be synthesized into acetyl-CoA, while the latter was closely associated with fatty acid biosynthesis. In addition, the lower levels of cytidine monophosphate (CMP) and deoxyuridine triphosphate (dUTP) in the NC group compared with the BC group revealed that ETEC perturbed pyrimidine metabolism, and then, it might inhibit the process of pyrimidine-related nucleotide biosynthesis.

Interestingly, based on the S50 vs. NC group, caffeine was significantly downregulated in the feces (Table 2), while it was significantly upregulated in the serum (Supplementary Table 3) and suggested that most caffeine can be absorbed into the blood through the intestinal mucosa. Furthermore, the high level of caffeine in the serum could lead to an increase in lipolysis, and it is usually accompanied by the accumulation of glycerol in the serum (49). Then the high level of glycerol could raise blood osmolality, and it, in turn, probably plays a favorable role in the increase in intestinal water absorption and the decrease in sodium efflux into the intestinal lumen, and finally resulted in the attenuation of secretory diarrhea caused by ETEC (50). It is worth noting that, based on the S50 vs. NC group, indoleamine 2,3-dioxygenase 1 (IDO1) or tryptophan 2,3-dioxygenase 2 (TDO2) drives tryptophan into the kynurenine pathways that produce tryptophan catabolites, such as the high level of kynurenic acid in the serum (Supplementary Table 3). In this process, it is usually accompanied by the production of folic acid and L-glu, meaning that the generated folic acid and L-glu can be synthesized to THF through the folate metabolism pathway. Meanwhile, THF also was biosynthesized in the serum via two pathways, including pterine biosynthesis and histidine metabolism.

Based on the S100 vs. NC group, the higher level of L-glu supplies the amino group for the biosynthesis of other amino acids, is a substrate for glutamine and glutathione synthesis, and is the key neurotransmitter in biological systems. It revealed that after glutamine synthetase or glutaminase liver isoform (GLS2) converts L-glu into Gln, and glutamine-fructose-6-phosphate aminotransferase (GFPT1) subsequently converts Gln and fructose 6-phosphate (F6P) into L-glu and G6P, it suggested that 100 mg kg−1 of GE reversed the ETEC-induced downregulation of G6P. The higher level of G6P in the S100 group, in turn, can be converted into N-acetyl-D-glucosamine-6-phosphate (N-AG6P) (via glucosamine 6-phosphate N-acetyltransferase) compared with the NC group. Here, downregulation of uridine diphosphate-N-acetylglucosamine and upregulation of ATP in serum indicated that most N-AG6P generated likely can be converted into N-acetyl-D-glucosamine (N-AG) (a polysacchatide) and ATP, via N-acetyl-D-glucosamine kinase (NAGK). The resulting N-AG has confirmed its anti-inflammatory efficacy for inflammatory bowel disease (51). It is worth mentioning that betaine, which might be synthesized from choline, can be degraded via two pathways. The first pathway involves betaine metabolism. Compared with the NC group, the higher levels of S-adenosyl-L-homocysteine (SAH), L-methionine, THF, and ATP in the S100 group indicated that THF cofactors were probably used to carry and activate one-carbon units via the folate-mediated one-carbon transfer pathway, resulting in the remethylation of homocysteine to L-methionine, and the synthesis of purine nucleotides and thymidylate (52). In the second pathway, betaine can be synthesized to dimethylglycine in the methionine cycle, then the generated dimethylglycine can be converted into sarcosine and enter glycine and serine metabolism. Here, the sarcosine is synthesized via two pathways to create 5-aminolevulinic acid and serine, respectively. Of them, the formation pathway of serine was accompanied by the production of THF, whereas the production of L-methionine, purine nucleotides, and 5-aminolevulinic acid may participate in the processes of attenuated inflammatory responses and inhibited oxidative stress (53–55).

Furthermore, it showed that 200 mg kg−1 of GE reversed the ETEC-induced upregulation of NADP and TPP in the serum via the transfer of acetyl groups into the mitochondria and phytanic acid peroxisomal oxidation pathways and thereby participated in the production of acetyl-CoA, and the latter was related to the synthesis of fatty acids and sterols and the metabolism of many amino acids (56). Meanwhile, similar to the S50 or S100 groups, the levels of THF and L-methionine in the S200 group were also upregulated via betaine metabolism and the pterine biosynthesis pathway compared with the NC group.

It is worth noting that GE dietary addition can upregulate the level of THF and reverse the high level of NADP induced by ETEC compared with the NC group (Figure 4). It suggested that THF is probably a main antioxidative force for GE indirectly (57, 58). Meanwhile, GE downregulating the level of NADP also means that the NADP pool is probably maintained in a highly reduced state, which boosted antioxidant ability in response to oxidative damage (59).




CONCLUSIONS

Our study has demonstrated that dietary supplementation with 50–200 mg kg−1 of GE exhibited a positive effect on the recovery of intestinal tight junctions and barrier function of weaned piglets challenged by ETEC. Meanwhile, serum and fecal metabolomics analysis indicated that dietary GE (50, 100, and 200 mg kg−1) addition could reprogram energy metabolism through similar or distinct metabolic pathways and finally enhance the antioxidant ability of weaned piglets challenged by ETEC.
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Phosphorus is one of the essential mineral elements of animals that plays an important role in animal growth and development, bone formation, energy metabolism, nucleic acid synthesis, cell signal transduction, and blood acid–base balance. It has been established that the Type IIb sodium-dependent phosphate cotransporters (NaPi-IIb) protein is the major sodium-dependent phosphate (Pi) transporter, which plays an important role in Pi uptake across the apical membrane of epithelial cells in the small intestine. Previous studies have demonstrated that epidermal growth factor (EGF) is involved in regulating intestinal Pi absorption. Here we summarize the effects of EGF on active Pi transport of NaPi-IIb under different conditions. Under normal conditions, EGF inhibits the active transport of Pi by inhibiting the expression of NaPi-IIb, while, under intestinal injury condition, EGF promotes the active absorption of Pi through upregulating the expression of NaPi-IIb. This review provides a reference for information about EGF-regulatory functions in Pi absorption in the animal intestine.
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INTRODUCTION

Phosphorus is one of the most abundant elements in mammals involved in a variety of physiologic processes in the form of inorganic phosphates (Pi), including cellular signaling, energy metabolism, and nucleotide biosynthesis, and is an important component of cell membranes and bones (1–4). As an important site for Pi absorption, the small intestine plays a crucial role in Pi homeostasis, which accounts for more than 70% of the Pi absorption (5). It is well-known that intestinal Pi absorption by the paracellular route, a non-hormonally-dependent process that occurs mainly through the tight junctions by passive diffusion and the transcellular pathway, occurs through sodium-dependent phosphate co-transporters present in the cell membrane (6–8). Previous studies have demonstrated that active absorption of Pi is mediated by the sodium-dependent transport, SLC34 families, and type II sodium dependent phosphate cotransporters (NaPi-II) (9, 10). NaPi-IIb-mediated Pi transport across the epithelial apical membrane is the main form of Pi uptake in the small intestine (5, 11). NaPi-IIb was first found in mice by Hilfiker in 1998 and confirmed that NaPi-IIb was mainly expressed in the brush border membranes (BBMs) of intestinal epithelial cells (12). Subsequently, researchers have cloned NaPi-IIb in human (13), rat (14), goat (15), chicken (16), and pig (5) and conducted comprehensive studies on the factors affecting its expression in the small intestine.

Epidermal growth factor (EGF), a small mitogenic polypeptide comprising 53 amino acid residues, has been established as a trophic factor for the epithelial cell homeostasis (17, 18) and nutrient transport in the small intestine (19–23). Previous studies have reported that EGF inhibited the expression of NaPi-IIb (24–27), which implied that EGF inhibited the active absorption of Pi. However, EGF is known to induce repair of oxidative damage of pig small intestinal epithelial cells stimulated by lipopolysaccharide (LPS) (18). In theory, the process of the intestinal barrier repair is accompanied by increased DNA and RNA syntheses, which leads to increased phosphorus absorption in intestinal epithelial cells since phosphorus is the main element in nucleic acid synthesis. Our previous study has confirmed that EGF can promote the expression of NaPi-IIb in LPS-induced injured porcine intestinal epithelial cells (IPEC-J2) and LPS-induced injured intestine of piglets (27). It indicated that EGF could promote the active absorption of Pi under stress condition. In this review, we mainly reviewed the effect of EGF on Pi absorption and its possible mechanism, to provide a theoretical basis for the application of EGF in animal production.



THE SLC34 FAMILY

Pi homeostasis is regulated by the coordinated interplay of the intestine, kidneys, and bones (28, 29). The intestine absorbs Pi from the diet, kidneys reabsorb Pi from the primary urine filtrate, and the bones serve as a Pi pool, where it can be deposited as hydroxyapatite or released in case Pi supply is low (30). There are two genetically distinct families of sodium-coupled co-transporters that mediate transport of Pi in mammals, namely, the SLC20 family comprises SLC20A1 (PiT-1) and SLC20A2 (PiT-2), and the SLC34 family comprises SLC34A1 (NaPi-IIa), SLC34A2 (NaPi-IIb), and SLC34A3 (NaPi-IIc) (3, 12, 31, 32) (Figure 1). PiT-1 is widely expressed in soft tissue, small intestine, and bone. PiT-2 is widely expressed in soft tissue, small intestine, bone, and kidney. NaPi-IIa and NaPi-IIc are mainly expressed in the kidney, and NaPi-IIb is mainly expressed in the small intestine (32). However, only the physiological roles of SLC34 proteins have been extensively investigated and characterized.
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FIGURE 1. The main organs and transporters involved in inorganic phosphate (Pi) homeostasis. Pi homeostasis is regulated by the coordinated interplay of intestine, kidneys, and bones, and two families of sodium-coupled cotransporters, the SLC20 family (PiT-1, PiT-2) and the SLC34 family (NaPi-IIa, NaPi-IIb, and NaPi-IIc), involved in Pi absorption.


SLC34 family comprises three subtypes of phosphate transporters (Table 1). NaPi-IIa is encoded by the SLC34A1 gene, mainly expressed in the BBM of renal proximal tubular epithelial cells and is regulated by dietary Pi level, parathyroid hormone (PTH) and fibroblast growth factor (FGF23) (31–34). NaPi-IIc is encoded by the SLC34A3 gene, which is expressed exclusively in the kidney (32, 34). The expression of NaPi-IIc is related to age, with the highest level at weaning stage, and then gradually decreases with age (35). The expression of NaPi-IIc is regulated by dietary Pi level, PTH, and FGF23 too (31–34). Previous studies have shown that NaPi-IIa and NaPi-IIc are responsible for the renal reabsorption of Pi (31–35). Beck et al. (36) found that the NaPi-IIa gene knockout (NaPi-IIa−/−) mouse would lead to a reduced sodium-dependent phosphorus reabsorption by about 70% in the kidney. NaPi-IIa−/− mice lead to increased NaPi-IIc expression, which mediates about 30% phosphorus uptake (35, 37). However, the mechanism of renal Pi reabsorption regulated by NaPi-IIa and NaPi-IIc is different. NaPi-IIa is electrically charged and has a Na+:Pi ratio of 3:1, while NaPi-IIc is electrically neutral and has a Na+:Pi ratio of 3:1 (3, 31–35).


Table 1. The characteristics of SLC34 protein family.
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NaPi-IIb is encoded by the SLC34A2 gene, which widely expressed in lung, testicles, mammary glands, liver, salivary glands, thyroid, and small intestine, and the small intestine is the major expression site (3, 5). Like to NaPi-IIa, NAPI-IIb is also electrically charged and has a Na+:Pi ratio of 3:1 (3, 31–35). NaPi-IIb protein is thought to be the major sodium-dependent Pi transporter protein, since its ablation in mice abolishes Na+-dependent uptake of Pi (38, 39). NaPi-IIb accounts for 90% of transcellular sodium-dependent transport (38, 40, 41), which plays an important role in the intracellular Pi accumulation and Pi homeostasis. The NaPi-IIb expression in vivo is regulated by many physiological factors, including dietary Pi level (1, 42), calcitonin (43), 1.25(OH)2VD3 (44, 45), corticosterone (46), estrogen (47), B-RAF (48), EGF (24–27), and so on. Inhibition of intestinal NaPi-IIb expression would lead to an increased fecal phosphorus excretion, resulting in a waste of resources (30). Thus, investigating the regulatory factors of NaPi-IIb deeply is critically important for improving intestinal phosphorus utilization, decreasing manure phosphorus excretion, and reducing environmental pollution (43).



EGF AND PI ABSORPTION


Biological Function of EGF

Dr. Stanley Cohen first discovered EGF more than half a century ago (49). It is a small mitogenic polypeptide comprising 53 amino acid residues and three intramolecular disulfide bridges and widely exists in saliva, milk, amniotic fluid, urine, plasma, and intestinal fluid (17, 50). EGF is heat and acid stable and resistant to proteases digestion due to its special chemical structure (51), which allows its delivery to the gastrointestinal tract to exert trophic effects and makes it possible to be used in animal feed. The biological functions of EGF are mediated through binding to its receptor, EGF receptor (EGFR), a transmembrane glycoprotein, abundantly located on the apical and basolateral aspect of villus enterocytes (17, 52, 53). EGFR belongs to the transmembrane receptor tyrosine kinase of the ErbB family, with a molecular weight of 170 kDa consisting of a single polypeptide chain (54). The binding of EGF at the enterocytes surface induces dimerization of EGFR, which results in the activation of receptor tyrosine kinase (RTK) and RTK auto-phosphorylation, and subsequent activation of various signal transduction pathways, including mitogen-activated protein kinase (MAPK) (55), phosphoinositol 3 kinase (PI3K) (56), nuclear factor erythroid 2-related factor 2/ Kelch-like ECH-associated protein 1 (Nrf2/Keap1) (18), and mammalian target of rapamycin protein (mTOR) (57). Previous studies have demonstrated that EGF has many biological functions, including promoting intestinal repair (18) and nutrient absorption (23, 58, 59).



EGF Inhibits Active Transport of Pi Under Normal Conditions

Phosphorus is an essential element for the growth and development of animals. An important physiological regulator of Pi absorption is EGF, which acts through modulation of NaPi cotransporter activity (24–27, 60, 61). Early studies in rats (60) and opossum kidney cells (61) showed that EGF inhibited renal Pi uptake by modulating NaPi-IIa cotransporter protein and mRNA levels. In intestine, previous studies have confirmed that EGF also was an important physiological regulator of Pi absorption (24–27). The study in rat and human CACO2 cells from Xu et al. (24) showed that EGF significantly inhibited the expression of NaPi-IIb gene. Consistent with Xu et al. (24), our previous study also found that EGF downregulated NaPi-IIb expression in IPEC-J2 cells (26), indicating the loss of active transcellular transport of Pi in the small intestine. This suggested that, under normal conditions, EGF inhibited the active transport of Pi. However, the inhibition of NaPi-IIb expression would not affect the Pi homeostasis, because the intestinal Pi absorption is the consequence of transcellular transport plus paracellular absorption (62, 63). Passive absorption through the paracellular pathway may contribute to being an alternative transport pathway to supply enough Pi for the body when a sufficient gradient of Pi is established across the epithelium (30, 63). Additionally, the compensatory mechanism of increased renal reabsorption can also result in a normal plasma Pi (30). The phenomenon of EGF promotes cell proliferation (18, 64–67) and to some extent can also demonstrate that EGF can promote phosphorus uptake. This because, in theory, during cell proliferation, more phosphorus is needed to meet the demand of DNA and RNA syntheses, but through a paracellular pathway or activation of renal compensatory mechanisms, rather than through the active transcellular transport of Pi mediated by NaPi-IIb.



The Mechanism of EGF on NaPi-IIb Expression Regulation

EGF, as a growth hormone, plays an important role in modulating intestinal Pi absorption. Xu et al. (24) reported that EGF affected NaPi-IIb gene expression by inhibiting transcriptional activation in CACO2 cells. Further study indicated that EGF downregulated NaPi-IIb gene expression is through regulating the binding of transcription factor c-myb and NaPi-IIb gene promoter. The EGF response region was located in the promoter between −784 and −729 base pair (bp) of the promoter of human, and the downregulation of promoter function is mediated by EGF-activated protein kinase C/protein kinase A PKC/PKA and MAPK pathways (25). Previous work in our laboratory showed that the EGF response region was located in the −1,092 to −1,085 bp region (5′-TCCAGTTG-3′) in porcine intestinal epithelial cells, IPEC-J2 (26). Further studies showed that EGF downregulated the expression of NaPi-IIb in IPEC-J2 cells by activating signaling molecules such as EGFR, PKA, PKC, P38, extracellular regulated protein kinases (ERK), and c-Jun N-terminal kinase (JNK) (68). Although previous studies had proved that EGF-activated MAPK, PKC, and PKA pathways are all involved in the regulation of NaPi-IIb in intestinal epithelial cells (25, 68), how their downstream signaling molecules ultimately regulate the expression level of NaPi-IIb remains unknown.



EGF Promotes Active Transport of Pi Under Intestinal Injury Condition

The intestinal tract is not only the main part of animal nutrition digestion and absorption but also acts as a physical and immunological protective barrier against foreign antigens and pathogens (17, 69–71). The integrity of intestinal is the foundation of nutrition absorption for animals (72). However, the intestinal epithelium homeostasis of animals is usually affected by bacterial infection, endotoxin challenge, weaning stress, and oxidative stress, which can lead to intestinal damage and intestinal barrier function dysfunction (73–76). EGF has been established as a trophic factor for epithelial cell homeostasis (17, 18) and nutrient transport in the small intestine (22, 58, 66, 77, 78). Previous researches have demonstrated that EGF was able to attenuate the intestinal mucosal epithelial cells injury as well as promotes the repair of damaged mucosa epithelium (18, 79–82). In theory, during the process of injured intestine repairing, more phosphorus is needed to meet the demand of DNA and RNA syntheses. Previous studies had shown that in some disease states, such as hyperphosphatemia induced by intestinal ischemia/injury, serum Pi levels and EGF levels were increased (83, 84), which indicated that EGF might play a role in regulation of Pi homeostasis in response to intestinal injury. However, it is not clear whether EGF mediates the active transport of Pi by regulating the expression of NaPi-Iib, since the regulation of Pi is a complex network, which is achieved by the combined action of intestine, kidneys, and bones (10, 85–87). Our previous study showed that EGF could promote the expression of NaPi-IIb expression in LPS-induced IPEC-J2 cells and the jejunum and ileum of LPS-induced piglets (27). It indicated that under intestinal injury condition, EGF could release the inhibition of NaPi-IIb and regulate the active absorption of Pi mediated by NaPi-IIb to meet the body's need for phosphorus and accelerate the process of intestinal repair. However, there is still a lack of researches on EGF regulation of intestinal Pi uptake under other injury conditions, like intestinal ischemia/injury, inflammatory bowel diseases, and necrotizing enterocolitis. In addition, the mechanism of EGF on NaPi-IIb-mediated Pi uptake under intestinal injury condition remains unclear, which needs to be further research.




CONCLUSIONS

In summary, EGF is involved in regulating intestinal Pi absorption, and the role of EGF in modulating intestinal Pi absorption depends on the physiological status of the animal. Under normal conditions, EGF inhibited the active transport of Pi through activating MAPK, PKC, and PKA pathways to inhibit the expression of NaPi-IIb. While, under intestinal injury condition, EGF could promote the active absorption of Pi through upregulating the expression of NaPi-IIb (Figure 2). Further studies could focus on how EGF regulates the expression of NaPi-IIb under intestinal injury condition, thereby promoting the active transport of intestinal Pi.
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FIGURE 2. Effects of EGF on active Pi-transport-mediated NaPi-IIb under different conditions. (A) EGF inhibited the active transport of Pi by inhibiting the expression of NaPi-IIb under normal conditions. (B) EGF promoted the active absorption of Pi through upregulating the expression of NaPi-IIb under intestinal injury condition.
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Modern broiler chickens are associated with rapid growth rates and superior feed efficiency. However, they are also susceptible to physiological and metabolic disorders (e.g., skin lesions, lameness, sudden death, enteric diseases, myopathies) that exert substantial economic losses to producers. This is further exacerbated by consumer pressure and mandated cessation of production practices such as indiscriminate use of antimicrobial growth promoters. Manipulation of broiler breeder (BB) nutrition and management can influence chick quality, robustness, and resilience to stressors in the production environment. The present review examines the role of feeding BB functional polyunsaturated omega-3 fatty acids (n-3 PUFA) and subsequent impact on the indices of immunocompetence, skeletal, and gastrointestinal (GIT) development in broiler chickens. Research in mammalian and avian models led evidence that perinatal feeding of long chain n-3 PUFA such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) engender transgenerational effects through regulation of a variety of biological processes including development of vital organs such as skeleton, brain and GIT. It is shown that feeding poultry breeders n-3 PUFA decreases inflammatory states and enriches hatching eggs with n-3 PUFA and immunoglobulins. Further evidence also shows that after 15 days of incubation, chicken embryos preferentially utilize long chain n-3 PUFA-critical for optimal cell, tissues, and organ development. Enrichment of n-3 PUFA in newly hatchling tissues reduce proinflammatory eicosanoids with consequences of enhanced bone mineralization. Dietary n-3 PUFA also modulates breeder GIT microbiota with consequences of microbial colonization and succession in chicks. As well, research shows that feeding poultry breeders n-3 PUFA bolsters progeny immunocompetence through enhanced passive immunity and antibody titres against routine vaccination. In conclusion, it appears that chicks may benefit from the incorporation of n-3 PUFA in the breeder diets; however, little attention is paid to fatty acids composition in breeder nutrition. We also highlight gaps in knowledge and future research perspectives.
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INTRODUCTION

Poultry production has continued to grow since the end of world war II, accelerating exponentially in the last few decades (1). Due to the anticipated growth of the human population, it is estimated that the global consumption of poultry products' will climb to 145 million tons by 2029—accounting for 50% of the 12% increase in global meat consumption projected by 2029 (2). To meet production demands, modern broiler chickens have undergone intensive genetic selection, associated with rapid growth rates and superior feed efficiency, as well as short and low-cost production cycles. For example, a broiler chicken now reaches 2.44 kg at day 35 vs. 1.40 kg bird at day 35, 30 years ago (1). Continuous improvements in broiler production are primarily due to genetic selection for high performing biological and economic traits, nonetheless, albeit to a lesser degree advancement in nutrition, housing, health, and management practices have also contributed (3).

Intensive selection for growth has also significantly accelerated occurrence of metabolic disorders due to high nutrient intake, rapid growth, and high metabolic rate (4). Examples of specific metabolic issues include skeletal disorders from rapid growth, resulting in inadequate bone and tendon development, which are unable to support heavy broiler weight. Alongside skeletal issues, modern broiler chicks also present issues with immunocompetence and decreased resistance to pathogens. A comparison of immune responses between a 1957 vs. 2001 broiler chicken strain, showed 1957 strain had heavier bursas, spleen and cecal tonsils and higher antibodies (Immunoglobulin M and Immunoglobulin G) response post-challenge (5). Traditionally, antimicrobial growth promoters (AGP) have been used sub-therapeutically to ameliorate broiler chickens' low response immune system. However, due to consumer and regulatory pressures, the industry is moving toward a complete removal of AGP use. As a result, there are increasing concerns about the broiler's health; specifically the gastrointestinal tract (GIT), which may be compromised leading to increased susceptibility to enteritis. Furthermore, digestion insufficiencies and high feed intake lead to excessive undigested nutrients in the small intestine leading to bacterial overgrowth—ultimately causing inadequate growth (3, 6). In this sense, alternative methods to facilitate the establishment and maintenance of a healthy GIT, robust immune system and the overall broiler chicken productivity of chicks are of interest. The concept of developmental programming through maternal nutrition could present a means to blunt the aforementioned metabolic disorders in the offspring.

Egg fat is of considerable importance in the nutrition of the developing embryo as a source of energy and essential fatty acids (FA) such as linoleic (18:2 ω-6) and α-linolenic (18:3 ω-3) acids for synthesis of polyunsaturated fatty acids (PUFA)-rich membrane phospholipids and eicosanoids (7, 8). Substantial upregulation of cytosolic fatty acid-binding proteins (FABP) and preferential utilization of long-chain omega-3 PUFA (n-3 PUFA) have been observed in the later phases of embryo development (9). In fact, Saber et al. (10) reported a decrease in late-stage embryonic mortality in fertile eggs from BB fed flaxseed or fish oil enriched diets, possibly due to the improved incubation parameters due to PUFA availability. The long chain n-3 PUFA such as docosahexaenoic acid (22:6 n-3; DHA) and eicosapentaenoic acid (20:5 n-3; EPA) are critical for optimal cell, tissues, and organs structure and function. Thus, adequate supply of n-3 PUFA through the yolk could be pivotal in the development of metabolic and immune tissue functions with long-term implications on susceptibility to metabolic disorders in broiler chickens. This review will examine the role of functional n-3 PUFA in broiler breeder (BB) diets and characterize subsequent effects on indices of immunocompetence, skeletal and gastrointestinal development in broiler chickens. Current literature will be appraised on aspects of FA nutrition in BB, gaps in knowledge and areas of future research.



METABOLIC ISSUES IN BROILER CHICKENS

Intensive genetic selection has resulted in a modern-day broiler chickens that can reach market weight faster with significantly less feed for unit body weight gain than it is predecessors. While this rapid growth has allowed for efficient poultry production, it has also resulted in metabolic issues.


Musculoskeletal Disorders

Broiler chickens experience both leg weakness and leg lameness due to a rapid and disproportionate muscle accretion relative to the maturation of skeletal system (11). Leg weakness is classified as breakage, fractures, and lack of strength and is quantified by a reduced bone mineral content (BMC), bone mineral density (BMD) and poor growth (12). The tibia is the main focus of skeletal disorders such as leg weakness as it bears majority of the bird load and is affected the most during locomotion. In order to sustain rapid growth during the early weeks of life, the tibia increases circumferential and longitudinal growth, at the cost of reduced mineralization and high porosity, increasing fracture risk (13).

Leg lameness is characterized as an inability to walk or have a limp due to injuries or defects—examples include tibial dyschondroplasia and bacterial chondronecrosis with osteomyelitis (BCO) (12, 14). A broiler inability to support the body weight is often a result of tibial dyschondroplasia (TD), wherein the proliferating avascular, pre-hypertrophying growth plate cartilage does not change to hypertrophying cartilage (4). Therefore, it cannot be replaced by bone—ultimately resulting in an abnormal cartilage mass under the growth plate and bone weakness. Broiler BCO is also considered a common cause of lameness and is a bacterial infection of the femoral or tibial head, which can result in necrosis (14). The BCO can be viewed as an interface between a dysfunctional gut and skeletal deformities. The mechanical stress on the growth rates leads to microfractures in the cartilage layers, which paired with disruption of the gut from inflammation allows bacteria to translocate through the epithelial layer and into the femoral head (14). In conjunction with rapid growth, inflammation of the gut has been identified to play a negative role in bone development—a concern in AGP-free broilers.



Gastrointestinal and Immunocompetence Issues

For optimal production, a broiler chick must have a healthy gut, which can be defined as a combination of digestive function, immune competence, and gut microbiota. Genetically, broilers have increased their feed intake as selection has aimed at growth performance. This growth is dependent on the efficient digestion, absorption and assimilation of dietary nutrients. As well, maximum digestion of available dietary nutrients is critical for disease prevention. The presence of undigested feed results in loading of substrates in the hindgut, encouraging proliferation of bacteria, causing dysregulation in the adaptive immune system due to changes in microbial metabolism leading to inflammation and potentially disease (15). In conjunction, the short life span of broiler chicken limits the potential for the complete development of an adaptive immune system. The adaptive immune system is estimated to take ~5–6 weeks post-hatch to fully develop, indicating a strong reliance on the innate immune system. Traditionally, AGPs were used to maintain a balance between “good” and “bad” bacteria, with a direct influence on ileal microbiota communities (16). However, as poultry production shifts away from AGP use to modulate the gut microbiota, questions on how to establish a well-balanced gut microbiota and well-established innate immune system rises.




BROILER BREEDER MANAGEMENT, NUTRITION, AND OMEGA-3 FATTY ACIDS

Optimizing broiler chicken production starts with chick quality at hatch, a characteristic that can be primarily attributed to BB nutrition and management. The nutrition of BB contributes to hatching egg fertility and hatchability, chick hatch weight and subsequent performance upon placement in grow-out facilities. All required and available nutrients for embryonic development are heavily dependent on the nutrients and components deposited in the egg by the hen (17). Modern BB nutrition is unique as it is critical to provide enough, but not excessive nutrients for maximum egg production (18). This is because BB have not only been intensively genetically selected for the favorable traits found in broilers, such as rapid and efficient growth but also for a successful lifetime of egg production (19). As such, the metabolic needs resulting from these characteristics are contradictory—BB possess the genetics for broiler chicken production rates requiring high feed intake; however, excess body weight leads to low egg production and egg size variability in a flock. Furthermore, as poultry production eradicates the usage of AGP, BB production must also consider ways to maintain a healthy gut to prevent intestinal and inflammatory disorders which could negatively affect productivity and performance. A compromise of the hen's intestinal health affects the ability to absorb nutrients, affecting the ability to produce eggs as well as the nutrients deposited in the yolk for embryogenesis. Lastly, a compromised intestinal tract in broiler breeders also presents the potential to transfer pathogenic bacteria such as Escherichia coli, Salmonella enterica and Campylobacter to progeny during egg formation and passage (20–22).

To meet their unique metabolic demands, BB nutrition is constantly changing with their life stages. The first limiting nutrient in these diets is energy for proper body maintenance, growth, and production demands (23–25). Energy requirements are met through the fortification with lipid sources such as vegetable oils and animal fat. In particular, long chain n-6 and n-3 PUFA are considered essential due to the inability of avian species to insert a double bond beyond Δ−9 carbon due to the lack of Δ-12 and−15 desaturases and must be provided through the diet (26). Current practices of feeding cereal and vegetable protein-based diets have been well-documented for their imbalance of n-6 to n-3 FA ratio (27). A high dietary n-6 to n-3 PUFA ratio is known to create a prothrombotic and proaggregatory physiological state, encouraging inflammation and disease pathogenesis (28). Enriching diets with n-3 PUFA decreases the competition between alpha-linolenic acid (n-3) and linoleic acid (n-6) for conversion and elongation to their active metabolites: eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) and arachidonic acid (AA) and increases n-3 PUFA metabolites. Reducing the difference between n-6 and n-3 PUFA ratio is not only beneficial for BB production but also to the progeny.

The FA profile of BB eggs is reflective of the FA composition of the diet, and therefore can be enriched with n-3 PUFA for embryonic utilization (29, 30). Beneficial effects of feeding BB n-3 PUFA enriched diets on offspring immunity, gut microbiota, skeletal development, modulation of hepatic and cardiac function have been reported. Oxidation of FA provides 95% of the total energy needed for embryonic development, with a preference of incorporating PUFA into the tissues (31–33). Polyunsaturated fatty acids constitute most of the structural phospholipids in the cell membrane of the developing embryo, affecting immune cell FA composition as well as the FA profile of the gastrointestinal tract. The gastrointestinal tract acts as mucosa-associated lymphoid tissue, referred to as the GALT, responding against bacterial, viral, and parasitic antigens (34). Excessive feed in the gut due to broiler growth demands and short intestinal passage rate induces stress on the gut, causing inflammation and intestinal barrier leakage. Therefore, the increase of n-3 PUFA in chick tissues may be beneficial for a more controlled immune response (35). As previously mentioned, n-3 PUFA inclusion also affects BB microbiota, which is passed on from BB to newly hatched chicks and can affect broiler immune status and production. Lastly, modulation of inflammatory responses in broilers also influences adequate bone development, another major developmental issue in poultry production.



OMEGA-3 FATTY ACIDS IN BROILER BREEDER DIETS AND THE EFFECT ON PROGENY


Inflammatory Mediators and Antibodies

Newly hatched chicks are exposed to a variety of stressors associated with routine husbandry practices, including vaccination, handling, heat stress, and feed change. Whether these stressors occur singly or simultaneously, they have the potential to stimulate the stress response, impair immunity and negatively affect bird growth and well-being. The acquired immune system of a broiler chicken takes ~4–6 weeks after the 10 days post-hatch period to fully develop (36). In this sense, there is a strong reliance on the innate immune system, and the yolk derived maternal antibodies for protection during the early life stage due to broiler's short life span (37). The protective role of maternal immunoglobulins (IgY and IgA) is of particular interest due to the precocial nature of chickens (38). These maternal antibodies are provided during the process of egg formation and continue to function in the hatchling until its own immune response can take over (38). Manipulation of the maternal diet not only influences the passive and innate immune system of broiler chicks but also subsequent development of the acquired immune system through subtle variations in the epigenetic regulation of immune gene expression (39).

Inflammation serves as a normal innate immune response to a challenge, particularly during the first week of life when the chick experiences environmental, nutritional, and developmental changes. However, excessive or uncontrolled inflammation can steer nutrients toward the acute phase response and cause decreased feed intake, muscle protein accretion and increase metabolic rate, ultimately resulting in poor production (40). Eicosanoids are lipid mediators of inflammation, produced through the cyclooxygenase (COX) and lipoxygenase (LOX) pathways—utilizing AA and EPA as substrates (41). Eicosanoids derived from AA are generally more potent, can increase the production of pro-inflammatory interleukins and may play a pathogenic role (42, 43). Inclusion of 3% fish oil, providing EPA and DHA, into maternal diets resulted in a significant increase in the production of EPA derived leukotriene B5 (LTB5) by thrombocytes, which is less pro-inflammatory than AA derived leukotriene B4 (LTB4), at day 7 and 14 in progeny compared to progeny from breeders fed conventional corn-soybean meal diets (44). The EPA and DHA competitively inhibit the metabolism of AA in the COX and LOX pathways, supressing the up-regulation of the genes for enzymes required for LTB4 production while EPA also acts as a substrate for LTB5 production (42). Incorporation of yolk omega-3 FA from enriched maternal diets into chick cell membrane during embryogenesis may result in a less potent inflammatory response to early life stressors.

Furthermore, the FA profile of immune organs in the progeny, specifically the spleen and bursa reflect the FA profile of the maternal diet; indicating incorporation during the developmental stage (44). A study examining effects of n-3 FA (DHA and EPA) inclusion from 1.5% replacement of the basal diet with fish oil blends in maternal diets reported the heaviest bursal weights upon hatch in chicks from EPA fed BB, potentially indicating an enhanced immune status due to the increase in B cell proliferation and maturation (45). Chicks hatched from BB fed diets enriched with 3.5% fish oil produced significantly less of AA derived eicosanoids, prostaglandin E2 (PGE2) and thromboxane A2, which are known for being pro-inflammatory and encouraging vasoconstriction and platelet aggregation, than their low n-3 PUFA dietary counterparts (46). Bullock et al. (47) reported a decrease in the pro-inflammatory regulatory cytokine interleukin–6 (IL-6) in both the liver and serum of chicks hatched from BB fed diets enriched with n-3 PUFA via 3.5% fish oil in the diet. As previously mentioned, n-6 and n-3 FA competition occurs in eicosanoid production by COX and LOX enzymes. By increasing preferential incorporation of n-3 FA into cell membrane embryonically, there is a shift toward EPA and DHA derived eicosanoids, accounting for the decrease in PGE2 as well as PGE2 induced IL-6 (48). Serum concentrations of IgG in hens fed diets with 5% linseed oil inclusion by replacement in the basal diet, as a source of n-3 PUFA, were significantly higher than other dietary treatments (49). Egg yolk IgY was also higher in eggs from n-3 PUFA enriched hens—both IgG and IgY have a role in inflammatory responses. As immunoglobulins in the hen are transferred to the chick to provide passive immunity, these results indicated the possibility for more controlled inflammatory responses in newly hatched chicks (49). The type of long-chain PUFA released in response to inflammatory stimuli is dependent on the cell membrane phospholipid PUFA content and therefore increased n-3 PUFA in BB diets is reflected in broiler chicks upon hatch and could act as a means of modulating inflammatory disease (50).

Transient immunosuppression caused by routine vaccination regimens in early phases of chick life (e.g., IBD, Marek's disease, coccidiosis, etc.) can increase broiler flock susceptibility to secondary bacterial infections. Moreover, incidences of vaccination failure are prevalent in the field resulting in chickens with inadequate antibody titer level development or are susceptible to a field disease outbreak following vaccine administration (51). Vaccination inadequacy is often associated with immunosuppression related non-cellular (antibody) and cellular components of the immune system not functioning properly (51, 52). There are numerous feedstuffs that have been shown to have immunomodulatory effects in young birds such as functional n-3 PUFA, yeast metabolites and probiotics (53–55). Dietary n-3 PUFA had a positive influence on humoral immunity in broiler chickens measured by antibody titers against Newcastle disease virus (NDV) compared to the control diet (56). Hens fed n-3 PUFA (fish or linseed oil, regardless of low, medium or high dose) had higher antibody titers upon challenge with bovine serum albumin compared to hens fed corn oil (57). It was recently demonstrated that feeding pullet breeders and/or their progeny n-3 PUFA (DHA and ALA) increased embryonic utilization of DHA and antibody titers for infectious bronchitis and new castle disease post-vaccination (9, 58). Fish oil modified eicosanoid metabolism and attenuated growth-depressing effects in an Eimeria tenella infection model (59).



Gastrointestinal Microbiota Development

The gut microbiota is characterized by microbial community comprised of commensal, symbiotic, and pathogenic microorganisms with significant roles in the gastrointestinal development, resistance to non-specific infections and immune function (60). The intestinal microbiota has a specific role in forming a protective barrier in the GIT mucosa against pathogenic bacteria by reducing their adhesion to the mucosa (55). However, intestinal tract disturbances are a common issue in modern broilers due to their rapid growth rate and excessive feed intake resulting in a “leaky gut” and inflammation caused by dysbiosis (61, 62). Subtherapeutic use of AGP allowed for homeostasis of the microbiota by reducing the microbial load in the intestinal tract, preventing dysbiosis and increasing nutrient availability for the chick (60, 63–65). Dysbiosis of the microbiota leads to cascade effects resulting in inflammatory responses, reduction in nutrient digestion, and negatively affecting production (64, 66). Upon hatching, chicks display a highly dynamic and variable microbiota, as a result of maternal, hatchery, transportation, and rearing influences (67). Additionally, interactions between gut microbial community and host immune system stimulate GALT maturation, subsequently, the adaptive immune system and production long term (55, 68). Developmental programming could allow for colonization of some microbiota before hatch, as BB transfer gut microbiota to their offspring. This presents an opportunity to manipulate maternal diets toward beneficial microbiota (55). Recently published research mapping chick microbiota relative to maternal and egg microbiota suggests establishment and inheritance of microbiota from the hen as early as the fertilization period and during egg formation in the oviduct (69). The most significant determinant of gut microbiota profile is the diet which is influenced by factors like nutrient composition (fat, protein, fiber, etc.) and ingredients used (63, 70, 71).

While the relationship between n-3 FA and immunity is well-established, emerging research indicates n-3 FA and the gut microbiota share critical pathways of immune system activation and inhibition (72). It was reported that increased ingestion of n-3 FA resulted in a higher number of bacteria from the Lactobacillus group (72). However, another study only indicated minor changes in cecal Lactobacillus in broilers fed a diet with 2% fish oil relative to control and no difference in birds fed 5% fish oil (73). The Lactobacillus group is known functionally for enhancing intestinal barriers and is from the phyla Firmicutes (74). An increase in the relative abundance of Firmicutes in broiler chicken intestinal tract was negatively correlated with the expression of proinflammatory cytokine IL–6 (75). Firmicutes are also associated with the capacity for energy harvest and production of short-chain FA, particularly butyrate. This process reduces unused nutrients in the GIT while producing more usable energy for the chick (55, 76). Reduction of unused nutrients in the gut can facilitate homeostasis in the microbiota and potentially ameliorating some of the inflammatory intestinal metabolic issues seen in broilers.

Intestinal permeability (IP) serves as a measure of gut epithelial integrity (“leaky gut”) in relation to the passage of bacterial endotoxins, such as lipopolysaccharides (LPS) through the intestinal walls and into circulation (77). Lipopolysaccharide-binding protein (LBP) is a marker of metabolic endotoxemia, a measure of the innate inflammatory immune response caused by the increase of endotoxin bacteria which triggers a pro-inflammatory cascade effect releasing cytokines such as IL-6 (77, 78). Robertson et al. (77) reported a significant decrease in IP and LBP in offspring from Fat-1 mice, indicating a suppressive effect on LPS-producing/pro-inflammatory bacteria. Metabolic endotoxemia may also be reduced by decreased LPS circulation due to the increase of gut barrier protecting bacteria (e.g., Bifidobacterium) a consequence of reduced n-6 to n-3 FA ratio (78). Interestingly, there were no differences in circulating cytokine between progeny despite their role in the inflammatory cascade involving LPS (77). Kaliannan et al. (78) reported gut microbiota influence on differential effects of tissue n-6 PUFA vs. n-3 PUFA on metabolic endotoxemia—particularly in tissues with high n-6 PUFA to n-3 PUFA ratio which retains pro-endotoxic bacteria. Enriching broiler chick tissue with maternal feeding of n-3 PUFA could present an opportunity to decrease harboring of pro-endotoxic bacteria, reducing inflammation, and increasing productivity. The inclusion of n-3 PUFA into BB diets could not only help the progeny but also help decrease the transfer of pathogenic bacteria from BB to broilers during egg formation and lay. As previously discussed, an inflammatory physiological state leads to a dysbiosis of the gut microbiota, allowing for pro-inflammatory bacteria presence to proliferate and subsequently transfer to the egg and outer shell. Through the reduction of inflammation and pro-inflammatory bacteria, there is the opportunity to decrease horizontal transfer and increase chick health upon hatch.



Skeletal Development

As with other aspects discussed in this review, issues of skeletal development in broilers are a consequence of genetic selection for rapid growth rates and muscle deposition (79). Equally dramatic increases in the size, growth rate and structural integrity of the skeleton have not been selected for, leading to leg disorders such as leg weakness (characterized as fractures, breaks, and a lack of strength) and lameness in broilers (4, 14, 79, 80). These issues ultimately lead to unfavorable outcomes such as culling, poor production, and economic losses (79). While genetic selection plays the majority role in bone formation, environmental effects such as housing, and nutrition can also affect bone development. In humans, nutrient supply before birth and early adulthood plays an essential role in determining health outcomes such as bone mass into adulthood (81). In utero delivery of n-3 PUFA had the most significant positive effect on bone formation and was determinant of bone health in offspring during early developmental phase (82). In broilers, the concept of developmental programming through BB arises again as bone mineralization and development begins in early embryonic phase. Coupled with the knowledge that stimulation of the nutrition in the breeder affects progeny growth and metabolism, there is the potential to mitigate some skeletal issues in chicks (83, 84).

Currently, studies have shown a positive association of n-3 PUFA in optimizing bone growth and mass. Lau et al. (85) reported a favorable association between n-3 PUFA and bone formation biomarkers in Fat-1 transgenic mice, which are capable of producing n-3 PUFA from n-6 PUFA. The FA composition of the femur was increased, specifically with ALA, DHA, and EPA—this coincides with previous reports of bone FA profiles in tibial cortical bone of chicks reflecting their n-3 PUFA enriched diets (85, 86). Similar results were seen in offspring of female rats fed either ALA (flaxseed oil) or ALA + DHA (DHASCO oil) 5 weeks before mating; offspring were maintained on maternal diets—indicating the ability to manipulate bone FA embryonically (87). Lau et al. (82) presents a comprehensive look at FA profiles of the bone relative to enriched diets.

Bone mineral content (BMC), a widely used marker of bone health, had a significantly positive correlation with either DHA or EPA in Fat-1 mice (85). Several other feeding studies reported the same positive correlation between BMC and n-3 PUFA in growing animals (88–90). The BMC of the tibia in growing Japanese quail was also the highest in n-3 PUFA supplemented birds relative to control (91). While several studies report positive effects, there are other reports of no effects of n-3 PUFA inclusion on BMC in both mice and avian species (92, 93). A study feeding pullet breeders either DHA, ALA or a standard control diet reported an increase in tibial ash weight and percentage increases in the offspring produced from 1% DHA fed mothers (9). It may be possible to apply these findings in BB nutrition to fortify bone strength in broiler chicks. Bone mineral density (BMD) reflects the bone mineral content per unit volume of bone material significantly affecting the bone strength—this biomarker is of interest as increased bone strength could provide more support to the rapid growth of broilers. Rats fed diets with 40 g/kg n-3 PUFA displayed a 5.2% increase in femur BMD relative to control (94). In conjunction, bone biomechanical response is also an indicator of bone strength. The humeri of laying hens fed 10% flaxseed oil diets (supplying ALA) displayed a greater BMD than those from n-6 FA fed birds (95). The authors also reported stronger, tougher and stiffer bones as measured through bone-breaking strength in tibia from n-3 PUFA group (95). These results coincided with reports of an increase in tibial bone breaking strength in growing Japanese quail fed 2% fish oil and linolenic supplemented diets (96). Liu et al. (91) study also reported a higher relative shear force response (29.3% n-3 PUFA group vs. 16.6% control group) and stress response in the tibia of growing quail. Lastly, Fat-1 progeny of Fat-1 one mice reported a higher BMD at week 5 (growing stage) as well as an increase in tibial bone strength as the mice aged, as tested by ultimate load, stiffness and yield points (97). Feeding ALA and DHA to pullet breeders and pullets supported cortical development at sexual maturity (18-wk of age) (98). In broilers, the tibia is the main load bearing site and is most affected during locomotion and lameness; therefore, positive correlations between n-3 PUFA and increased bone strength could help in reducing current skeletal issues. It is interesting to note that studies which found no effect of n-3 PUFA on bone qualities were generally in older animals, indicating the importance of bone formation at early stages of development.

There are several hypothesized mechanisms relating n-3 PUFA and bone health such as an increase in calcium absorption in the small intestine, modulation of bone marrow cells and attenuating mediators of osteoclastogenesis. Studies feeding growing rats n-3 PUFA, particularly DHA, displayed an increase in calcium balance and small intestine absorption—indicating an increased availability of calcium and therefore potentially increasing incorporation into the bone matrix (82). Another proposed mechanism of action involving n-3 PUFA and bone development involves bone marrow which contains mesenchymal stem cells that can differentiate into osteoblasts (bone-forming cells) and adipocytes—stipulating that the higher number of bone marrow cells available, the higher the potential for osteoblastogenesis (99). Rats fed DHA during early post-weaning displayed a 2-fold increase in bone marrow cell numbers relative to their n-6 PUFA fed counterparts (100). Dietary n-3 PUFA also enhances the translocation of the stem cells into the osteoblastic lines by enhancing transcription factors (101). Osteoclastogenesis is the process wherein bone-resorbing cells known as osteoclasts are formed. A triad of proteins regulates the process, and this includes nuclear factor β ligand RANKL, the receptor RANK and the decoy receptor osteoprotegerin (OPG) (102). The main regulatory cytokine involved in this process is the AA derived lipid mediator prostaglandin E2 (PGE2) and acts to stimulate RANKL and RANK, leading to maturation of osteoclast precursors into activated osteoclasts. Mouse bone marrow stem cells which were exposed to control, AA or EPA treatment showed the highest production of PGE2 in the AA group (103). Furthermore, the EPA group had an inhibitory effect on PGE2 production, which was related to lower COX-2 gene expression, the pathway which produces PGE2 (103). Offspring of n-3 PUFA fed mice also exhibited a significant decrease in the number of resorptive osteoclast cells, due to the downregulation of RANKL mRNA (81). As with many of the results presented in the literature review, research indicates that the reduction in dietary n-6 PUFA to n-3 PUFA ratio has the potential to enhance beneficial effects; in this case, bone formation (104). Decreasing the n-6 PUFA to n-3 PUFA ratio results in the decrease of proinflammatory n-6 PUFA derived cytokines such as IL-6 (95). Cytokines IL- 6 and PGE2 induce each other's production and prompt osteoclastogenesis through inhibiting OPG production and upregulating RANK production, indicating an inflamed state could perpetuate bone loss and weakening (91). Tong et al. (105) explored the relationship between inflammation and bone metabolism in broilers through an LPS challenge. LPS challenged birds had shorter tibial length and reduced tibial weight relative to control birds, as well as increased levels of pro-inflammatory AA, derived cytokines (IL-6, TNF α) and RANKL and decreased OPG levels (105). Cytokine IL-6 also decreased the height and proportion of the tibial growth plate, suppressing bone growth. Factors associated with osteoclastogenesis were also responsible for tibial dysplasia in chickens due to the decrease in vascular density (105).

The last concept we will discuss involving skeletal metabolic issues in broilers is lameness caused by bacterial chondronecrosis osteomyelitis (BCO). BCO is characterized as an infection in rapidly growing bones attributed to repeated mechanical stress (14). As previously mentioned, broiler chicks generally have underdeveloped immune systems and are often in state of stress during early development. During this immunosuppressed state, bacteria from the gut microbiome translocate across the intestinal epithelium into the circulation and spreads hematogenously, forming bacterial foci which sequesters within the infected bone at the growth plate and adjacent metaphysis where antibiotics and immune system cells cannot reach (14). While there is no research examining the relationship between BCO, inflammation and n-3 PUFA, we postulate that n-3 PUFA inclusion into diets could ameliorate some of the effects of BCO by decreasing the inflammatory intestinal state and thereby reducing bacterial translocation.




CONCLUDING REMARKS AND FUTURE DIRECTIONS

The role of dietary polyunsaturated n-3 PUFA on immune modulation, microbiota regulation, and bone development has been explored individually. To the authors knowledge, this is the first time the role of omega-3 FA in the broiler breeder-broiler chickens interface regarding immune response, skeletal development and gut health has been reviewed. In general, there is consensus on the beneficial effects of reducing the n-6 PUFA to n-3 PUFA ratio by increasing dietary inclusion of n-3 PUFA. In this review, we examined the overall effects of n-3 PUFA on physiological and metabolic attributes in modern broilers. Majority of research characterizing the benefits of dietary n-3 PUFA examines the direct effects of feeding broiler chicks. However, there is an opportunity to apply concepts of developmental programming by utilizing broiler breeders to deposit n-3 FA in the yolk for embryonic utilization. While extensive research has been conducted on the feeding n-3 PUFA to BB and the subsequent effects on their progeny regarding their immune response, minimal data is available on the effect on progeny microbiota or skeletal development. There is an innate understanding that the immune status of a bird drives the health of the gut (microbiota) and plays a role in the signaling pathways involving bone health. However, quantitative, and qualitative relationship between these elements with respect to integrating n-3 PUFA provision in broiler diets and progeny outcomes is not well-defined (Figure 1). As a start, studies characterizing the effects of n-3 PUFA inclusion into BB diets on reproductive performance as measured by fertility, hatchability, and chick quality must be determined. Once these effects have been established, maternal feeding of n-3 PUFA may be examined in terms of subsequent effects on growth performance, immune status and bone development in broiler chickens. The review leads us to postulate the possibilities of mitigating some of the common physiological and metabolic issues seen in broiler chicks through maternal feeding of n-3 PUFA.


[image: Figure 1]
FIGURE 1. Pathways for modulating immunocompetence, skeletal, and gastrointestinal attributes in broiler chickens hatched from broiler breeders fed omega-3 polyunsaturated fatty acids.
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The biochemical parameters related to nitrogenous metabolism in maternal biofluids may be linked and even reflect the fetal metabolism and growth. The present study have measured the concentrations of various parameters related to amino acid (AA) and lipid metabolism, as well as different metabolites including the free AAs in maternal plasma and amniotic and allantoic fluid corresponding to fetuses with different body weight (BW) during different gestation periods, in order to identify the possible relationships between biochemical parameters and fetal growth. A total of 24 primiparous Huanjiang mini-pigs were fed with a standard diet. Data showed that, from day 45 to day 110 of gestation, the maternal plasma levels of alanine aminotransferase (ALT), albumin (ALB), Ile, Orn, Car, α-ABA, and β-AiBA increased (P < 0.05); while the levels of ammonia (AMM), choline esterase (CHE), high density lipoprotein-cholesterol (HDL-C), Leu, Glu, Cys, Asp, and Hypro decreased (P < 0.05). From day 45 to 110 of gestation, the amniotic fluid levels of aspartate transaminase (AST), CHE, total protein (TP), and urea nitrogen (UN) increased (P < 0.05), as well as the level of CHE and TP and concentration of Pro in allantoic fluid; while the amniotic fluid concentrations of Arg, Glu, Orn, Pro, and Tau decreased (P < 0.05), as well as allantoic fluid concentrations of Arg and Glu. At day 45 of gestation, the amniotic fluid concentrations of Arg, Orn, and Tau corresponding to the highest BW (HBW) fetuses were higher (P < 0.05), whereas the allantoic fluid concentrations of His and Pro were lower (P < 0.05) when compared with the lowest BW (LBW) fetuses. At day 110 of gestation, the amniotic fluid concentration of Tau corresponding to the HBW fetuses was higher (P < 0.05) than the LBW fetuses. These findings show that the sows display increased protein utilization and decreased lipid metabolism and deposition from day 75 to 110 of gestation. In addition, our data are indicative of a likely stronger ability of HBW fetuses to metabolize protein; and finally of a possible key role of Arg, Gln, Glu, Pro, Tau, and His for the fetal growth and development.
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INTRODUCTION

During pregnancy, changing maternal physiological status is associated with significant but reversible metabolic regulation to adapt to the new situation allowing growth and development of fetuses (1, 2). Maternally provisioned environmental conditions and signals affect conceptus, feto-placental, and postnatal development from the time of conception until weaning (3). Suboptimal nutrition affects maternal physiology and fetal growth and development. Optimal fetal growth depends on maternal, placental, and fetal factors, including the external environment; and a genetically predetermined growth potential (4). Inadequate growth and development of fetuses often result in intrauterine growth retardation (IUGR), characterized by fetus body weight (BW) below 10% of the mean BW at the corresponding gestation period (5). IUGR usually lead to alteration of the postnatal growth, together with anomalies related to glucose, cholesterol, and triglyceride metabolism (6, 7). When Huanjiang mini-pigs are fed with diets containing lower nutrient level or with imbalanced diets they display lower BW at first service and bigger litter size, thus explaining why Huanjiang mini-pigs are much susceptible to low birth weight (8).

Fetal growth and development are associated with the fetal nutritional environment (9). Profiling the biochemical parameters (including metabolites like the AAs) in maternal plasma and fetal fluids may reflect the status of growing fetuses, their nutritional requirements and changes in the characteristics of nutrient transport and metabolism (10, 11). The fetal fluids include amniotic fluid and allantoic fluid, both of which have different crucial functions to sustain pregnancy and are vital for fetal growth and development. The amniotic fluid is considered to mirror the intrauterine environment of the fetuses, which provides a unique aqueous environment and is a significant source of nutrients for the fetuses (12). For instance, there are nutrients and growth factors in amniotic fluid, which play important roles in facilitating fetal growth and protecting the fetuses by providing a supportive cushion (13, 14). Although the allantoic fluid is traditionally considered as fetal wastes, it is now clear that it could act as a reservoir for water and other compounds, such as many proteins that can influence fetal-placental development and functions (15). Changes in plasma concentrations of amino acids may play an important role in determining appropriate fetal growth (1). As gestation advanced, the concentrations of biochemical parameters, including free AAs in amniotic and allantoic fluids are known to undergo marked changes (11, 12, 16). Therefore, investigating the changes in these metabolites along gestation is likely to help for a better understanding of the nutritional and metabolic status of fetuses.

The AA composition of the fetal pigs is similar to that of the human fetuses, indicating that the pig is an excellent model for studying AA nutrition and metabolism in the human fetuses (17). In addition, Huanjiang mini-pigs have similar anatomical and physiological characteristics to humans. Lastly, their small size makes their handling easier (18). Therefore, the present study in the Huanjiang mini-pig model, was conducted to investigate the changes of biochemical parameters in maternal plasma, amniotic fluid, and allantoic fluid recovered from fetuses with the highest BW (HBW), middle BW (MBW), or lowest BW (LBW) during different gestation periods, in order to detect the main changes and to propose plausible interpretation in the context of fetal growth and development during gestation.



MATERIALS AND METHODS


Animals, Diets, and Treatments

This study was conducted at the Research Center of Mini-pig, Huanjiang Observation and Research Station for Karst Ecosystems, Chinese Academy of Sciences, Huanjiang, Guangxi, China. A total of 24 primiparous Huanjiang mini-pigs with an initial BW of ~30 kg were reared in eight pens with three pigs per pen. The animals were fed a diet formulated according to the recommendations of the Chinese National Feeding Standard for Swine (Table 1) at 8:00, 15:00, and 18:00 each day, and the feeding quantity was ~2% of maternal BW. The animals were allowed ad libitum access to water for the duration of the experiment.


Table 1. Ingredients and nutrient levels of the diet (air-dry basis).
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Sample Collection

At days 45, 75, and 110 of gestation, the sows were fasted for 24 h and then weighted. Blood samples were collected by cranial vena cava. Animals were sacrificed under commercial conditions using electrical stunning (120 V, 200 Hz) and exsanguination (19), and then the sows were dissected and the uterus and fetuses were weighed individually. The amniotic fluid and allantoic fluid of each fetus were collected into 10 mL centrifuge tubes. According to the fetal BW per litter, the amniotic fluid and allantoic fluid corresponding to HBW, MBW, or LBW fetuses were selected and stored at −80°C for further analysis.



Determination of Biochemical Parameters in Plasma, Amniotic Fluid, and Allantoic Fluid

The concentrations of total protein (TP), albumin (ALB), ammonia (AMM), urea nitrogen (UN), total cholesterol (TC), triglyceride (TG), low density lipoprotein-cholesterol (LDL-C), high density lipoprotein-cholesterol (HDL-C), glucose (GLU), total bile acid (TBA), and bilirubin (BIL), as well as the activities of alanine aminotransferase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), and choline esterase (CHE) in plasma, amniotic fluid, and allantoic fluid were determined by Cobas c311 Automatic Biochemical Analyzer (Cobas Company, Switzerland). The biochemical kit for BIL was purchased from Beijing Beckman Company, and other biochemical kits were purchased from Cobas Company.



Determination of Free AA Profiles in Plasma, Amniotic Fluid, and Allantoic Fluid

The free AA profiles in plasma, amniotic fluid, and allantoic fluid of Huanjiang mini-pigs were determined as described previously (20). Briefly, plasma, amniotic fluid, and allantoic fluid were mixed with 8% sulfosalicylic acid in equal proportion, respectively. Then these mixed liquids were stored at 4°C overnight to precipitate protein. The supernatant was filtered through a 0.22-μm membrane into sample bottles after centrifugation at 8,000 × g and 4°C for 10 min. The concentrations of free AAs in plasma, amniotic fluid, and allantoic fluid were determined by an automatic amino acid analyzer (L-8900, Hitachi, Tokyo, Japan).



Statistical Analysis

The data of sows were analyzed by one-way ANOVA using the SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA). The data of fetuses were analyzed by a mixed-effects model using the SAS version 9.2 and the means were separated using Tukey's method. Results are presented as means plus SEM. Gestation period, BW, and their interactions were included in the statistical model. The effects were considered statistical significance if P < 0.05. P-values between 0.05 and 0.10 were considered to be trendy.




RESULTS


Plasma Biochemical Parameters in Huanjiang Mini-Pigs During Different Gestation Periods

As shown in Table 2, from day 45 to day 110 of gestation, the plasma activity of ALT and concentrations of ALB and TBA increased (P < 0.05), while the plasma activity of CHE and concentrations of AMM and HDL-C decreased (P < 0.05), and the plasma activity of AST tended to decrease (P = 0.0999). At day 75 of gestation, the plasma activity of ALP was the highest (P < 0.05) and plasma concentrations of TG and BIL were the lowest (P < 0.05), when compared with day 45 and day 75 of gestation.


Table 2. Biochemical parameters in plasma of Huanjiang mini-pigs at different gestation periods.
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Amniotic Fluid Biochemical Parameters in Huanjiang Mini-Pigs During Different Gestation Periods

As shown in Table 3, amniotic fluid AST activity and UN concentration regardless of the BW increased (P < 0.05), whereas amniotic fluid HDL-C concentration corresponding to MBW and LBW fetuses decreased (P < 0.05) from day 45 to day 110 of gestation. When compared with day 45 of gestation, amniotic fluid ALB concentration, regardless of the BW, decreased (P < 0.05) at day 75 and day 110 of gestation, as well as TBA corresponding to MBW and HBW fetuses, LDL-C corresponding to LBW and HBW fetuses, and HDL-C and TC corresponding to HBW fetuses. When compared with day 45 and day 75 of gestation, amniotic fluid CHE activity regardless of the BW increased (P < 0.05) at day 110 of gestation, as well as AMM concentration corresponding to LBW and MBW fetuses, and TBA and BIL corresponding to LBW fetuses. The amniotic fluid TP concentration corresponding to three different BW fetuses was the lowest (P < 0.05) at day 75 of gestation, as well as TC corresponding to LBW fetuses when compared with day 45 and day 110 of gestation.


Table 3. Biochemical parameters in amniotic fluid of fetal pigs with LBW, MBW, and HBW at different gestation periods.
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At day 45 of gestation, MBW and HBW fetuses presented higher (P < 0.05) amniotic fluid concentrations of HDL-C and TBA compared with the LBW fetuses. At day 75 of gestation, MBW fetuses presented higher (P < 0.05) amniotic fluid activity of AST compared with the LBW and HBW fetuses. In addition, MBW fetuses presented higher (P < 0.05) amniotic fluid concentration of HDL-C compared with the HBW fetuses; and HBW fetuses presented higher (P < 0.05) amniotic fluid concentration of TBA compared with the LBW fetuses. At day 110 of gestation, LBW fetuses presented the highest (P < 0.05) amniotic fluid activity of AST, as well as CHE in MBW fetuses; and MBW fetuses presented the highest (P < 0.05) amniotic fluid concentration of AMM, as well as BIL in HBW fetuses.

There were interaction effects (P < 0.05) between gestation period and BW on the amniotic fluid activities of AST and CHE and amniotic fluid concentrations of TP, AMM, HDL-C, TBA, and BIL.



Allantoic Fluid Biochemical Parameters in Huanjiang Mini-Pigs During Different Gestation Periods

As shown in Table 4, from day 45 to day 110 of gestation, the allantoic fluid concentration of BIL corresponding to LBW and MBW fetuses increased (P < 0.05), as well as GLU corresponding to HBW fetuses; allantoic fluid concentration of AMM corresponding to three different BW fetuses decreased (P < 0.05), as well as allantoic fluid activity of AST corresponding to LBW fetuses. When compared with day 45 and day 75 of gestation, allantoic fluid CHE activity and TP and TBA concentrations corresponding to three different BW fetuses increased (P < 0.05) at day 110 of gestation, as well as BIL corresponding to HBW fetuses. The allantoic fluid concentration of UN corresponding to three different BW fetuses decreased (P < 0.05) at day 45 of gestation; whereas AST activity and HDL-C concentration corresponding to HBW fetuses increased (P < 0.05) when compared with day 75 and day 110 of gestation. The allantoic fluid activity of ALT corresponding to LBW fetuses decreased (P < 0.05) at day 45 of gestation compared with day 75 of gestation.


Table 4. Biochemical parameters in allantoic fluid of fetal pigs with LBW, MBW, and HBW at different gestation periods.
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At day 45 of gestation, MBW fetuses presented the lowest (P < 0.05) allantoic fluid concentration of HDL-C; MBW fetuses presented lower (P < 0.05) allantoic fluid activity of AST; and MBW and HBW fetuses presented higher (P < 0.05) allantoic fluid concentration of AMM, when compared with the LBW fetuses. At day 75 of gestation, HBW fetuses presented higher (P < 0.05) allantoic fluid concentration of LDL-C compared with the LBW and MBW fetuses. MBW and HBW fetuses presented lower (P < 0.05) allantoic fluid activity of ALT, while presenting higher (P < 0.05) allantoic fluid AST activity and AMM and UN concentrations, when compared with the LBW fetuses. In addition, HBW fetuses presented higher (P < 0.05) allantoic fluid concentration of GLU compared with the MBW fetuses. At day 110 of gestation, MBW fetuses presented the highest (P < 0.05) allantoic fluid activity of ALT. HBW fetuses presented higher (P < 0.05) allantoic fluid concentration of LDL-C, whereas this group of animals presented lower (P < 0.05) allantoic fluid concentrations of AMM, TBA, and BIL, when compared with the LBW and MBW fetuses. Lastly, MBW and HBW fetuses presented lower (P < 0.05) allantoic fluid activity of CHE, while presenting higher (P < 0.05) allantoic fluid concentration of UN, when compared with the LBW fetuses; and finally LBW and HBW fetuses presented lower (P < 0.05) allantoic fluid activity of AST compared with the MBW fetuses.

There were interaction effects (P < 0.05) between gestation period and BW on the allantoic fluid activities of ALT and AST, and allantoic fluid concentrations of AMM, UN, HDL-C, GLU, and TBA.



Plasma Free AA Profiles in Huanjiang Mini-Pigs During Different Gestation Periods

As shown in Table 5, from day 45 to day 110 of gestation, the plasma concentrations of Ile, Car, Cysthi, Orn, 3-Mehis, α-AAA, and β-AiBA increased (P < 0.05), whereas those of Asp, Cys, Glu, Hypro, Pro, PEA, and Sar decreased (P < 0.05). The plasma concentrations of Lys, Val, EOHNH2, Hylys, Tau, 1Mehis, and β-Ala were the highest (P < 0.05), whereas those of Leu, Phe, Cit, Tyr, and α-ABA were the lowest (P < 0.05) at day 75 of gestation.


Table 5. Free AA profiles in plasma of Huanjiang mini-pigs at different gestation periods (nmol/ml).
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Amniotic Fluid Free AA Profiles in Huanjiang Mini-Pigs During Different Gestation Periods

As shown in Table 6, from day 45 to day 110 of gestation, amniotic fluid concentration of His corresponding to MBW and HBW fetuses increased (P < 0.05), as well as those of Hypro and α-AAA corresponding to MBW fetuses. Amniotic fluid concentrations of Glu and Pro corresponding to three different BW fetuses decreased (P < 0.05), as well as that of Orn corresponding to LBW and MBW fetuses and those of Arg and Tau corresponding to MBW fetuses. Amniotic fluid concentration of Cit corresponding to the three different groups of fetuses with different BW were the highest (P < 0.05), as well as that of His in the MBW and LBW groups of fetuses at day 75 of gestation. Amniotic fluid concentration of Phe corresponding to three different groups of fetuses with different BW was the lowest (P < 0.05), as well as Val in the LBW and HBW groups of fetuses, and Met in the LBW group of fetuses at day 75 of gestation. When compared with day 45 and day 75 of gestation, amniotic fluid concentrations of EOHNH2, PEA, β-AiBA, and γ-ABA corresponding to three different BW fetuses increased (P < 0.05) at day 110 of gestation, as well as Thr and α-AAA corresponding to LBW and HBW groups of fetuses, Gly, P-Ser, and β-Ala corresponding to LBW and MBW fetuses, and Leu, Asp, Cysthi, Ser, Tyr corresponding to LBW fetuses. When compared with day 75 and day 110 of gestation, amniotic fluid concentrations of Ile, Lys, and Ala corresponding to the three different groups of fetuses with different BW increased (P < 0.05) at day 45 of gestation, as well as Arg and Tau in the groups corresponding to LBW and HBW fetuses, and Tyr and Orn corresponding to HBW fetuses; whereas amniotic fluid concentrations of Car and Hypro corresponding to LBW and HBW fetuses decreased (P < 0.05) at day 45 of gestation. When compared with day 75 of gestation, amniotic fluid concentration of Ser corresponding to HBW fetuses increased (P < 0.05) at day 45 of gestation.


Table 6. Free AA profiles in amniotic fluid of fetal pigs with LBW, MBW, and HBW at different gestation period (nmol/ml).
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At day 45 of gestation, HBW fetuses presented higher (P < 0.05) amniotic fluid Val concentration compared with the LBW and MBW fetuses. MBW and HBW fetuses presented higher (P < 0.05) amniotic fluid concentrations of Lys, Arg, Orn, Phe, and Tau compared with the LBW fetuses; and LBW and HBW fetuses presented higher (P < 0.05) amniotic fluid concentrations of Ala and Pro compared with the MBW fetuses. At day 75 of gestation, HBW fetuses presented lower (P < 0.05) amniotic fluid Orn concentration compared with the LBW and MBW fetuses, while HBW fetuses presented higher (P < 0.05) amniotic fluid Hypro concentration compared with the LBW fetuses. At day 110 of gestation, MBW fetuses presented the highest (P < 0.05) amniotic fluid concentrations of Cit, Cysthi, Orn, and β-AiBA, as well as Ans in LBW fetuses; while HBW fetuses presented higher (P < 0.05) amniotic fluid concentrations of His, Phe, Ala and Tau compared with the LBW and MBW fetuses. MBW and HBW fetuses presented lower (P < 0.05) amniotic fluid concentrations of Leu, Asp, EOHNH2, Gly, Glu, P-Ser, Ser, β-Ala, and γ-ABA compared with the LBW fetuses; while LBW and HBW fetuses presented higher (P < 0.05) amniotic fluid concentrations of Met, Thr, Val, and Arg. Finally, HBW fetuses presented higher (P < 0.05) amniotic fluid Pro concentration compared with the MBW fetuses.

There were interaction effects (P < 0.05) between gestation period and BW on the amniotic fluid concentrations of His, Ile, Leu, Lys, Met, Thr, Val, Ala, Asp, Ans, Cit, Cysthi, Cys, EOHNH2, Gly, Glu, Hylys, Hypro, Orn, Pro, P-Ser, PEA, Ser, Tyr, β-Ala, β-AiBA, and γ-ABA.



Allantoic Fluid Free AA Profiles in Huanjiang Mini-Pigs During Different Gestation Periods

As showed in Table 7, from day 45 to day 110 of gestation, allantoic fluid concentrations of γ-ABA, Met, and β-Ala were increased (P < 0.05) in MBW and HBW fetuses. In addition, the concentrations of Leu and Asp in LBW and MBW fetuses, Hypro in LBW and HBW fetuses, and Val and Orn in HBW fetuses were increased, respectively. The allantoic fluid concentration of Arg was decreased (P < 0.05) in the three different BW fetuses, as well as Lys and Orn in the LBW and MBW fetuses and Glu in the MBW fetuses. When compared with day 45 and day 75 of gestation, allantoic fluid concentrations of Ans and Ser were increased (P < 0.05) in the three different BW fetuses at day 110 of gestation. Moreover, the concentrations of Phe, Cysthi, EOHNH2, Tyr, 3-Mehis, and β-AiBA in the MBW and HBW fetuses, the concentration of Pro in the LBW and MBW fetuses, and the concentrations of Leu, Asp, and Car in the HBW fetuses, were increased (P < 0.05) at 110 days of gestation compared to day 45 and day 75 of gestation. The concentrations of Lys in the HBW fetuses, and Cit corresponding to LBW fetuses were decreased (P < 0.05) at day 110 of gestation compared with day 45 and day 75 of gestation. At day 75 of gestation, allantoic fluid concentrations of Cit and Tau in the HBW fetuses and the concentration of β-Ala in the LBW fetuses were increased (P < 0.05), whereas allantoic fluid Cys concentration in the HBW fetuses and the concentration of Thr in the LBW fetuses were decreased (P < 0.05) compared to the day 45 and day 110 of gestation. Allantoic fluid concentrations of Ala and Gly in the LBW and HBW fetuses were decreased (P < 0.05) at day 45 of gestation, as well as the concentration of Pro in the HBW fetuses, and Val and 3-Mehis in the LBW fetuses; whereas the concentrations of Glu in the LBW and HBW fetuses and the concentration of His in the LBW fetuses were increased (P < 0.05) when compared with day 75 and day 110 of gestation. Allantoic fluid concentration of Met in the LBW fetuses was increased (P < 0.05) at day 75 of gestation, whereas the concentration of Hylys in the HBW fetuses was decreased (P < 0.05) at day 110 of gestation, when compared with day 45 of gestation. In comparison with day 75 of gestation, allantoic fluid concentration of His in the MBW fetuses was decreased (P < 0.05) at day 110 of gestation, as well as the concentration of Hylys in the LBW fetuses.


Table 7. Free AA profiles in allantoic fluid of fetal pigs with LBW, MBW, and HBW at different gestation periods (nmol/ml).
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At day 45 of gestation, HBW fetuses presented lower (P < 0.05) allantoic fluid concentrations of Lys and Pro compared with the LBW and MBW fetuses; MBW and HBW fetuses presented lower (P < 0.05) allantoic fluid His concentration compared with the LBW fetuses; and HBW fetuses presented higher (P < 0.05) allantoic fluid Arg concentration compared with the MBW fetuses. At day 75 of gestation, HBW fetuses presented higher (P < 0.05) allantoic fluid Tau concentration compared with the LBW and MBW fetuses; while LBW and HBW fetuses presented higher (P < 0.05) allantoic fluid concentrations of Ala, Gly, Hypro, Pro, and Ser. Lower (P < 0.05) allantoic fluid γ-ABA concentration was measured, when compared with the values recorded in the MBW group of fetuses. In addition, HBW fetuses presented lower (P < 0.05) allantoic fluid Cys concentration compared with the MBW fetuses. At day 110 of gestation, HBW fetuses presented the highest (P < 0.05) allantoic fluid concentrations of Phe, Tyr, and γ-ABA; while HBW fetuses presented lower (P < 0.05) allantoic fluid Val concentration compared with the LBW and MBW fetuses. MBW and HBW fetuses presented higher (P < 0.05) allantoic fluid concentrations of Leu, Asp, Car, Cysthi, Cys, and β-Ala compared with the LBW fetuses; while LBW and HBW fetuses presented higher (P < 0.05) allantoic fluid concentration of Hypro. Lower (P < 0.05) allantoic fluid concentrations of Thr, Hylys, and α-AAA were recorded, when compared with the MBW fetuses. In addition, HBW fetuses presented lower (P < 0.05) allantoic fluid Ser concentration compared with the MBW fetuses.

There were interaction effects (P < 0.05) between gestation period and BW on the allantoic fluid concentrations of His, Leu, Lys, Met, Phe, Thr, Val, Ala, Asp, Ans, Car, Cysthi, Cys, EOHNH2, Gly, Hypro, Pro, Ser, Tyr, 3-Mehis, α-AAA, β-AiBA, and γ-ABA.




DISCUSSION

The physiological status is reflected by the metabolic profile (21). Amniotic and allantoic fluids are crucial for physiological exchanges between fetal and maternal tissues, of which biochemical parameters and free AAs could mirror the nutritional transportation from the mother to the fetus in the process of fetal growth and development (22). Amniotic fluid is the inner environment of fetal life and contains large amounts of protein and metabolites produced by the amnion epithelial cells, fetal tissues, fetal excretions, and placental tissues (23, 24). The allantoic fluid is also considered as a factor affecting the fetal growth and development due to the nutrients it contains (15). The present study was aimed to analyze the biochemical parameters and AAs concentration of maternal plasma, amniotic fluid, and allantoic fluid to identify the nutrients that may affect fetal growth and development. Our findings show that the metabolite profiles in biological fluids recovered from fetuses with different BW fetuses are markedly distinct and suggest that Arg, Gln, Glu, Pro, Tau, and His are AAs that may play major functions for fetal growth and development.

The ALT and AST play a central role in the transamination and reflect the status of protein synthesis and catabolism. The increase in plasma enzymatic activity appears related to improved AA metabolism (25). The ALB is one of the major endogenous proteins, which represents an indicator of the body's absorption and metabolism of AAs. In the present study, increases in the ALT activity and ALB concentration suggest that the mothers improve their AA metabolism as gestation progressed presumably in order to satisfy the nutritional needs of fetuses. The plasma concentrations of TC, TG, HDL-C, and LDL-C are the pivotal indexes to measure the intensity of lipid metabolism of the body. The CHE activity is related to lipid metabolism, and the increased CHE activity suggests an increased lipid metabolism (26). The increased TG concentration indicates that fat deposition decreases and HDL-C and LDL-C concentrations are known to be relevant to the transportation of lipids (27). In the present study, the plasma TG concentration at day 110 of gestation was the highest, whereas plasma concentration of HDL-C and activity of CHE was the lowest, suggesting that lipid metabolism and deposition of pregnant Huanjiang mini-pigs declined as gestation advanced due to the decreasing fat deposition of sow during the third trimester of pregnancy (28). This is related to the maximal fetal growth occurring during the third trimester of pregnancy, in a context of increased nutrient needs for the fetuses (29). The AMM and UN concentrations accurately reflect the status of protein metabolism and AA balance in the animal body. This study showed that AMM concentration decreased, demonstrating that sows likely improve protein utilization as the pregnancy progressed. The study by Cappai and collaborators also showed that protein metabolism is higher in goats during late pregnancy due to the need for fetal-placental development (30). The ALP in the blood and bone is involved in the formation of hydroxyapatite, which is important for regulating ordered mineral deposition during bone formation (31). In accordance with van Riet's reports, the present study also showed that ALP activity was the highest at day 75 of gestation (32). These are mainly relevant to the growth and development of the fetal skeletal system. As found in the present study, the TBA concentration increased as gestation advanced, and this may be due to the increased bile acids transport in the fetus-to-mother direction in the third trimester (33, 34).

Study has demonstrated that the protein and metabolite composition of amniotic fluid varies throughout gestation, such as γ-glutamyl transferase, urea, and creatinine (35). The increased levels of enzymes in the later period of gestation correlate with the formation of fetal kidneys, lungs, and gastrointestinal tract (35). In the present study, the amniotic fluid activities of AST and CHE and concentrations of TP and UN were the highest regardless of the BW at day 110 of gestation, as well as allantoic fluid CHE activity and TP concentration, suggesting that an increase in fetus function enhances the metabolism of lipids and amino acids. Fetal urine contributes to allantoic fluid (36). This could explain the allantoic fluid UN concentration increased regardless of the BW at day 75 and day 110 of gestation. The AST and ALT act as a catalyst in connecting the metabolism of amino acids and carbohydrates, and changes in metabolic activity may reflect the metabolic events observed. As observed in the present study, the decreased activity of AST in allantoic fluid recovered from LBW and HBW fetuses as gestation progressed, is in accordance with a previous study in ewes (37). The allantoic fluid activity of AST corresponding to MBW fetuses was the lowest at day 75 of gestation, whereas those corresponding to the LBW fetuses were the highest. This is possibly associated with the immature liver of LBW fetuses, which is not functioning adequately. The AMM is produced by deamination of amino acids, which is transformed to urea by liver, and then excreted by kidney. The allantoic fluid concentration of AMM regardless of the BW was the lowest at day 110 of gestation, which may be due to fetal liver and kidney is already mature (38), and then the AMM could be transformed to urea to be excreted. The amniotic fluid AMM concentration corresponding to LBW and MBW fetuses were the highest at day 110 of gestation, which may be due to the quantities swallowed by the LBW and MBW fetuses, those are lower than the quantity swallowed by the HBW fetuses. The allantoic fluid GLU concentration corresponding to three different BW fetuses increased as gestation advanced in the present study. This result is in agreement with the report by Zanella et al. (39) in mares, but different from the reports by Khatun et al. (40) in sheep and Tabatabaei et al. (38) in cattle, which indicated that allantoic fluid glucose concentration presented a decreasing trend with the advanced pregnancy. From early gestation, the fetuses can produce bile acids and bilirubin (33). The present study indicated that the allantoic fluid concentrations of TBA and BIL increased regardless of the BW as gestation advanced, due to the strengthened metabolism of TBA and BIL in the gradually mature liver.

The amniotic fluid TBA concentration corresponding to LBW fetuses was the lowest at day 45 of gestation due to the fact that their liver likely secretes less TBA, whereas HBW fetuses had the highest TBA concentration at day 110 of gestation due to their fully developed liver function. The allantoic fluid UN concentration in LBW fetuses was the lowest at day 75 and day 110 of gestation, demonstrating that the protein metabolism in LBW fetuses was weakened. In the present study, the allantoic fluid AMM concentration in LBW fetuses was the lowest at day 45 and day 75 of gestation due to the fact that LBW fetuses display weak deamination of amino acids, whereas the HBW fetuses had the lowest AMM concentration at day 110 of gestation, suggesting that the liver of HBW fetuses could efficiently transform AMM to urea. The allantoic fluid concentrations of TBA and BIL in HBW fetuses were the lowest at day 110 of gestation, demonstrating that the HBW fetuses likely excrete TBA and BIL more efficiently by placenta to maintain a lower levels in the fetal compartment (33).

Maternal metabolism undergoes a series of metabolic adaptions during pregnancy to sustain the growth of the fetus and placenta (41). During pregnancy, AAs represent one of the major nutrients and are important precursors for fetal development and growth, for the biosynthesis of compounds including protein, nucleotides, neurotransmitters, polyamines, and nitric oxide (42, 43). In the present study, the plasma concentrations of Asp, Cys, Cit, Glu, Hypro, Leu, Pro, PEA, Phe, Sar, and Ser were the highest at day 45 of gestation, as well as those of Lys, Val, EOHNH2, Hylys, Tau, 1-Mehis, and β-Ala at day 75 of gestation, and those of Ile, Car, Cysthi, His, Orn, 3-Mehis, Tyr, α-AAA, α-ABA, and β-AiBA at day 110 of gestation. These findings reinforce the view that the sows need different AAs to satisfy the growth and development of the placenta and fetus during gestation, due to the growth of the placenta, fetus, and fetal tissues occurring at different rates during different gestation periods (44).

McPherson et al. (44) indicated that the composition of individual fetal tissues undergoes dynamic changes during gestation, suggesting that maternal and fetal nutrient requirement varies with the gestation period. Besides glucose, fatty acids, and lactate, the AAs are crucial for fetal growth and development, which are not only an important energy source for growing fetuses but also the precursor of protein synthesis (45, 46). Fetal growth depends upon the utilization of free AAs in the synthesis of structural and functional proteins. In the present study, the amniotic fluid concentrations of Hypro, EOHNH2, PEA, α-AAA, β-AiBA, β-Ala, and γ-ABA in three different BW fetuses increased as gestation progressed, as well as the allantoic fluid concentrations of Leu, Val, Asp, Hypro, P-ser, γ-ABA, Ala, Ans, Gly, Pro, Ser, and 3-Mehis. This may result from the dwindling demand of these AAs for fetal development at the third trimester pregnancy. The amniotic fluid concentrations of Ile, Lys, Ala, Arg, Glu, Orn, Pro, and Tau in the three BW fetuses decreased as gestation progressed, as well as allantoic fluid concentrations of Lys, Arg, and Glu. This is likely associated with increased fetal demands of elementary building blocks, which are necessary for protein synthesis to support the very rapid growth of fetuses (47). Arg, Orn, Pro, and Glu belong to functional AAs and Arg can act as precursors of Orn, Pro, and Gln, all of which are crucial for fetal development (48). Several studies have indicated that Arg, Gln, Glu, and Pro modulate gene expression and enhance the growth of the small intestine (49–51). Indeed the intestinal growth accelerates during late gestation (44). In addition, Tau is considered an essential AAs for the fetuses and neonates, and de novo fetal synthesis is known to be inadequate at these ages (52). In the present study, there were different changes among three different BW fetuses in the amniotic fluid concentrations of His, Leu, Thr, Asp, Cysthi, Gly, Hylys, P-Ser, Ser, Tyr, Met, Car, and Val, as well as allantoic fluid concentrations of Met, Orn, β-Ala, Phe, Thr, Car, Cysthi, Cys, EOHNH2, Hypro, Tyr, α-AAA, β-AiBA, Cit, His, Hylys, Tau, and Met. These results may be relevant to the distinct digestion and metabolism of nutrients among three different BW fetuses. Further works are required to progress on that aspect.

The dynamic changes of AAs in fetal fluids according to different BW fetuses suggest strongly that the different BW fetuses have distinct nutrient requirements due to their different developmental trajectories. A previous study indicated that the marked changes in concentrations of AAs in ovine amniotic and allantoic fluids were associated with conceptus development (12). Amniotic fluid is a vital source of nutrients for the gut and other fetal tissues, which provides amino acids and other substances for supporting the proliferation and differentiation of intestinal epithelial cells (15). At day 45 of gestation, the amniotic fluid concentrations of Lys, Arg, Orn, Phe, Tau, and Val in the HBW fetuses were higher than the LBW fetuses; and the amniotic fluid concentrations of Ala and Pro in the MBW fetuses were the lowest. The importance of Lys in fetal growth may be relevant to its crucial regulatory role in nitric oxide synthesis, protein methylation, acetylation, ubiquitination, and O-linked glycosylation (53). Arg is nutritionally essential for fetal-placental growth and development via its role in nitric oxide signaling and polyamine synthesis (54). In brief, the higher amniotic fluid concentrations of Lys, Arg, Orn, Phe, Tau, and Val in the HBW fetuses are likely related to the more rapid development in this group of animals than in the LBW fetuses group during early gestation. With the development of intestinal AA transport systems during gestation, the swallowing of amniotic fluid provides a source of AAs for fetal utilization (55). At day 110 of gestation, the amniotic fluid concentrations of His, Phe, Ala, Tau, and Hypro in the HBW fetuses were higher than the LBW fetuses; the amniotic fluid concentrations of Leu, Asp, EOHNH2, Gly, Glu, P-ser, Ser, β-Ala, PEA, and γ-ABA in the LBW fetuses were highest. These data demonstrated that the HBW fetuses develop faster, whereas the LBW fetuses need more AAs to support their growth and development due to the slower development during the late gestation. For example, Glu is an abundant amino acid in amniotic fluid and is an important nutrient that play important role as fuel for enterocytes, and as precursor of metabolites with regulatory roles (56), and stimulates intestinal growth and development (12). In the present study, amniotic fluid Glu concentration in the LBW fetuses was higher than the HBW and MBW fetuses, indicating that the LBW fetuses need more Glu on account of those delayed growth and development.

Previous study has shown that total recoverable amounts of Arg, His, Orn, and Lys increased by 8-, 22-, 5-, and 28-fold, respectively (57), indicating that these AAs play a vital role in the growth and development of the fetuses. At day 45 of gestation, the allantoic fluid concentrations of His, Lys, and Pro in the HBW fetuses were lower than the LBW fetuses, mainly due to the fact that accumulation of allantoic fluid during early gestation is probably linked to the transmembrane transport and secretory activity of the extra-embryonic membranes (58) and to the fact that the HBW fetuses likely absorb more His, Lys, and Pro during the early gestation. In the present study, the allantoic fluid Arg concentration in the HBW fetuses at day 45 of gestation was higher than the MBW fetuses. Wu et al. also reported that Arg is abundant in porcine allantoic fluid during early gestation (42). These findings suggest that the higher Arg concentration is beneficial for the HBW fetal development during early gestation. Allantoic fluid nutrients could be absorbed by the allantois into the fetal-placental circulation and utilized by fetal tissues, in accordance with the critical role of allantois in the fetal nutrition (15). At day 75 of gestation, the allantoic fluid concentrations of Lys, Val, Ala, Gly, Hypro, Pro, and Ser in the MBW fetuses were lower than the HBW and LBW fetuses, suggesting that these AAs were absorbed more efficiently by the MBW fetuses to maintain their growth at the mid-trimester of pregnancy. For example, Ala, Gly, Pro, and Ser have a positive effect on the fetal growth (12, 50). At day 110 of gestation, the allantoic fluid concentrations of Leu, Asp, Car, Cysthi, Cys, Phe, Tyr, β-AiBA, and β-Ala in the HBW and MBW fetuses were higher than the LBW fetuses; and the allantoic fluid concentrations of Met, Thr, Hylys, Ans, α-AAA, and β-AiBA in the MBW fetuses were higher than the HBW and LBW fetuses. These results may explain why the LBW fetuses develop slower, and in turn the undeveloped organ affects the metabolism of fetuses and nutrient composition of the allantoic fluid.



CONCLUSIONS

As the gestation progressed, the pregnant Huanjiang mini-pigs present signs of improved utilization of protein and declined lipid metabolism and deposition, the fetuses present signs of enhanced metabolism of lipids and amino acids, and the HBW fetuses display signs of stronger ability for protein synthesis. The Arg, Gln, Glu, Pro, Tau, and His, although considered as non-essential amino acids, appears as likely central for fetal growth and development. These findings indicate that the metabolite profiles of maternal plasma and fetal fluids show remarkable changes. It is tempting to propose that such changes may correspond to an adaptation to rapid fetal growth and development as gestation advanced. These may illustrate that the metabolite profiles of different BW fetuses have markedly distinct features. Further studies, notably with nutrients labeled with stable isotopes, are needed to identify the metabolic pathways participating in these changes.
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Times of high metabolic activity in gestation and lactation, as well as periods of stress at weaning, can lead to greater incidences of oxidative stress in the dam and offspring during the suckling and postweaning period. Oxidative stress is an imbalance between prooxidant molecules and the antioxidant defense system that can negatively impact growth and/or reproductive performance. The objective of this research was to evaluate the effectiveness of whole yeast cell, peppermint oil, and ɤ-tocopherol in gestation and lactation on maternal oxidative status and offspring growth from birth to market. In study 1, 45 sows and gilts were assigned to one of four diets [control diet (CON), control + whole yeast cell (YC), control + mint oil top dress (MO), and control + yeast cell and mint oil top dress (YCMO)] provided from d110 of gestation through to weaning. A total of 481 weaned offspring were randomly allotted to pens balanced by weight and litter within maternal treatment and received the same dietary treatment as the sow for 35 days postwean in a four-phase feeding regimen. In study 2, 53 sows and gilts were allotted to four diet regimens similar to study 1 [CON, YC, MO, and control + ɤ-tocopherol (GT)] from d5 postbreeding to weaning. At weaning, 605 piglets were randomly allotted to pens, balanced by weight and litter within maternal treatment and fed a common diet for 126 days postwean in a nine-phase feeding regimen. Maternal dietary treatment did not impact sow body weight, piglet birth weight, and litter size in either study. In study 1, piglets from YC sows were heavier (p < 0.05) at weaning than CON animals. In the postwean period, overall daily gain was greater (p < 0.05) for CON-fed pigs than YCMO pigs, with overall feed intake greater (p < 0.05) for YCMO- than MO-fed pigs, resulting in lower (p < 0.05) Gain to Feed (G:F) in YCMO-fed pigs. In study 1, glutathione content in milk tended to be lower (p < 0.10) in MO than in YCMO sows. In study 2, piglets from GT-fed sows tended to be heavier (p < 0.10) at weaning than YC piglets. Lightweight pigs from CON sows tended to be lighter (p < 0.10) than pigs from all other treatment groups at weaning and day (d) 29 postwean. Lightweight MO and GT pigs were heavier at d42 (p < 0.05) than CON and YC pigs. At d70 postwean, GT pigs tended to be heavier than CON pigs. Lightweight MO pigs had greater gain (p < 0.05) during the finishing period than all other treatment groups. With respect to sow oxidative status in study 2, glutathione content in colostrum and d4 and 14 milk samples did not differ by maternal treatment. Superoxide dismutase activity in sow sera, colostrum, and milk did not differ between diets in either study. Whole yeast cell and ɤ-tocopherol supplementation in sow lactation diets resulted in heavier offspring. However, pre- and postnatal exposure to mint oil benefited lightweight pigs up to market weight.

Keywords: sows, oxidative stress, lactation, gestation, offspring, performance


INTRODUCTION

Swine industry performance as a whole relies ultimately on the efficiency of the sow. In this regard, genetic selection over the past decades has resulted in highly prolific females and the production of lean progeny (1). Modern sows are farrowing more than 15 total piglets born, and the average number of pigs weaned per sow per year appears destined to routinely surpass 30 pigs weaned/sow over the next few years. There are, however, negative implications and new challenges that arise with this advancement. These include higher incidences of low-birth-weight piglets, increased within-litter weight variability, and increased preweaning mortality (2, 3). In this context, the productivity indicators that reflect the quality of piglets produced as well as the number of piglets, such as kilograms of pork per sow per year, may better reflect advancement in productivity than simply pigs produced per sow per year (4).

Increased number of piglets per litter ultimately results in an increased demand on the sow to meet the nutritional needs of her offspring. Late gestation and the lactation period are noted points where the sow mobilizes body tissues for nutrients to maintain fetal growth (5, 6) and offspring postnatal growth, particularly in early lactation where daily feed intake is insufficient to meet milk yield (7, 8). When mobilization occurs for an extended period of time, oxidative stress increases. Oxidative stress is defined as the imbalance between prooxidants and antioxidants, with conditions that favor the production of prooxidants (9), which can arise from changes in metabolism or immune status of an animal. In the livestock industry, oxidative stress has been recognized as one of the major threats to animal welfare, productive performance, and quality animal products (10–12). For the gestating and lactating dam, diminished performance is less than desirable as it can impact both sow, and offspring performance. Weaning is also a time of stress for young animals and has been linked to greater incidence of oxidative stress. If present, performance of the sow and her offspring, pre- and postwean, is reported to be reduced (1, 13).

Inclusion of yeast-based products and antioxidant-rich ingredients, such as phytochemical oils or vitamins, in sow diets is reported to positively alter antioxidant status of the dam (14–17). However, there is little information on the potential carryover effects of the inclusion of antioxidant-rich feed additives in gestation and lactation diets on offspring postweaning performance.

Peppermint oil is a hybrid species of mint, coming from the breeding of spearmint and water mint (18) in the Mentha genus and is known to be rich in antioxidant activity. As oxidative stress is involved in the relationship between the production of antioxidants and free radicals, the presence of a feed additive that could supply exogenous antioxidants to the sow may be beneficial in reducing an elevated oxidative status. There is little research evaluating the impact of certain strains of yeast on the reduction in free radicals in swine or even alleviating the negative effects caused by oxidative stress. An inactive whole yeast cell product, derived from Pichia guilliermondii (CitriStim, ADM Alliance Nutrition), has been linked with modulating immune functions (19). It is possible that modifying certain functions of the immune system could aid in reducing oxidative stress in the female or her offspring. Vitamin E is also known for its antioxidant activity. Derivatives of vitamin E are also found to possess antioxidant activity in their chemical makeup, although, the antioxidant capacity of the different stereoisomers does vary (20). Γ-tocopherol, RRR stereoisomer and natural source, is a lesser-known tocopherol derivative of vitamin E. Although, there have been multiplies studies that have deemed ɤ-tocopherol effective against oxidative stress (21–25), little have investigated the stereoisomer's success in swine or the use of a natural source of ɤ-tocopherol in diets. However, if similar to α-tocopherol, which has the most effective antioxidant capacity of all the stereoisomers of vitamin E (20), this source may have potential in mitigating the negative effects of oxidative stress in pigs.

The objective of these studies was to observe the impacts of including a whole yeast cell component, a phytogenic oil (peppermint oil), and a vitamin E stereoisomer (γ-tocopherol) solely in sow and nursery pig diets on sow antioxidant capacity and offspring performance. It was hypothesized that the inclusion of the feed ingredients would result in the reduction in oxidative stress during high points of metabolic activity, such as late gestation and lactation, in turn mitigating negative effects that impact dam performance and ultimately improve offspring performance during the suckling and the postweaning period.



MATERIALS AND METHODS


Animals, Management, and Experimental Procedure

Two separate studies were conducted to accomplish the overall objective. Study 1 utilized whole yeast cell and phytogenic oil alone or in combination included during the lactation period. Based on the lack of additive effect observed in study 1 and to assess the impact of longer maternal supplementation period, study 2 assessed maternal supplementation of whole yeast cell, phytogenic oil, or vitamin E stereoisomer 5 days following breeding through lactation.


Study 1

Forty-five multiparous and primiparous sows (PIC 1050; 240.71 ± 38.51 kg), across two blocks, were randomly allotted at day (d) 110 of gestation to one of four experimental diets provided in mash form (n = 10–12 animals/treatment) in a 2 × 2 factorial treatment design balanced by body weight (BW), backfat (BF), and parity. Dietary treatments were as follows: control (CON), whole yeast cell (YC), mint oil (MO), and whole yeast cell + mint oil (YCMO). Control was a standard lactation diet formulated to meet or exceed nutrient requirements for sows in accordance with the National Research Council (NRC) (2012; Table 1). Whole yeast cell (CitriStim, ADM Animal Nutrition; Quincy, IL) was added at 0.2% based on the manufacturer's instructions at the expense of corn to the control diet. A top dress of either mint oil or a carrier was provided at 50 g/day (set to ensure 10 ppm of active peppermint oil/day) and placed on top of the 0800 h feeding. Sows and gilts were moved into the farrowing room ~5 days prior to parturition and housed in individual farrowing crates (1.83 × 2.43 m). Feed was dispensed by an electronic feeding system (Gestal 3G; Jyga Technologies, Greenlu, KS, USA), allowing daily intake up to 20% above the curve set to achieve ad libitum intake by 5 days of lactation. Females were assigned to parity-based feed curves (i.e., parity 1, parity 2, parity 3+); daily intake targets within each curve are based on historical barn lactation intake. Water was provided ad libitum. Sows and gilts were supervised 24 h/day from birth of the first piglet to the last piglet born in the farrowing group; farrowing was completed over ~5 days. Oxytocin (Aspen Veterinary Resources, Liberty, MO, USA) was administered on an “as needed” basis [i.e., prolonged farrowing (>8 h), birth interval >90 min, and >10 piglets born, >2 piglets pulled]. Sows receiving oxytocin represented <20% of all females. Piglets were managed as per standard barn protocols for vaccinations, iron injections, tail docking, and castration in that a 2-ml intramuscular (i.m.) injection of iron dextran (Uniferon 200, Pharmacosmos, Watchung, NJ, USA), 1 ml oral dosage of ponazuril (Marquis, Merial, Duluth, GA, USA), and, if birth weight was under 1 kg, a 0.25-ml i.m. injection of Excede (Zoetis, Pasippany, NJ, USA) at d1 of lactation were given. At 3d postfarrowing, tail docking and castration were performed, and piglets were administered a 1-ml i.m. injection of Circumvent PCV-M G2 (Merck Animal Health, Madison, NJ, USA). Two weeks following the completion of farrowing, all piglets were orally vaccinated with a 1-ml dose of Escherichia coli vaccine (Entero-vac, ARKO Laboratories, Jewell, IA, USA), and at weaning, all animals were administered a 1-ml i.m. injection of enrofloxacin (Baytril 100, Bayer, Shawnee Mission, KS, USA) and Circumvent PCV-M G2. Litters were equalized to 12 to 14 pigs within 48 h by means of cross fostering or removal within maternal treatment groups. Removals included piglets that were deemed to be runts (≤600 g at birth) and fallbacks [average daily gain (ADG) of ≤30 g] that were taken off test and artificially reared on milk replacer (Birthright Baby Pig Milk Replacer, Ralco, Marshall, MN, USA) using milk decks (Birthright Milk Deck, Ralco, Marshall, MN, USA).


Table 1. Ingredient composition and nutrient content of sow diets in studies 1 (lactation) and 2 (gestation/lactation).
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At day 21 ± 2 of lactation, all piglets were weaned and transferred to the South Dakota State University wean-to-finish barn. Offspring that were reared on the sow for the duration of lactation were allotted to pens within maternal treatment (six to eight pigs/pen; 16–17 pens/maternal treatment at 0.53 m2/pig; 481 total pigs; 6.25 ± 3.35 kg) and received the same dietary treatment as their dam during lactation. To differentiate maternal diets from nursery diets, postweaning dietary treatments were given the subscript “wean” (e.g., YCwean). Pens were balanced for weight and litter as much as possible, ensuring that no more than two pigs from the same litter were in a pen to keep potential social stress at weaning as similar among pens of pigs as possible. Within a four-phase nursery pig feeding program, all diets were formulated to meet nutrient requirements of weaned pigs according to the NRC (2012). Dietary inclusion level of whole yeast cell was the same in lactation, with both mint oil and carrier included as a fat blend mix at 0.1% of the diet. Phases 1 and 2 were provided in pellet form with phases 3 and 4 as meal (Table 2). Water was provided ad libitum.


Table 2. Ingredient composition and nutrient content of the control weaned pig diets in studies 1 and 2.
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Study 2

Fifty-three sows and gilts (PIC 1050; 206.21 ± 35.26 kg), in two blocks, were randomly assigned to one of four experimental diets at breeding (n = 12–14 animals/treatment) balanced by BW, BF, and parity. Females were housed in gestation stalls (0.61 × 1.98 m) from breeding to d110 of gestation. Dietary treatments were as follows and similar to that reported for study 1: CON, YC, MO, and standard diet with γ-tocopherol (GT). The whole yeast cell, mint oil, and γ-tocopherol were top dressed at 50 g/day and supplied 3.1 g whole yeast cell/day, 10 ppm active peppermint oil/day, and 200 ppm γ-tocopherol/day, respectively. All top dressing was completed at the 0600 h feeding during gestation and 0800 h feeding during lactation. Application of top dress started at 25% of calculated volume at d2 of gestation and increased daily such that the experimental period began at d5 of breeding through weaning. Gestation and lactation diets were formulated to meet or exceed nutrient requirements for sows according to the NRC (2012; Table 3) and provided in mash form. Amount of feed allotted in gestation was determined based on body condition score (BCS), with allocation in farrowing based on parity. Water was provided ad libitum during both periods. Movement to farrowing rooms and daily sow and litter management were the same as that described for study 1. As noted in study 1, fallbacks and runts were removed from the sow and artificially reared on milk replacer throughout the lactation period.


Table 3. Reproductive performance, sow antioxidant status, and suckling pig performance from sows provided lactation diets with or without a whole yeast cell component (YC) and with or without peppermint oil (MO) top dress (study 1)1,4,5.
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At day 21 ± 2 of age, pigs were weaned. Because of limited finishing space, pigs from block 1 were weaned to a research farm located outside of Brookings, SD (off-site; 13–14 pigs/pen; 0.40 m2/pig), and pigs from block 2 were weaned to the South Dakota State University wean-to-finish barn (on-site; 7–9 pigs/pen; 0.47 m2/pig) within maternal treatment. Across both blocks, a total of 605 pigs were weaned at 6.14 ± 2.53 kg (11–19 pens/maternal treatment) and balanced for weight and litter within pen as possible, ensuring no more than 3 pigs from the same litter were in a pen to keep potential social stress at weaning as similar among pens of pigs as possible. Pen stocking density was reduced (five to six pigs/pen) at d29 and d42 after weaning in blocks 1 and 2, respectively. To more specifically evaluate noted differences in light- and heavyweight offspring response to dietary treatment in study 1, those pigs deemed lightweight (<1.10 kg) and heavyweight (>1.65 kg) at birth were retained and followed through to market. Thus, pigs selected for removal to reduce stocking density were those deemed average weight (5.15–7.02 kg) at weaning. Offspring were fed a common diet throughout the postwean period. All diets were formulated to meet the nutrient requirements of weaned pigs within a nine-phase feeding program (Table 4). Phases 1 and 2 were provided in pellet form with all following phases provided as meal; paylean (dietary inclusion was 0.2%, Elanco, Greenfield, IN, USA) was added to phase 9 at 4.5–9 g/ton for 28 days. Water was provided ad libitum.


Table 4. Performance of weaned pigs provided diets with or without a whole yeast cell component (YC) and with or without a peppermint oil (MO) blend over a four-phase feeding program (study 1)1,3.
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Data Collection


Performance Values

In study 1, sow BW was recorded at d110 of gestation, within 24 h of parturition, and at weaning. For study 2, BW was recorded at breeding, d110 of gestation, within 24 h of parturition, and at weaning. Back fat at the last rib was measured at breeding, d110 of gestation, and weaning using an ultrasound (Ibex pro, E.I. Medical Imaging, Loveland, CO, USA). In lactation, feed orts were weighed and removed every third day. Litter characteristics at birth (total born, born alive, stillborn, mummies, and sex distribution) were recorded. Piglets were weighed within 24 h of farrowing at d4 and d7 of lactation and at weaning. Individual BW of weaned pigs was recorded at each phase through diet phase 4; in study 2, pigs were weighed monthly thereafter until market (~d129 after weaning). At each weigh period up to diet phase 4, BW was used to establish three weight categories (light, average, and heavy) with the use of quartiles. The upper limit of “lightweight” at birth was set as <1.1 kg based on an increased risk of preweaning mortality (26). Feed disappearance was recorded in tandem with weigh days. The ADG, average daily feed intake (ADFI), and G:F were calculated to determine pen performance.



Blood Sampling

Blood samples from the dam were collected via the jugular venipuncture into a non-heparinized blood collection tube (BD Vacutainer, Franklin Lakes, NJ, USA). Collections in study 1 occurred at d110 of gestation and weaning and at 3 days prior to breeding, d110 of gestation, and weaning in study 2. Blood samples were collected prior to feed drop in gestation and prior to the 0800 h feeding in lactation to ensure that feeding bouts were consistent across females for each collection. In study 2 on d2 of lactation beginning at 0800 h, a 1-ml blood sample was collected from the mammary vein of three piglets/litter (one piglet from each birth weight category). All samples were centrifuged at 28,000 × g for 20 min, and serum was collected and stored at −80°C until time of analysis.



Colostrum and Milk Sampling

In both studies, following the birth of the first piglet and prior to suckling, a 25-ml colostrum sample was collected from the dam via gentle stripping of all teats. At d4 and d14 of lactation, piglets were removed from the sow for 1 h followed by a 2-ml i.m. injection of oxytocic principle (Oxytocin, Aspen Veterinary Resources, Liberty, MO, USA) for milk collection (40 ml) from all teats. Piglets were returned to the dam following collections, and samples were stored at −20°C until further analysis.




Indicators of Piglet Robustness

In study 2, piglet serum immunocrit at d2 of age was based on the methods of Vallet and Miles (27). Ideally, three pigs were chosen from each litter, but if no pigs fit a certain weight range, the observation for that category was then lost. In conjunction with piglet sera samples, immunocrit was evaluated in colostrum via a modified methodology from Vallet et al. (28). Colostrum samples were diluted in a 1:1 ratio with 10% bovine serum albumin in 0.9% saline. In duplicate, diluted colostrum samples were combined with 40% (wt/vol) ammonium sulfate in distilled water to precipitate immunoglobulins and then loaded into a hematocrit capillary tube and centrifuged at 12,000 × g for 10 min. Immunocrit ratio was determined as the ratio of the precipitate length divided by the total length of diluted colostrum, and then doubled to account for prior colostrum dilution.

Serum insulin-like growth factor 1 (IGF-1) was measured in sow serum at d110 of gestation as well as colostrum and milk samples. Concentration of IGF-1 was determined in duplicate by radioimmunoassay (29, 30) for blood, colostrum, and milk samples.



Assessment of Dam Antioxidant Status

Superoxide dismutase (SOD) enzyme concentration in d110 of gestation and weaning sow sera were determined using a commercially available kit (Superoxide Dismutase Kit, Cayman Chemical, Ann Arbor, MI, USA), which utilized tetrazolium salt for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine. Samples were analyzed in duplicate following the manufacturer's instructions. Colostrum and milk samples were analyzed following the manufacturer's instructions with the inclusion of a sample blank to correct for noise. Colostrum and milk glutathione (GSH) were assessed using a commercially available kit (Glutathione Assay Kit, Cayman Chemical, Ann Arbor, MI, USA). Samples were deproteinated prior to analysis in accordance with the manufacturer's instructions.



Statistical Analysis of Results

Reproductive performance, offspring performance, and sow antioxidant status were analyzed for both studies using the mixed model procedure of SAS (v9.4, SAS Inst. Inc., Cary, NC) considering the effect of dietary supplementation, where sow was the experimental unit and sow(block) as the random effect for both suckling and postwean performance. In study 2, because of the different housing locations in the postweaning period, location was included in the model for postweaning performance. Because space allowance per pig in the nursery period (up to 42 days after weaning) was above requirements (31), it was not considered in the statistical analysis. In study 1, an interaction between dietary treatments was not detected; thus, the interaction term was removed, and treatment groups (CON, YC, MO, and YCMO) were considered independent. Weight category distribution and category change were analyzed using the Freq procedure in SAS (v9.4) and considered as main effects of base (control and CitriStim) and oil (carrier and mint oil). Correlation between milk/colostrum and sow serum circulating IGF-1 was assessed with the mixed model procedure considering the effect of dietary supplementation where sow was the experimental unit and sow (block) was the random effect. For the analysis of the suckling pig performance, a covariate of age was used to determine wean BW and ADG. Significant differences were reported at p < 0.05, and tendencies for significance were reported when 0.05 ≤ p ≤ 0.10 using the Tukey's mean separation test.




RESULTS


Study 1


Farrowing and Suckling Performance

One sow in each of CON and YCMA and their litters were removed from the trial due to sow feed consumption issues in lactation and refusal to nurse piglets. Sow BW at lactation and weaning was not affected by maternal dietary treatment (Supplementary Table 1). Back fat at start of trial was lower (p < 0.05) in females assigned to YC compared to MO and YCMO females. A similar pattern was observed at weaning, where BF of YC-fed females tended to be lower (p < 0.10) than that of YCMO females. No difference was observed for birth weight and number of stillborn, born alive, mummies, and piglets weaned/litter (Table 3). Piglets from CON females were lightest (p < 0.05) at weaning due to lower daily gain (p < 0.05) compared to piglets from all other groups with no difference between YC, MO, and YCMO piglets.



Sow Antioxidant Activity

No effect of dietary treatments was noted for serum concentration of SOD at day 110 of gestation or at weaning (Table 3). There was no effect of treatment on SOD content in colostrum or milk, but a reduction in SOD as lactation progressed (i.e., colostrum vs. milk) was observed. Similarly, there was no impact of treatment on GSH content in colostrum but a tendency for greater (p < 0.10) GSH content in milk from YCMO sows.



Postwean Performance

Pigs fed YCwean were heaviest (p < 0.05), and pigs fed YCMOwean were lightest (p < 0.05) at d6 postweaning (Table 4). No difference in BW at d13, d19, and d35 was detected. Daily gain was greater (p < 0.05) in pigs fed CONwean than YCMOwean in the first 6 days postwean. Average daily feed intake was lowest (p < 0.05) for MOwean-fed pigs in phase 2 (d6–d13), greatest (p < 0.05) for groups fed the combination diet in phase 3 (d13–d19), and greatest (p < 0.05) for CONwean-fed pigs in phase 4 (d19–d35). Gain to feed was lowest (p < 0.05) in YCMOwean and highest (p < 0.05) in MOwean-fed pigs in phase 2, lowest (p < 0.05) in YCMOwean-fed pigs in phase 3, and not different between treatments in phase 4. For the entire period, pigs fed the YCMOwean diet had the lowest (p < 0.05) G:F ratio compared to CONwean and MOwean.

The proportion of lightweight pigs at weaning deemed average and heavy by d35 after weaning increased regardless of dietary treatment (Table 5). At weaning, a greater proportion (p < 0.07) of MOwean-fed piglets were still deemed lightweight at d6 after weaning compared to CONwean pigs. By d35 after weaning, 23% of MOwean pigs had moved to average or heavyweight compared to 12% of lightweight CONwean pigs. In pigs deemed heavy at weaning, a greater proportion (p < 0.05) receiving the YCwean diets were assigned to the heavy category at d6 postweaning and likely reflects the heavier wean weight in this group (Table 4). A proportion of pigs deemed heavyweight at weaning (i.e., 5–7%) were observed to fall back and become average or lightweight in the postweaning period. However, at d35, 53% of YCwean-fed pigs deemed heavy at weaning were still heavy compared to 33% of CONwean-fed pigs.


Table 5. Distribution (%) of pigs that were deemed light and heavy at weaning throughout the postweaning period (study 1)1.
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Study 2


Farrowing and Suckling Performance

There was no effect of maternal diet on sow BW or BF throughout the trial (Supplementary Table 1). Sows in the GT group tended to have greater (p < 0.10) feed intake in gestation than YC. There was no difference in sow lactation feed intake or litter characteristics at birth (Supplementary Table 1; Table 6). Pigs removed (died or fall back) were 4–7% lower in MO and GT litters. Piglet BW was not different at birth or weaning, and ADG was similar across treatment groups in the suckling period.


Table 6. Reproductive performance of sows fed one of four treatments throughout gestation and lactation, litter performance in the suckling phase, sow antioxidant status, and immunological profile of piglets and sow milk (study 21)4,5.
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When BW at weaning for all offspring (those reared on the dam and those artificially reared) was assessed, GT offspring tended to weigh more than YC offspring (5.77 and 5.34 kg, 0.14 kg SEM, respectively; Table 6). Offspring from GT-fed sows also gained more than CON offspring and tended to gain more than YC offspring (0.23 vs. 0.20 and 0.21 kg/day, 0.01 kg/day SEM, respectively). Growth performance of offspring that were reared artificially was monitored in the suckling phase only.



Sow Antioxidant Activity

Colostrum and milk GSH content were not affected by maternal treatment with a 4% greater concentration in milk than colostrum (Table 6). SOD content in sow serum was not affected by maternal treatment.



Markers of Piglet Robustness

There was a tendency for an effect of maternal treatment on serum concentration of IGF-1 and d4 milk, but no differences between treatments were noted based on Tukey's adjustment (Table 6). IGF-1 in colostrum was almost 2-fold higher than in milk. Colostrum immunocrit was not affected by maternal dietary treatment. There was no difference in d2 immunocrit value (Table 6) by sow treatment or birth weight category.



Postwean Growth Performance

Pigs from YC sows were heavier (p < 0.05) at d29 after weaning than pigs from CON sows (Table 7), which is in part due to greater (p < 0.05) feed intake and daily gain. Similarly, pigs from MO and GT sows tended to be heavier (p < 0.10) at d29 after weaning than pigs from CON sows. An increasing proportion of pigs from CON-fed sows fell back into the lightweight category by d29 after weaning (Table 7).


Table 7. Performance of weaned pigs from d0 to 29 after weaning from sows provided feed additives in gestation and lactation (Study 2)1,3,4.
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At the on-site facility, lightweight pigs from MO and GT sows were heavier (p < 0.05) at d42 and tended to be heavier (p < 0.10) up to d98 (Table 8). No difference in BW was observed for heavyweight pigs throughout the finishing period; although, pigs from MO-fed sows were around 3 kg heavier than all other treatment groups at d126. Lightweights from the MO-fed sow group had higher gain (p < 0.05) than all other treatments throughout the finishing period, while pigs from GT sows tended to have lesser gain. Heavyweight pigs from CON sows tended to gain less (p < 0.10) than the MO or GT sows from d98 up to d126.


Table 8. Grow-finish (d29–d126 after weaning) performance of offspring deemed light and heavy at weaning from sows provided feed additives during gestation and lactation and weaned to the on-site facility (study 2)1,4,5.

[image: Table 8]

At the off-site facility, lightweight pigs from YC sows were lightest at d42 and tended to remain lighter through d126 (Table 9). There was no detectable difference in BW of heavyweight pigs by maternal treatment; however, pigs from YC, MO, and GT sows were ~3, 8, and 6 kg, respectively, heavier at d126 than pigs from CON sows. These differences in BW are in part reflective of differences in daily gain (p < 0.05).


Table 9. Grow-finish (d29–d126 after weaning) performance of offspring deemed light and heavy at weaning from sows provided feed additives during gestation and lactation and weaned to an off-site facility1,4.
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DISCUSSION

The objective of the study was to assess the impact of whole yeast cell, peppermint oil, and ɤ-tocopherol supplementation in sow diets and offspring diets in the nursery phase on sow antioxidant status and offspring performance in study 1, and the potential carryover effects of sow diet supplementation on offspring performance in the suckling and postweaning periods as in study 2. In relation to the sow, there were minor effects of feed additive inclusion on sow performance, including weight changes in gestation and lactation, and litter characteristics at birth. Potential attributes to the lack of effect on sow reproductive performance may be due to the number of pregnant females utilized. At least 100 sows/treatment is often stated as the minimum number of reproductive females needed to detect significant differences in reproductive performance due to treatment based on papers by Aaron and Hays (32, 33). While the total number of females used in these trials may limit conclusions for reproductive performance, the focus of these studies was offspring growth, for which replication was sufficient to detect meaningful differences (34). Another potential reason for the lack of difference on sow performance could be the difference in additive delivery in study 1, where whole yeast cell was mixed in the diet and the mint oil was added as a top dress. There is greater potential for loss of additive or inconsistent daily intake of additive due to sow feeding behavior when included as a top dress. As well, a constant daily top dress does not account for differences in sow daily feed intake. In study 2, to balance the risk across treatments, all test additives were top dressed. However, throughout both studies, feeder management was monitored very closely to ensure limited residual feed following each feeding period. In addition, the lack of difference in daily feed intake, particularly in lactation, suggests that the impact of differences in additive delivery on sow performance was likely minor. Minor impacts on sow performance with the addition of phytochemicals or yeast cell products have been reported previously (14, 15, 19). Similarly, there were minor alterations in sow antioxidant status; however, there were clear benefits in relation to offspring performance in the suckling and/or postweaning period with supplementation of the sow diet.

As both whole yeast cell and mint oil are reported to have different modes of action in relation to animal performance, a combination treatment was included in lactation and nursery diets for study 1 to determine if the inclusion of both would provide more benefits to both dam and offspring than if fed separately. However, the inclusion of both whole yeast cell and mint oil in study 1 did not offer an additive effect on the performance of lactating sows or offspring during the suckling and early postwean period. Whole yeast cell product used in this work is derived from P. guilliermondii, which possesses antimicrobial activity allowing for the binding of pathogens in the small intestine and has been reported to modulate immunomodulatory effects in broilers (35). Peppermint oil, or Mentha x piperita, is a part of the Mentha family, which is known to possess antioxidant activity. However, this species of Mentha was reported to induce apoptotic cell death in Saccharomyces cerevisiae (36). While it is unknown if mint oil has a similar effect on P. guilliermondii, the mint oil used in this work may have negated the antimicrobial benefits of the yeast strain. The potential for mint oil to induce apoptotic cell death in the yeast cells may explain the lack of additive effect in YCMO-fed sows and piglets. Performance of offspring from YCMO-fed sows was similar to that of offspring from MO-fed sows. If the mint oil reduced activity of the whole yeast cell, animal performance would be expected to be the same as females supplemented with mint oil only.

Selection for a more prolific sow has resulted in increased number born alive per litter, greater within-litter variation at birth, and increased proportion of lightweight pigs (37). Concern regarding the performance of small pigs in the postweaning period results in increased labor and feed costs. An increase in feed and management costs was reported for lighter pigs, due to the longer time and increased feed required for them to reach the required minimum commercial slaughter weight (38). Variation at weaning and up to slaughter can negatively impact the monetary gain for producers as lightweight animals need more days to market than their heavier counterpart, which results in increased feed cost. In the current work, inclusion of mint oil or ɤ-tocopherol provided assistance to lightweight animals during the suckling period, in particular in study 2 when fallback pigs (artificially reared pigs) were included, which suggests long-lasting effects from in utero exposure allowed these fallbacks to thrive even if not suckling from the dam. This benefit was also evident during the postweaning period in study 2 in relation to the percentage of animals that remained in the lightweight category and bodyweight. This work suggests that inclusion of mint oil in sow diets conveys a particular benefit to “opportunity” pigs; those that are light or borderline average weight could potentially gain weight to become average and in turn reduce days to market. It has been reported that heavier birth weight piglets consume about 30% more milk than their lighter littermates (39) and are commonly expected to experience fewer negative impacts of weaning. However, results from study 1 suggest there is risk of heavy pigs losing their heavyweight status and that inclusion of whole yeast cell provided a means for pigs deemed heavyweight at birth and weaning to maintain their heavyweight status in the postweaning period. The specific mechanism for this benefit is unclear. The lack of a similar response in study 2 may be related to supplementation times, where whole yeast cell was supplemented in both the sow diet and the postweaning diets in study 1 and in the sow diet only in study 2. Within study 2, the difference in BW between pigs at the on-site and off-site facility at an equivalent day postweaning suggests an environmental effect; however, because pigs at each facility were from different farrowing groups and weaned to the respective facilities on different calendar days (i.e., 28 days between weaning of block 1 and 2 in study 2), direct comparisons were not made.

Differences in offspring response to whole yeast cell and mint oil in the suckling and postweaning period between study 1 and study 2 can aid in determining the time of maternal supplementation to achieve the greatest offspring benefit. Maternal diet supplementation of whole yeast cell and mint oil in lactation only improved suckling offspring performance based on BW at weaning and kilogram of pig weaned/sow, respectively, with limited effect after weaning. An effect on wean weight was not observed in other similar phytochemical supplementation studies (14–16). However, slightly lower supplementation of whole yeast cell through both gestation and lactation provided benefit to offspring performance that was maintained even after weaning. Based on these studies, maternal diet supplementation in both gestation and lactation had longer-term benefit to offspring growth. Inclusion of peppermint oil would assist reducing ROS concentration in lipid membranes, potentially reducing gut permeability. Coupled with the inclusion of CitriStim, which has antimicrobial activity and could bind to pathogens found in the intestinal lumen, the idea that the inclusion of either one or even the combination of the two would aid in the prevention of poor growth in the early postwean period. However, as observed in the lactation period, combination of the additives diet did not result in a better performance compared to pigs that were given the feed additives separately.

The antioxidant defense system is necessary in reducing free ROS found in the body due to oxidative stress. The periods of gestation and lactation are considerably stressful time for the dam and are found to result in an increased oxidative status in the female. With newly weaned animals, the occurrence of oxidative stress has been noted to result in reduced growth performance, increased disease incidence, and even death (13). These outcomes are related to the denaturing of tight junction proteins lining the small intestine as a result of the overproduction of free radicals. With reduced barrier function of the intestinal epithelium as a result of disrupted tight junction proteins, the potential for undigested feedstuff and toxins in the intestinal lumen to pass the basal lateral membrane increases. Measuring the concentration of certain antioxidants that play a vital role in the defense system would give insight to the efficiency of the antioxidant defense system. To that end, based on the assays used in this work, a higher SOD value represents a greater need of the SOD enzyme for dismutation of superoxide radical and greater free radicals, insinuating a higher state of stress. Conversely, a lower GSH value insinuates greater oxidative state. SOD concentration at d110 of gestation in study 1 was higher in YC- and MO-fed sows, potentially indicating that the females were at a greater level of oxidative stress at the start of the study. At weaning, the serum concentration of SOD for all treatment groups was similar in value, which may provide evidence of a greater reduction in oxidative stress in the YC and MO sows and may, in part, explain differences in offspring growth. In both studies, there appeared to be an effect of time on sow serum SOD content where concentration was close to 2-fold greater at d110 of gestation relative to breeding and weaning. This observation suggests that late gestation is a period of greater oxidative stress than lactation and is supported by the lesser GSH concentration in d4 milk compared to colostrum. A similar reduction in levels of oxidative markers in milk as lactation progresses was reported when resveratrol was supplemented in sow gestation and lactation diets (15). Thus, sow diet alterations to address oxidative status may be most effective during gestation, particularly late gestation, and are supported by the improved performance of YC and MO offspring in the postweaning period in study 2 and opportunity pigs in both studies. While not measured in this work, it would be advantageous in future studies to measure serum concentration of antioxidants following weaning in offspring to determine the effects on offspring antioxidant defense system.

Measuring antioxidant concentration in colostrum and milk provides insight into the oxidative status of the dam during different periods of lactation, as milk is noted to be a carrier of bioactive compounds such as antioxidants (40). Therefore, the concentration of antioxidants in the body, be it depleted due to an onslaught of reactive oxygen species or at baseline when the animal is not stressed, is well-represented in the milk. The use of this biological sample type provides a minimally invasive means of assessing sow oxidative status. Analysis of milk also can be utilized to determine the concentration of antioxidants that are potentially being transferred to the offspring. In humans, antioxidant transfer is reported to occur in utero via the placenta (41); however, that is not the sole point of antioxidant uptake that can occur in the offspring's life. In study 1, supplementation of test additives occurred during the suckling period. The finding that lightweight offspring from the MO group became average weight while heavyweight offspring from the YC group were able to maintain their heavyweight status at weaning and at the end of the nursery period compared to CON indicates exposure to antioxidant compounds via colostrum and milk could enhance the offspring's own antioxidant defense system. This potentially better prepares the offspring's defense against large influxes of reactive oxygen species that can arise from the imbalance between prooxidants and antioxidants (9), which can arise during periods of stress. The MO group at both off- and on-site facilities weighing heaviest at the end of study 2 supports the speculation that longer-term maternal supplementation similarly benefits offspring ability to withstand periods of stress.

Gilts and sows past their fifth parity are found to possess a lower antioxidant capacity (42). Lower capacity may indicate that these females are less successful in reducing free radical concentration compared to their second to fourth parity counterparts. Thus, they may be likely to experience oxidative stress more frequently or undergo it at a faster rate. The concentration of SOD appeared to be higher in gilts during lactation, which may indicate that intervention of oxidative stress in the sow may only need to occur in specific. Similarly, it has been suggested that it may be best to supplement sows before their first ever farrowing and those that have had five litters or more (16, 42).

One of the vital components of colostrum is immunoglobins, more specifically immunoglobin G (IgG), and other immune components that can directly or indirectly influence the immune system of the piglet (43). Because of the immature immune system of piglets at birth (43), intake of immunoglobins is essential for the offspring to obtain passive immunity from the dam's immune components. Through the measurement of immunocrit in both piglet sera and colostrum, one can evaluate the concentration of immunoglobins found in the dam's milk as well as determine suckling ability of the offspring. As the immunocrit values at d2 did not differ by weight category or treatment, it suggests that differences in piglet weight at weaning may be more related to in utero fetal development and/or milk nutrient supply than alteration of the immunological capacity at birth.

IGF-1 is one of several immune factors that are contained in colostrum. IGF-1 is thought to be involved in growth and development of young animals (44). Serum concentration of the growth hormone in offspring is utilized as an indicator of nutritional status (45, 46). No effect of maternal dietary treatment was noted for IGF-1 in d110 serum, colostrum, and d4 and d14 milk samples. A pattern was denoted that as the lactation period progressed, the concentration of IGF-1 decreased within milk. It was found that the concentration of roaming IGF-1 in colostrum for swine is 4 to 17 nM, with mature milk ranging from 1 to 3 nM (47). The concentration of IGF-1 in colostrum and milk determined in the study is much higher than the values found in the literature. The lack of difference in sow sera, colostrum, and milk IGF-1 suggests some other factor are involved in the improvement of piglet performance observed in both studies.



CONCLUSION

Based on these studies, the end of gestation prior to farrowing is the period of greatest oxidative stress. Dietary inclusion of whole yeast cell, peppermint oil, and ɤ-tocopherol in sow diets improved offspring performance during both the suckling and postweaning periods. In particular, whole yeast cell and ɤ-tocopherol supplementation in sow diets during lactation resulted in heavier offspring, while prenatal and postnatal exposure to mint oil benefited lightweight pig up to market. Overall, this work suggests that the inclusion of whole yeast cell or peppermint oil in sow and weaned pig diets could aid producers in reducing costs, labor, and time needed to support fallback or lightweight animals.
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Because the use of antibiotics is forbidden, piglets experience a considerable weanling stress, resulting in increased incidence of diarrhea and death. Macleaya cordata extract or benzoic acid have anti-inflammatory, antioxidant, and antimicrobial activities that makes them potential antibiotic alternatives. The objective of this study was to evaluate the potential effects of feed supplemented with Macleaya cordata extract and benzoic acid on growth performance, immunity, antioxidant capacity, intestinal morphology, and microflora in weaned piglets. Twenty-four weaned piglets [Duroc × (Large White × Landrace)] 28 days of age and weighing 8.41 ± 0.13 kg were randomly divided in equal numbers (n = 8) into three groups fed a basal diet (CON), CON + 20 mg/kg flavomycin + 50 mg/kg quinocetone (AGP), or CON + 50 mg/kg Macleaya cordata extract + 1,000 mg/kg benzoic acid (MB). Compared with the CON diet, dietary MB or AGP increased the final weight and average daily gain, and reduced feed efficiency and the diarrhea rate (P < 0.05). Compared with the CON diet, MB supplementation increased serum superoxide dismutase (SOD activity) and decreased malondialdehyde (MDA) content (P < 0.05). Serum interleukin (IL)-10 IgA and IgM were higher (P < 0.05) in MB-fed piglets than in CON-fed piglets. Piglets fed the MB diet had greater villus height and villus height to crypt depth ratio (VC) in the duodenum, villus height in the ileum, and lower crypt depth in the jejunum than did piglets given the CON diet (P < 0.5). Piglets in the MB group had increased concentrations of acetate, propionate, butyrate, and total short-chain fatty acids in the ileum or cecum compared with the CON and AGP groups (P < 0.05). Streptococcus proportion was lower in the MB than in the AGP group. Dietary MB increased the Lactobacillus and decreased Escherichia-Shigella populations compared with the CON group (P < 0.05). The study results indicate that MB can be used to replace AGP as a feed supplement for weaned piglets.

Keywords: Macleaya cordata extract, benzoic acid, immune responses, antioxidant capacity, intestine health, weaned piglets, microbial composition


INTRODUCTION

Weaning is one of the most stressful challenges for maintaining the growth of piglets because of unexpected changes in feeding, management, and the surrounding environment (1). The challenge may present negative effects that affect the overall condition of piglets such as immune dysfunction, change in nutritional intake and intestinal functions, as well as an increase in disease (2). Antibiotic growth promoters (AGP) are widely used as feed additives in the animal industry to promote growth and prevent disease (3). However, the inclusion of antibiotics in animal diets is a controversial issue worldwide (4). AGP was forbidden as a medicinal feed additive to promote growth following the demonstration of residues and the development of resistant strains of bacteria. Alternatives to antibiotics are currently an international research hotspot (5). Potential benefits of bioactive plant substances and organic acids for domestic animals include promoting nutrient absorption and digestion, improving animal growth performance, and promoting intestine health and immune status (6).

Sanguinarine is a naturally bioactive alkaloid obtained from Macleaya cordata (a perennial herb of the family Papaveraceae) that has antimicrobial activity, anti-inflammatory mediators, and antioxidative properties (7). Sanguinarine has been regarded as a superb animal feed additive because of its unique pharmacological characteristics and nutraceutical effects (8). Previous studies indicated that dietary supplementation of Macleaya cordata extract (MCE) could improve the growth performance of grass carps (9, 10), weaned pigs (11), and broilers (12). We previously reported that dietary supplementation with MCE improved the growth performance, antimicrobial activity, and intestinal development in weaned piglets (13, 14). Benzoic acid is the simplest aromatic carboxylic acid. It was approved at a dose of 0.5–1.0% in swine rearing by the European Union (15). The small intestine is the main site of benzoic acid absorption and transport by the monocarboxylic acid transporters (16). Benzoic acid supplementation has been reported to regulate the humoral immune response (17), increase antioxidant activity (18), suppress pathogens (19), promote growth performance and intestinal development (20, 21) when used as an additive in livestock nutrition. Their potential benefits make MCE or benzoic acid promising alternatives for AGP (22, 23). The available research results of these additives on the growth performance of weaned piglets are controversial, and the effect of a single additive was limited (24–27). Potential synergism of plant extracts and organic acids when used as feed supplements has been reported (28, 29), but the combined use of MCE and benzoic acid as a substitute for antibiotics has not been investigated in weaned piglets. The objective of this study was to evaluate the effects of feeding combinations of MCE and benzoic acid on the growth performance, immunity, antioxidant capacity, and intestinal morphology and microflora in weaned piglets.



MATERIALS AND METHODS

These experiments were conducted in accordance with Chinese guidelines for animal welfare and experimental protocols, and all animal procedures were approved by the Committee of Animal Care at Hunan Agricultural University (Changsha, China) (Permit Number: CACAHU 2021-00166). Macleaya cordata extract with more than 3.75% sanguinarine was purchased from Hunan Meikeda Biological Resources (Changsha, China). Benzoic acid with a purity of 45% and a silicon dioxide carrier were provided by Guangdong Acid Power Biotechnology Co., Ltd. (Qingyuan, China).


Animals, Housing, and Experimental Treatments

Twenty-four weaned [Duroc × (Large White × Landrace)] 28-day-old piglets weighing 8.41 ± 0.13 kg were assigned in equal numbers (n = 8) to three dietary groups in a randomized complete block design according to their initial body weight. The study treatments were: (1) a corn-soybean meal basal diet (CON); (2) CON + 20 mg/kg flavomycin + 50 mg/kg quinocetone AGP; (3) CON + 50 mg/kg MCE + 1,000 mg/kg benzoic acid (MB). The pigs were individually housed in cages (150 cm long × 105 cm wide × 120 cm high) equipped with a water source. All diets were formulated to meet National Research Council (NRC, 2012) nutrient requirements (Table 1). The feeding trial lasted for 28 days. The diets and clean drinking water were provided ad libitum.


Table 1. Ingredients and chemical composition of experimental diets (as-fed basis).
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Growth Performance and Diarrhea Incidence

All pigs were weighed individually when they arrived at the experimental base. The study lasted 28 d. The individual body weight at completion of the study and the feed consumption per cage were measured and were used to calculate the average daily gain (ADG), average daily feed intake, and the feed conversion ratio (F/G), which was the feed consumption (g):weight gain (g). The diarrhea incidence and fecal consistency scores (0 = normal feces, 1 = soft feces, 2 = mild diarrhea, 3 = severe diarrhea) were determined by a trained investigator with no prior knowledge of the dietary treatment assignment. Diarrhea rate (%) was calculated as the number of pigs with diarrhea × the number of days with diarrhea/(the total number of pigs × the number of study days).



Sample Collection and Preparation

Before the animals were euthanized by injection of pentobarbital sodium (30), blood samples were collected by anterior vena cava puncture in each treatment, centrifuged at 3,000 g at 4°C for 15 min to obtain the serum, and stored at −20°C until analysis. Segments of the mid-duodenum, mid-jejunum and mid-ileum in each animal were collected and then stored at formalin for the subsequent morphological examination. Intestinal digestive samples were collected and stored at −80°C for assays of volatile fatty acids and 16sRNA.



DNA Extraction, Polymerase Chain Reaction Amplification, and Sequencing

Genomic DNA was extracted from the microbial community in cecal digestive samples using QIAamp Fast DNA Stool mini kits (Qiagen, Hilden, Germany) following the manufacturer's protocol. The final DNA concentration and purity were measured with NanoDrop 2000 UV-vis spectrophotometers (Thermo Scientific, Wilmington, USA); DNA quality was determined by 1% agarose gel electrophoresis. The primers for amplifying the V3–V4 hypervariable regions of the bacterial 16S rRNA genes were 338F-ACTCCTACGGGAGGCAGCAG and 806R-GGACTACHVGGGTWTCTAAT and an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA) was used (31). The PCR amplification system and conditions have been previously described (32). The PCR products were extracted from 2% agarose gels and purified using AxyPrep DNA gel extraction kits (Axygen Biosciences, Union City, CA, USA) and quantified using a Quantus™ fluorometer (Promega, USA). All steps are performed following the manufacturers' protocols.



Processing of Sequencing Data

The raw 16S rRNA gene sequencing reads were demultiplexed, quality filtered, and merged using previously described criteria (33) Briefly, (1) The 300 bp reads were removed from any site with an average quality score of < 20 over a 50 bp sliding window; (2) Exact barcode matching, two nucleotide mismatch, and reads with ambiguous characters were removed. Overlapping sequences exceeding 10 bp matching were assembled. The maximum mismatch ratio of the overlap region was 0.2. Reads with ambiguous characters were discarded; (3) Samples were distinguished by barcodes and primers. And the sequence direction was adjusted, with exact barcode matching and two-nucleotide mismatch in primer matching.

UPARSE version 7.0.1090 (http://www.drive5.com/uparse/) was used to cluster operational taxonomic units (OTUs) with a 97% similarity cutoff. Chimeric sequences were identified and removed (34). Mothur (version 1.30.2) (http://www.drive5.com/usearch/) was used to assess the alpha diversity of the microbiota (e.g., ACE and Chao richness estimators, Shannon and Simpson diversity indices). Beta diversity was evaluated using Principal coordinate analysis (PCoA) based on the weighted_normalized_unifrac distance using Qiime version 1.9.1 (http://qiime.org/install/index.html). Significant differences between samples were tested by analysis of similarities (ANOSIM).



Serum Assays

Total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and malondialdehyde (MDA) concentration were assayed in serum with commercial reagent kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The concentrations of cytokines interleukin (IL)-1α, IL-1β, IL-2, IL-6, IL-10 and tumor necrosis factor (TNF)-α and immunoglobulin (Ig)A, IgM and IgG were assayed in serum with commercial enzyme-linked immunosorbent assay kits (Cusabio Biotechnology Co. Ltd., Wuhan, China) following the manufacturer's instructions.



Analysis of Short Chain Fatty Acids in the Intestinal Digesta

One gram digesta of the ileal and cecal samples were weighed into a 10-mL centrifuge tube for the analysis of short chain fatty acids (SCFAs) including acetic, propionic, butyric, pentanoic, isovaleric, and isobutyric acids. After adding 6 mL of ultrapure water, the samples were homogenized and centrifuged at 12,000 × g for 15 min at 4°C. Then, 900 μL of the clear supernatant and 100 μL 25% metaphosphoric acid solution were added to a new tube and mixed. The supernatant was filtered through a 0.45-μm syringe filter and assayed by gas chromatography (Aglient 7890, Agilent Technologies, Palo Alto, CA, USA) as previously described (35).



Intestinal Morphology

Sections of the mid-duodenum, mid-jejunum and mid-ileum in each animal were harvested and immediately fixed in 10% formalin, dehydrated in 50% ethanol, embedded paraffin, and sectioned 5 μm for hematoxylin and eosin staining. The sections were scanned and observed for histological examination by light microscopy (Nikon ECLIPSE 80i) with a computer-assisted morphometric system. The villus height, from the tip of the villi to the junction of villus and crypt, crypt depth, defined as the depth of the invagination between adjacent villi, and villus width. Ten well-oriented villi × 3 sections of each pig were used to determine these indices.



Statistical Analysis

Experimental data was analyzed by SPSS software v. 20.0 (SPSS Inc., Chicago, IL, USA). Data were expressed as means ± standard error of the mean and significance was tested by one-way analysis of variance with a Tukey post-hoc test. Significant differences between mean values were defined at P < 0.05. The abundance of genera with significant differences between groups was assessed by the Kruskal–Wallis test.




RESULTS


Growth Performance

The effects of the three diets on growth performance are shown in Table 2. Compared with the CON group, dietary MB and AGP increased the final weight and decreased F/G (P < 0.05). However, there were no significant differences between MB and AGP treatments (P > 0.05). As shown in Figure 1, supplementation with MB and AGP decreased (P < 0.05) the diarrhea ratio by 35.00 and 28.68%, respectively, compared with piglets in the CON group.


Table 2. Effects of dietary Macleaya cordata extract and Benzoic acid supplementation on growth performance of weaned piglets.
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FIGURE 1. Diarrhea rate of weaned piglets fed MB dietary treatments (%) (n = 8). CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid. Different letters mean differ significantly (P < 0.05).




Effects of MB on Antioxidant Function

As shown in Table 3, compared with the CON group, supplementation with MB increased (P < 0.05) serum SOD activity and decreased (P < 0.05) the MDA content. Supplementation with AGP also decreased (P < 0.05) MDA content. There were no significant differences between MB treatment and AGP treatment. However, there was no difference in serum T-AOC and GSH-Px levels among the groups (P > 0.05).


Table 3. Effects of dietary Macleaya cordata extract and Benzoic acid supplementation on serum antioxidant activity of weaned piglets.
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Effects of MB on Immune Function

The results of the effects on immune-related parameters in serum are shown in Table 4. The MB group had higher (P < 0.05) serum IgM and IL-10 concentrations than the CON group. The serum content of IgA was increased (P < 0.01) in piglets fed MB and AGP compared with those fed CON. However, differences in the levels of IgG, IL-1β, IL-2, IL-6 and TNF-α in serum in the three study groups were not significant (P > 0.05).


Table 4. Effects of dietary Macleaya cordata extract and Benzoic acid supplementation on immune property of weaned piglets.
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Intestinal Morphology

The results of duodenum, jejunum, and ileum morphology are shown in Table 5 and Figure 2. Compared with the CON group, supplementation with MB increased (P < 0.05) villus height and the villus height-to-crypt depth ratio (VC) in the duodenum and villus height in the ileum, but reduced (P < 0.05) the crypt depth in the jejunum.


Table 5. Effects of dietary Macleaya cordata extract and Benzoic acid supplementation on intestinal morphology of weaned piglets.
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FIGURE 2. Detection of small intestine morphology of weaned piglets [H&E, 40X]. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.




Microbial Composition of the Cecum Digesta

A total of 1,215,583 high-quality sequences were obtained from 24 intestinal samples. High-quality reads were clustered by > 97% sequence identity into 918 microbial OTUs. The composition of bacteria can be seen in the mean-based rarefaction curves shown in Supplementary Figure 1, in which can be found that each sample demonstrated adequate sequences. The species richness and diversity indices are shown in Supplementary Figure 2. Compared with the CON group, MB and AGP supplementation increased (P < 0.01) the ACE (Supplementary Figure 2A) and Chao indices (Supplementary Figure 2B). The ACE and Chao indices of the MB and AGP groups were significantly different (P < 0.05), but neither the Simpson (Supplementary Figure 2C) nor the Shannon (Supplementary Figure 2D) indices of the three treatment groups were significantly different. Pigs fed MB had a greater richness of intestinal microbiota compared with piglets that were fed the AGP. Principal component analysis based on the weighted_normalized_unifrac distance revealed that the bacterial community of the CON group was significantly separated from those of the AGP and MB samples (Figure 3A), indicating that the microbial composition and structure of the CON group piglets was different from those of the AGP and MB group piglets. The hierarchical clustering tree shows that the microbial composition of CON was almost entirely gathered in another branch (Figure 3B). Significant differences among the microbial composition of the study groups were revealed by ANOSIM as (r = 0.4201, P < 0. 01, among the CON, AGP, and MB groups; r = 0.6507, P < 0.01 for AGP vs. CON; r = 0.6468, P < 0.01 for MB vs. CON; and r = 0.0731, P = 0.156 for AGP vs. MB).
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FIGURE 3. (A) Principl coordinates analysis (PCoA) of microbial composition in the cecal digesta of weaned piglets (based on the weighted_normalized_unifrac distance). (B) Analysis of hierarchical clustering tree on OTU level showed that the microbial composition of CON group had clearly distinct with the other two groups as they located distributed almost in another branches. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.


Nine phyla were identified in the cecal digesta of the weaned piglets (Firmicutes, Proteobacteria, Bacteroidota, Actinobacteriota, Spriochaetota, Patescibacteria, Desulfobacterota, Campilobacterota and Cyanobacteria). Of those, Firmicutes, Proteobacteria and Bacteroidota were dominant, comprising 64.29, 23.96 and 1.77% of the CON group; 86.23, 5.10 and 4.91% of the AGP group; and 83.06, 3.82, and 2.20% of the MB group, respectively (Figure 4).
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FIGURE 4. Relative abundance of intestinal bacteria based on the Phyum level. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.


The 20 predominant genera of the cecal digesta are shown in a heatmap (Supplementary Figure 3). Lactobacillus, Escherichia-Shigella and Streptococcus were the three dominant genera in all samples. Compared with the CON group, dietary MB increased (P < 0.01) the abundance of Lactobacillus and decreased (P < 0.05) Escherichia-Shigella (Figure 5). Pigs supplemented with the AGP diet also had a less (P < 0.05) abundant Escherichia-Shigella population compared with pigs fed the CON diet. Compared with the AGP diet, dietary MB and CON supplementation decreased (P < 0.01) the abundance of Streptococcus.


[image: Figure 5]
FIGURE 5. Comparative analysis of 3 most relative abundances of gut microbiota at the genera level. Kruskal–Wallis test followed by Tukey test was used to evaluate the statistical significance. Asterisks express statistical differences between different groups: *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.




SCFAs

The effects of the study treatments on microbial metabolism in intestine are presented in Table 6. Piglets receiving MB had increased (P < 0.05) the ileal concentrations of acetate, propionate, butyrate, and total SCFAs compared with the CON and AGP groups. Compared with the CON and AGP groups, supplementation with MB increased (P < 0.05) the acetate, propionate, and total SCFA concentrations, with a tendency toward improvement of the butyrate concentration in the cecum (P = 0.093).


Table 6. Effects of dietary Macleaya cordata extract and Benzoic acid supplementation on short chain fatty acids in intestines of weaned piglets.
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DISCUSSION

Organic acids, plant extracts, prebiotics, and enzyme preparation have been used as alternative to antibiotics as feed additives for livestock production (36, 37). In swine production, MCE or benzoic acid supplementation are effective in promoting growth performance, feed efficiency and preventing the occurrence of diarrhea at the weaning stage (15, 38). Previous studies found that MCE benefitted the growth performance of broilers (12, 39). Kantas et al. (40) reported that MCE-supplemented diets increased the body weight and ADG and reduced F/G in weaned pigs. This study, we found that MB supplementation increased the ADG and decreased the F/G and the diarrhea rate in weaned pigs. Similar results were reported by Yang et al. (41), who reported increased final body weight and ADG in weaned piglets fed diets containing essential oils and organic acids. Previous studies have revealed that MCE improved protein retention by inhibiting the decarboxylation of aromatic L-amino acids (42). Furthermore, Diao et al. (19) showed that benzoic acid could improve ADG and prevent diarrhea in weaned pigs by lowering the digesta pH and maintaining the composition of the microflora. Dietary benzoic acid has additional benefits of increasing the nutrient digestibility and improving growth performance (20–24). In conclusion, MB diet improved the growth performance of piglets, which provides new insights into the use of MB as an alternative antibiotic.

Previous studies demonstrated that weaning stress may lead to the inhibition of cellular antioxidant ability and an increase of oxidative stress (18, 43). Serum GSH-Px and SOD activities are used to evaluate non-enzymatic antioxidant defense and MDA is used as an indicators of lipid peroxidation (13). In this study, MB supplementation weaned increased serum SOD activity of SOD and decreased MDA content in weaned piglets. Previous studies found that natural antioxidants including phytochemicals, herbal plants, and vitamins exhibit antioxidant activity by scavenging reactive oxygen species (ROS) and free radicals that are present (44, 45). MCE has been shown to protect against the deterioration of physiological processes by scavenging ROS and inhibiting lipid peroxidation (12, 14, 46). Hui et al. (47) found that supplementing the diet of young pigs with 0.5% benzoic acid benzoic acid improved the activities of SOD and GSH-Px in the jejunal mucosa. Dietary supplementation with 125 mg/kg benzoic acid inhibited membrane lipid peroxidation by decreasing MDA production (48), similar results have been reported in vitro model (39). Data from the present study suggested that the dietary MB had a positive effect on the antioxygenic property in weaned piglets and MB did not cause oxidative stress. The available evidence suggests that dietary MB in weaned piglets may to deal with increased oxidative stress caused by weaning.

In this study, MB supplementation improved serum immunoglobulins (IgA, IgM) and IL-10 concentration in weaned pigs, which is consistent with previous studies in which supplemental 0.3 g/d MCE activated immune function and improved the growth performance of early weaned goats (38). Long et al. (49) reported that dietary supplementation with 2,000 mg/kg MCE increased the serum concentration of IgG and IgM in piglets. Serum immunoglobulins (e.g., IgG, IgA and IgM) are key indicators of immune function. Improved growth performance might be attributed to a more balanced immune steady state (50). The immune response is controlled by a complex interplay of various cytokines (11). Some proinflammatory cytokines and mediators (e.g., TNF-a, IL-6 and IL-1β) have been used as markers of anti-inflammatory activity in a dextran sodium sulfate colitis mouse model (51, 52), and IL-10 has anti-inflammatory properties and functions in immune regulation (53). Previous studies have found that dietary MCE supplementation decreased serum IL-6 and IL-1β concentrations and inhibited the progress of inflammatory disease (54). Supplementing the diet of weaned piglets with 0.8 or 1.6% benzoic acid was found to inhibit the expression of the inflammatory mediators TNF-a and IL-6 (10, 43). Furthermore, Niu et al. (44) reported that MCE supplementation increased serum IL-10 concentration. These results indicated that dietary MB may activate the immune system by reducing pro-inflammatory stimulus, and enhancing the anti-inflammatory response, suggesting that dietary MB can improve humoral immunity of pigs.

The intestine is not only a site of nutrient absorption, but also plays a crucial role in defending against external pathogens (20). A large ratio of villus height to crypt depth represents greater absorptive efficiency of the small intestine for nutrient absorption, and better resistance for disease (30, 43). However, deep crypts and short villi have been associated with increased incidence of disease (55). Halas et al. (20) reported that the addition of benzoic acid to the diet improved intestinal morphology and function in weaning pigs and then improved nutrient absorption. In this study, MB supplementation was associated with increased villus height in the duodenum and an increased V:C ratio in the duodenum compared with the CON group, both of which are indicative of improved intestinal health. Our study is consistent with previous reports that the supplementation 3.75 and 7.5 mg/kg MCE increased the V:C ratio and decreased crypt depth in the jejunum (56, 57). In addition, Lee et al. (12) found that dietary MCE supplementation resulted in a longer small intestine length, which increased nutrient utilization that was associated with improved growth performance in weaned pigs. Therefore, the improved intestinal morphology induced by MB treatment may indicate the maintenance of intestinal integrity and could contribute to an improvement in growth performance.

A balanced intestinal microbial environment plays a critical role in the development of intestinal morphology, and normal animal physiology, better control of intestinal pathogens and improved growth performance (58). In our current study, PCoA revealed that the microbial composition and structure of the CON differed from those of the AGP and MB groups, the microbial composition of weaned piglets in the MB group was similar to that of the antibiotic group. This suggests that the change in gut microbiota structure results from its accommodation to an intestinal environment created by adding MB or AGP to the diet. As described below, there were some changes in intestinal microbial composition and metabolism of cecal digesta. As weaning leads to structural changes in the small intestine and disturbance of the intestinal microbiota, resulting in the microbiota structure of the weaning changes (59). A broad pattern of dysbiosis in post-weaning diarrhea or diseases of pigs has been noted, characterized by an increase in Proteobacteria and other phylum (60). Escherichia coli and Escherichia-Shigella belonging to the Proteobacteria phylum can increase the occurrence of diarrhea (61), Streptococcus from the Firmicutes phylum can causes disease (35), while Actinobacteriota phylum is often found in stress-mediated environment (62). Lactobacillus is potentially protective of the intestine by producing antimicrobial substances that suppress the colonization of pathogenic bacteria (63). In this study, MB supplementation increased the abundance of Lactobacillus and decreased the abundance of harmful bacteria (i.e., Escherichia-Shigella and Streptococcus). Furthermore, Proteobacteria and Actinobacteriota in MB diet were effectively inhibited. Similarly, Diao et al. (19) reported that dietary supplementation with 5,000 mg/kg benzoic acid stimulated the growth of beneficial bacteria (i.e., Lactobacillus and Bifidobacterium) and suppressed pathogenic bacteria (i.e., E. coli) in weaned pigs. Bavarsadi et al. (56) reported that 3.75 and 7.50 mg/kg MCE suppressed E. coli and Salmonella counts in laying hens. In vitro, MCE has exhibited antimicrobial and biofilm-eliminated effects for Streptococcus (64). In addition, Yakhkeshi et al. (65) demonstrated that dietary supplementation with MCE modulated the intestinal microflora ecosystem by inhibiting the action of harmful bacteria and reducing the damage of intestinal epithelial cells by toxic compounds. To some extent, MB increased the intestinal beneficial bacteria population that may prevent diarrhea, keep weaned piglets healthy, and improve growth performance.

Further studies have found that dietary supplementation with MB positively modulated microbial metabolites, which may partially explain the bacteriostatic effect of MB. The intestinal digesta contains many microbial metabolites and fermentation products that reflect the status of microbial activity and intestinal health (19). The intestinal pH is associated with the proliferation of probiotics microbes, prevention of post-weaning diarrhea, and maintaining the activity of gut enzymes (21, 66). The study, results showed that dietary supplementation with MB increased the concentrations of acetate, propionate, butyrate, and total SCFAs in weaned pigs. Previous studies reported that benzoic acid regulated the production of acidic metabolites to suppress the colonization of pathogenic bacteria (67, 68). Yakhkeshi et al. (65) found that the lower pH values of the cecal in MCE-treated broiler chickens was mediated by increased SCFA concentration, which is consistent with our previous study (14). Thus, the results indicated that dietary supplementation with MB increased the SCFA concentrations and modulated microbial metabolic activity.



CONCLUSIONS

In conclusion, dietary supplementation with MB improved the performance of weaned pigs through improvement of antioxidant capacity, immunity, and intestinal function. The moderating effect of MB on intestinal function was associated with balanced microbial composition, favorable gastrointestinal environment, and maintenance of intestinal morphology integrity. The results support the use of Macleaya cordata extract and benzoic acid to replace AGP based on the positive effects on performance, serum immunity, anti-oxidation activity, and intestinal health in weaned piglets.
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Lactobacillus delbrueckii is a Gram-positive bacterium mostly used in the dairy industry for yogurt and cheese. The present study was designed to evaluate the effects of Lactobacillus delbrueckii on serum biochemical parameters, intestinal morphology, and performance by supplementing at a dietary level of 0.1% in diets for weaned piglets. Eighty healthy weaned piglets (initial body weight: 7.56 ± 0.2 kg) were randomly divided into two feeding groups with four replicates in each group (n = 10 animals per replicate); piglets were fed with basal diet (CON) or basal diet containing 0.1% Lactobacillus delbrueckii (LAC). The results showed that dietary supplementation of Lactobacillus delbrueckii improved growth performance and increased serum HDL and insulin levels in piglets on the 28th day of the experimental time (p < 0.05). The gut microbe analysis revealed that Lactobacillus delbrueckii significantly decreased the relative abundance of the phyla Bacteroidetes, but increased the relative abundance of the phyla Firmicutes. The Lactobacillus delbrueckii also significantly increased the relative abundance of Bifidobacterium and Lactobacillus at the genus level of the bacterial community in the ileum, but decreased the relative abundance of unclassified Clostridiales. Moreover, Lactobacillus delbrueckii improved mucosal morphology by obtaining higher intestinal villus height (p < 0.05), significantly increasing the concentrations of butyrate, isobutyric acid, and isovaleric acid in colonic chyme of piglets, but decreasing the intestinal pH at the duodenum and ileum on the 28th day of the experimental time. In conclusion, dietary supplementation of Lactobacillus delbrueckii in the diet of weaned piglets can improve intestinal morphology and modulate the microbiota community to promote growth performance.

Keywords: Lactobacillus delbrueckii, mucosal morphology, gut microbes, short chain fatty acids, weaned piglets


INTRODUCTION

Weaning is one of the most stressful stages in pig production. It could cause intestinal and immune system dysfunctions, resulting in compromised growth performance and inferior disease resistance of piglets (1, 2). Also, it could cause drastic changes in intestinal morphology, such as shortening of the villus, elongation of the crypt (3, 4), and even chronic impairment of the mucosal barrier function (5).

Probiotics are living non-pathogenic bacteria that have beneficial effects on the host animals by modulating their intestinal microbial structure, and they are used as feed additives in animal production (6). The effects of some probiotic strains on improvements of intestinal microbial balance were observed in piglets and poultry (7, 8). The gastrointestinal system has multiple functions such as maintaining humoral balance, secreting digestive enzymes, immunoglobulins, and other components, and it is also a barrier for the host to resist harmful pathogens and antigens. Many studies have found that Lactobacillus could improve intestinal morphology and gut microbiota to prevent intestinal barrier dysfunction (9, 10). Thus, Lactobacillus has been used to promote growth and intestinal integrity in animals. However, the mechanisms of how probiotic Lactobacillus worked were not fully elucidated.

In our previous study, oral administration of Lactobacillus delbrueckii to suckling piglets improved the immune response, intestinal morphology, barrier function, and growth (11). Lactobacillus delbrueckii is a Gram-positive bacterium mostly used in the dairy industry for yogurt and cheese, exerting beneficial probiotic roles (12). In addition, our previous results showed that dietary supplementation of 0.1% Lactobacillus delbrueckii improved the growth performance of fattening pigs (13). The current study was designed to evaluate the effects of Lactobacillus delbrueckii on serum biochemical parameters, intestinal morphology, and gut microbial construction by supplementing with Lactobacillus delbrueckii at a dietary level of 0.1% of the diets for the weaned piglets.



MATERIALS AND METHODS


Animals, Diets, and Experimental Design

Eighty healthy weaned piglets (Landrace × Yorkshire × Duroc) of mixed sex were randomly divided into two groups with four replicates (pens), each pen with 10 pigs (male and female half). The experiment started when the piglets reached 28 days of age after weaning. The control (CON) group was fed a basal diet (without antibiotic); the Lactobacillus delbrueckii (LAC) group was fed a basal diet containing 0.1% L. delhrueckii (1.0 × 1010CFU/g). Feed and water were provided ad libitum throughout the experiment period. The experimental lasted 28 days and was divided in two phases (phase I from d 1 to 14, and phase II from d 15 to 28). The basal diets were formulated based on the nutrient requirements of swine (NRC, 2012) (Table 1).


Table 1. The composition of the basal diet.
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Preparation of Lactobacillus delhrueckii

The Lactobacillus delhrueckii CCTCC M207096 was obtained from the microbiology laboratory of the College of Animal Science and Technology, Hunan Agricultural University, and prepared as microcapsule granules (1.0 × 1010 CFU/g) by the Hunan Pufeike Biotechnology Company. The Lactobacillus delhrueckii was enveloped by the binder, microcrystalline cellulose, and other excipients, followed by water granulation, shot blasting and drying, and finally prepared into particles. The Lactobacillus delhrueckii was heated during the processing. The number of Lactobacillus delhrueckii (1.0 × 1010 CFU/g) was measured by viable bacteria.



Sample Collection and Preparation

Feed intake per pen was recorded daily. The growth rate and feed conversion ratio (feed/gain) for two different experimental periods were calculated. At the 14th and 28th day of the experiment, four piglets (one per replicate) with medium body weights in each pen were selected. The blood samples for each selected piglet were collected by venipuncture into 15-ml tubes and centrifuged at 3,000 × g for 10 min at 4°C. The supernatants (serum) were collected for serum biochemical analyses. After blood collection, the piglets were slaughtered by exsanguination after electrical stunning.

About 2 g of digesta were taken from the middle of the ileum, cecum, and colon, respectively, after the weaned piglets were euthanized for analysis of microbial diversity. Feces (~1 g) were collected for short-chain fatty acid (SCFA) determination. Digesta and feces samples were separately stored at −80°C. The small intestinal sections, including the duodenum from the pyloric sphincter to the duodenojejunal bend, the jejunum, which ended at the attachment of the plica ileocecalis, and the ileal, which ended at the ileocecal opening (14), were quickly removed and divided into three parts. A segment (2 cm) of each intestinal section was collected for mucosal morphology analysis.



Serum Biochemical Parameters

The concentrations of total protein (TP), triglycerides (TG), total cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL), and the activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in the serum of the piglets were analyzed using the BS-200 automatic blood biochemical analyzer (Mindray, Shengzhen, China).



Measurement of Intestinal Mucosal Morphology

The 2-cm intestinal tissue samples were stained with hematoxylin and eosin (HE) as described previously (11). Villus height (from the villi tip to the villus–crypt joint) and crypt depth (from the villus–crypt joint to the base of the crypt) were measured under an Olympus Van-Ox S microscope (Opelco, Washington, DC, USA) using an image analysis software (Image-Pro, Media Cybernetics, Inc., Silver Springs, MD, USA). Ten sections were taken from each slice for the measurements. The villus height/crypt depth (V/C) value was calculated.



Measurement of Intestinal pH

Immediately after slaughtering, the pH values of the basal glandular areas of the small intestine, cecum, colon, and rectum were measured in situ. The pH values of the small intestine were measured at fixed points, which were at 1 cm distal from the pylorus, and at 1/16, 1/8, 1/4, 1/2, 3/4, and 4/4 of the length of the small intestinal sections. All pH measurements were tested by inserting the pH probe into the cavities through a small incision on the gut wall (portable Sentron pH meter type Argus with Lancefet probe, The Netherlands, Sentron Europe B.V., Roden,).



DNA Extraction and Cecal Microbiota Analysis of Fecal Samples

Total microbial genomic DNA samples were extracted using the QIAamp DNA Stool Mini Kit (QIAGEN, Inc., Netherlands) and stored at −20°C prior to further analysis. The concentration and quality of the extracted DNAs were determined by the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified by PCR with the forward primer 338F: 5′-ACTCCTACGGGAGGCAGCAG-3′ and the reverse primer 806R: 5′-GGAC- TACHVGGGTWTCTAAT-3′. Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μl of Q5 reaction buffer (5 ×), 5 μl of Q5 high-fidelity GC buffer (5 ×), 0.25 μl of Q5 high-fidelity DNA polymerase (5 U/μl), 2 μl (2.5 mM) of dNTPs, 1 μl (10 uM) of each forward and reverse primer, 2 μl of DNA template, and 8.75 μl of ddH2O. Thermal cycling consisted of initial denaturation at 98°C for 2 min, followed by 25 cycles consisting of denaturation at 98°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN, USA) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and paired-end 2′ 300-bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at the Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) (15, 16). The OTUs, alpha diversity, beta diversity analysis, and the microbiota structure analysis were done according to previously described procedures (17). OTU taxonomy was assigned by the Greengene database. For α-diversity analysis, Chao 1 index was calculated by Mothur, and the Shannon index was calculated by the R package “vegan” to estimate the bacterial community richness within each sample. β-diversity was assessed by MANOVA and principal coordinate analysis (PCoA).



Short-Chain Fatty Acid Quantification

Gas chromatography (Agilent 7890 A, Agilent Technologies, Santa Clara, CA, USA) was used to determine the concentrations of acetate, propionate, butyrate, i-butyrate, i-valerate, and valeric acid in colon contents according to the procedures described previously (18). One microliter of sample was injected into a 7890 Agilent gas chromatograph. Nitroterephthalic acid-modified polyethylene glycol column (DB-FFAP) was used for the gas chromatograph. The column temperature was operated at 250 to 280°C, and the carrier gas was 0.8 ml/min of high-purity N2. The minimum detectable thresholds for all volatile fatty acids (VFA) were 0.1 mmol/L.



Statistical Analysis

Data in tables and figures were expressed as means ± SEM and means ± SD, respectively, and data were analyzed by T-test using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). Significance was defined as a p-value < 0.05%. The statistical analysis used in the assessment of the microbial community structure of α-diversity and OTU counts were determined by T-test using SPSS 20.0 as well.




RESULTS


Growth Performance

The results of Table 2 shows the growth performance in the weaned piglets. For the phase I (1 to 14 d), phase II (15 to 28 d), and the entire experimental period, piglets in the LAC group had higher ADG and BW when compared with the CON group (p < 0.05). There were no differences (p > 0.05) in ADFI and FCR between the LAC group and the CON group at phase I and the phase II, but the LAC group had higher ADFI and lower FCR values than the CON group throughout the entire experimental period (p < 0.05).


Table 2. Effects of Lactobacillus delbrueckii on growth performance in weaned piglets.
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Serum Biochemical Parameters

The results of serum biochemical parameters are shown in Table 3. Although no significant differences on the serum concentrations of AST, LDL, TC, and TG were observed among groups throughout the entire experimental period (p > 0.05), the ALT concentration of piglets in the LAC group was lower than that in the CON group on the 28th day (p < 0.05). The TP concentration of piglets in the LAC group was higher than that in the CON group on the 14th day (p < 0.05). The HDL concentration of piglets in the LAC group was higher than that in the CON group on the 28th day (p < 0.05).


Table 3. Effects of Lactobacillus delbrueckii on serum biochemistry parameters in the weaned piglets.
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Intestinal Mucosal Morphology

The results of Figure 1 shows the morphologies of the intestinal mucosa in the duodenum, jejunum, and ileum. The villus height and V/C in the duodenum of the LAC group were not significantly affected throughout the entire experimental period (p > 0.05). The villus height, crypt depth, and V/C in the jejunum of the LAC group were not significantly affected on the 14th day (p > 0.05), but the crypt depth was lower, and the V/C was higher in the LAC group on the 28th day (p < 0.05). The villus height, crypt depth, and V/C in the ileum of the LAC group were not significantly affected on the 14th day, but the villus height and the V/C were significantly affected on the 28th day (p < 0.05).


[image: Figure 1]
FIGURE 1. Effects of Lactobacillus delbrueckii on the intestinal mucosal morphology of the weaned piglets. (A) Intestinal (a: duodenum; b: jejunum; c: ileum) mucosal morphology was observed (40 ×) in weaned piglets on the 14th day. (B) The villus lengths, the crypt depths, and the V/C of the intestinal sections on the 14th day. (C) Intestinal (a: duodenum; b: jejunum; c: ileum) mucosal morphology was observed (40 ×) in weaned piglets on the 28th day. (D) The villus lengths, the crypt depth, and the V/C of the intestinal sections on the 28th day. N = 4. Label (*) mean significant difference between the CON group and the LAC group (p < 0.05). CON, basal diet; LAC, basal diet with 0.1% Lactobacillus delbrueckii.




Intestinal pH

Figure 2 shows the pH values of the duodenum, jejunum, ileum, cecum, and colon. There were no significant differences in the intestinal pH between the two groups on the 14th day (p > 0.05), but the LAC group had lower pH values in the duodenum and ileum compared with the CON group on the 28th day (p < 0.05).


[image: Figure 2]
FIGURE 2. Effects of Lactobacillus delbrueckii on intestinal pH in weaned piglets. N = 4. Label (*) mean significant difference between the CON group and the LAC group (p < 0.05). CON, basal diet; LAC, basal diet with 0.1% Lactobacillus delbrueckii.




The Gut Microbiota Composition

To assess whether the gut microbiota was influenced by Lactobacillus delhrueckii, we performed α-diversity analyses on the digesta of the ileum, cecum, and colon. The results show that the dietary supplementation of Lactobacillus delhrueckii did have effects on Chao 1 and Shannon of the alpha diversity indexes of the microbial communities in the ileum, cecum, and colon (Table 4). At 14 days, piglets in the LAC group exhibited higher Chao 1 in the ileum, cecum, and colon (p < 0.05) when compared with piglets in the CON group. At 28 days, piglets in the LAC group exhibited higher Shannon indexes in the ileum (p < 0.05). Additionally, piglets in the LAC group exhibited higher Chao 1 in the cecum (p < 0.05) and higher Shannon indexes in the colon compared with the CON group (p < 0.05). However, β-diversity was not significantly different between the groups in the ileum, cecum, and colon (p>0.05), as shown in Figures 3A–C.


Table 4. Effects of Lactobacillus delbrueckii on the α-diversity of the microbiota in the weaned piglets.
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FIGURE 3. Effects of Lactobacillus delbrueckii on the β-diversity of the weaned piglets. (A) Microbial community β-diversity (unweighted Unifrac, p > 0.05) in the ileum of the piglets at 14 and 28 days, which was demonstrated using principal coordinates analysis (PCoA) of the unweighted Unifrac distance matrices. (B) Microbial community β-diversity (unweighted Unifrac, p > 0.05) in the cecum of the piglets at 14 and 28 days, which was demonstrated using principal coordinates analysis (PCoA) of the unweighted Unifrac distance matrices. (C) Microbial community β-diversity (unweighted Unifrac, p > 0.05) in the colon of the piglets at 14 and 28 days, which was demonstrated using principal coordinates analysis (PCoA) of the unweighted Unifrac distance matrices. Each dot represented one sample, and each group was denoted by a different color and shape. CON, basal diet; LAC, basal diet with 0.1% Lactobacillus delbrueckii.


The microbial compositions in the ileum, cecum, and colon of the weaned piglets are shown at the phylum level in Figure 4. The two main bacteria phyla were Firmicutes and Bacteroidetes in the ileum, cecum, and colon, with Actinobacteria, Proteobacteria, Cyanobacteria, and Tenericutes also presented in the three sections. The relative abundances of the different phylum in the gut are shown in Table 5. There were no significant differences in the relative abundances of bacterial phylum in the ileum between the LAC group and the CON group throughout the entire experimental period (p > 0.05). On the 28th day, piglets in the LAC group exhibited higher Firmicutes content in the cecum compared with the piglets in the CON group (p < 0.05). On the 14th day, the piglets in the LAC group exhibited higher relative abundance of Firmicutes but lower relative abundance of Bacteroidetes in the cecum compared with the CON group (p < 0.05). However, on the 28th day, the piglets in the LAC group exhibited higher relative abundances of Firmicutes and Fibrobacteres, but lower relative abundances of Bacteroidetes and Actinobacteria in the cecum compared with the piglets in the CON group (p < 0.05).


[image: Figure 4]
FIGURE 4. Effects of Lactobacillus delbrueckii on the bacterial community at the phylum level in the guts of the weaned piglets. AHM, AMM, and AJM represent ileum, cecum, and colon samples of the CON group, respectively; BHM, BMM, and BJM represent ileum, cecum, and colon samples of the LAC group, respectively; 14 and 28 represent the 14 and 28 days of the trial period, respectively.



Table 5. Effects of Lactobacillus delbrueckii on some bacterial phyla in the weaned piglets.
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Changes in the bacterial communities at the genus level were noticed in the ileum, cecum, and colon of weaned piglets between the two groups, which are shown in Figure 5. On the 14th day, piglets in the LAC group exhibited higher relative abundance of Bifidobacterium and Lactobacillus, but lower relative abundance of unclassified_Clostridiales in the ileum (p < 0.05). Moreover, piglets in the LAC group exhibited higher relative abundance of 02d06 and unclassified Clostridiales in the colon (p < 0.05). At the 28th day, piglets in the LAC group exhibited higher relative abundance of Lactobacillus, but lower relative abundance of unclassified_Clostridiales and p-75-a5 in the ileum (p < 0.05). Additionally, piglets in the LAC group exhibited higher relative abundance of unidentified_RF16, but lower relative abundance of 02d06 in the cecum on the 28th day (p < 0.05). Finally, the piglets in the LAC group exhibited higher relative abundance of unidentified Christensenellaceae, unidentified Lachnospiraceae, Ruminococcus, unidentified Mogibacteriaceae, Oscillospira, unidentified Ruminococcaceae, but lower relative abundance of Blautia in the colon on the 28th day (p < 0.05).
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FIGURE 5. Effects of Lactobacillus delbrueckii on the intestinal bacterial community at the genus level in the weaned piglets. CON, basal diet; LAC, basal diet group with 0.1% Lactobacillus delbrueckii; 14 and 28 represent the 14 and 28 days of the trial period, respectively. N = 4. Label (*) mean significant difference between the CON group and the LAC group (p < 0.05).




Short-Chain Fatty Acid Quantification

The SCFA concentrations in the colonic chyme are shown in Figure 6. No significant differences were observed in the total SCFA concentration in the colonic chyme between the LAC group and the CON group on the 14th day (p > 0.05). On the 28th day, the concentrations of butyrate, isobutyric acid, and isovaleric acid in the colonic chyme increased significantly in the LAC group (p < 0.05). However, there were no differences in the concentrations of acetate, propionate, valeric acid, and total SCFA in the LAC group compared with the CON group.
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FIGURE 6. Effects of Lactobacillus delbrueckii on the concentrations of the short-chain fatty acids in the colon digesta of the weaned piglets. CON, basal diet; LAC, basal diet group with 0.1% Lactobacillus delbrueckii; SCFA, short-chain fatty acid, including acetic acid, propionic acid, and butyric acid BCFA, branched-chain fatty acid, including isobutyric acid, isovaleric acid, and valeric acid. Total SCFA, total short-chain fatty acid, including acetic acid, propionic acid, butyric acid, isobutyric acid, isovaleric acid, and valeric acid. N = 4. Label (*) mean significant difference between the CON group and the LAC group (p < 0.05); 14 and 28 represent the 14 and 28 days of the trial period, respectively.





DISCUSSION

Probiotics have beneficial effects on the host by enhancing the growth performance and providing the immunological protection (19). Lactobacillus species are one taxon of the resident bacteria in the gastrointestinal tract of most animals, which are usually used as probiotics (20, 21). The results of the present study showed that dietary supplementation of Lactobacillus delbrueckii enhanced the ADG of the weaned piglets, which was consistent with the results of previous research that oral administration of Lactobacillus delhrueckii during the suckling period increased the ADG of pre-weaning piglets (11). One possible reason for the result could be the improvement in nutrient absorption. The phyla Firmicutes and Bacteroidetes were known for polysaccharide fermentation. It was reported that when the ratio of Firmicutes/Bacteroidetes improved, the host was able to absorb more energy from the diet, and the ability of energy storage was strengthened (22). Our results showed that Lactobacillus delhrueckii significantly increased the relative abundance of Firmicutes, but decreased the relative abundance of Bacteroidetes in the colon of the piglets. Additionally, there were more beneficial bacteria and less potential pathogenic bacteria in the Lactobacillus delhrueckii-treated group, which might contribute to the higher daily weight gain (22). In contrast, it was reported that dietary supplementation of multiple Lactobacillus (containing six strains of the genus Lactobacillus) has no effect on the daily weight gains of the weaning pigs (23). Such variable results might probably be caused by the variations in the genetic background, health condition, diet composition, and feeding method of the piglets.

The present study showed that dietary supplementation of Lactobacillus delhrueckii had limited effects on the serum biochemical parameters. Basal diet with 0.1% Lactobacillus delbrueckii did not affect the serum levels of AST, LDL, TC, and TG. These data indicated no negative actions of L. delbruecki on the lipid metabolism of the piglets. The HDL concentration of piglets in the LAC groups was higher on the 28th day than the CON group, indicating that supplementation of Lactobacillus delhrueckii enhanced the lipid utilization on the 28th day of the trial period. On the other hand, the TP concentration of piglets in the LAC group was higher on the 14th day. Changes in the serum level of TP reflected the utilization efficiency of proteins, that the serum total protein could be inhibited when the feed intake decreased (24). Our result indicated that supplementation of Lactobacillus delhrueckii could improve ADFI, representing the enhancement of the protein synthesis ability. The increased serum concentration of TP was suggested to be an indicator of enhanced immune capability, which was considered to be direct reference to the body's immune function (25). Lactobacillus delbrueckii did not affect the serum levels of AST and ALT of the piglets in the LAC group on the 28th day. AST and ALT were principally found in the liver and were considered to be biomarkers for liver cell damages (26). The lower ALT values in the piglets treated with Lactobacillus delhrueckii indicated that Lactobacillus delhrueckii might have protective effects on the liver functions. It was consistent with the previous result that Lactobacillus supplementation decreased the serum ALT levels in lactating sows (27). The effects of Lactobacillus delhrueckii on serum parameters might be related to the supplemented rate of Lactobacillus delhrueckii and the time range of the experiment.

In this study, we found that dietary supplementation of Lactobacillus delhrueckii had little effects on the intestinal mucosal morphology of piglets on the 14th day, but increased the villus height and V/C value in the ileum on the 28th day. A reduced number of proteobacteria and pH of the small intestine could improve the morphology of intestinal mucosa (28, 29). Increasing villus height and V/C value were widely recognized to improve the growth performance of piglets. The supplement of probiotics to weaning piglets and broilers caused higher villi in the small intestine and higher proliferation of the endothelial cell (30). However, the villus length, crypt depth, and goblet cell number in the small intestine of the weaned pig were not affected by the probiotic treatments (31). Such variable results might be attributed to the variations in the types of the probiotics, animals, and experiment times. Similarly, previous research demonstrated that oral administration of Lactobacillus delbrueckii during the suckling period improved the villus height (on day 21) and the V/C ratio (on days 21 and 28) of the jejunum in piglets after weaning (11). Hence, our results indicate that dietary supplement of Lactobacillus delbrueckii plays a beneficial role in improving the intestinal morphology and pH of the weaned piglets.

As observed in the present study, dietary Lactobacillus delhrueckii had significant effects on the Chao 1 and Shannon of alpha diversity indexes of the bacteria in the ileum, cecum, and colon. This result suggested that the diversity of microbial community changed with Lactobacillus delhrueckii supplementation. Dietary Lactobacillus delbrueckii had no effect on the phylum's abundance in the ileum of the weaned piglets. Basal diet with 0.1% Lactobacillus delbrueckii significantly increased the relative abundance of Firmicutes but decreased the relative abundance of Bacteroidetes in the colon. Taxonomic profiling data demonstrated that LAC increased the level of Firmicutes on the cecum and colon, but reduced the level of Actinobacteria on the colon. Supplementation of Lactobacillus-based fermentation product (1 × 1011 CFU Lactobacillus casei/kg) in the diet of weaned piglets was reported to reduce the population of E. coli in the cecum and Salmonella spp. in the ileum (32). Additionally, it was reported that the relative abundance of Firmicutes increased, and the relative abundance of Bacteroidetes decreased with an increasing body mass index (BMI) in humans (33). The dietary supplementation of Lactobacillus delbrueckii could increase the ADG of the weaned piglets. A possible explanation was that Firmicutes could promote carbohydrate absorption more effectively compared with the Bacteroidetes, therefore, causing more weight gain of the host (34, 35). The analysis of the bacterial community at the genus level in the ileum revealed that Lactobacillus delbrueckii significantly increased the relative abundance of the genus of Bifidobacterium and Lactobacillus, but decreased the relative abundance of the genus of unclassified_Clostridiales. It was reported that Lactobacillus was one of the main bacterial groups found in the gastrointestinal tract (36). The genus Bifidobacteria existed in the gastrointestinal tract in both animals and humans, and it helped to maintain the balance of microorganisms in the gastrointestinal tract by reducing the pathogenic microbes. Therefore, bifidobacteria was associated with good health status of the host (37, 38). Similarly, previous researches indicated that the addition of Lactobacilli isolated from gastrointestinal tract in piglets (Lactobacillus gasseri, L. reuteri, L. acidophilus, L. fermentum, L. johnsonii, and Lactobacillus mucosae) increased the numbers of lactobacilli and Bifidobacterium, and reduced the numbers of E. coli and aerobic bacteria in the jejunum, ileum, cecum, and colon mucosa (37, 39). The present experiment showed that the weaned piglets receiving the Lactobacillus delbrueckii diet had increased number of unidentified_RF16, Ruminococcus, unidentified_Ruminococcaceae, unidentified_lachnospiraceae, and unidentified Mogibacteriaceae, which were SCFA producers (40, 41). These results indicated that Lactobacillus delbrueckii could robust a more symbiotic intestinal microflora, which was a benefit to the host.

To further elucidate the underlying mechanisms of the administered Lactobacillus delbrueckii altering the gut health in piglets, the intestinal pH and the concentrations of SCFA in the colon were analyzed. Lactobacillus species could tolerate oxygen for short periods and alter the gut microbiota composition and the SCFA productions (42). As observed in the current study, dietary Lactobacillus delbrueckii significantly increased the relative abundance of the butyric acid, iso-butyric acid, and iso-valeric acid at the colon in phase II. The acetate produced by gut bacteria helped in reducing the permeability of the intestinal mucosal (39). In this study, the weaned piglets fed with a diet containing Lactobacillus delbrueckii had lower digesta pH in the duodenum and ileum, with a tendency toward a lower jejunum pH in phase II. In general, all Lactobacillus species could reduce pH by producing lactic acid as the final product in the carbohydrate fermentation, thus, inhibiting the colonization of the pathogenic bacteria (43). This finding was confirmed by our data showing that application of Lactobacillus delbrueckii produced higher SCFA in the colon and lowered the digesta pH in the duodenum and ileum of the piglets in phase II. Therefore, we concluded that Lactobacillus delbrueckii could improve the intestinal health of the piglets.



CONCLUSION

The present study demonstrates that dietary supplementation of 0.1% Lactobacillus delbrueckii could improve the mucosal morphology and cecal microflora of the weaned piglets, thus, improving the growth performance of the weaned piglets. These results indicate that Lactobacillus delbrueckii could be used as a potential feed supplement for weaned piglets.
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Early growth and development of the gastrointestinal tract are of critical importance to enhance nutrients' utilization and optimize the growth of poultry. In the current production system, chicks do not have access to feed for about 48–72 h during transportation between hatchery and production farms. This lag time affects early nutrient intake, natural exposure to the microbiome, and the initiation of beneficial stimulation of the immune system of chicks. In ovo feeding can provide early nutrients and additives to embryos, stimulate gut microflora, and mitigate the adverse effects of starvation during pre-and post-hatch periods. Depending on the interests, the compounds are delivered to the embryo either around day 12 or 17 to 18 of incubation and via air sac or amnion. In ovo applications of bioactive compounds like vaccines, nutrients, antibiotics, prebiotics, probiotics, synbiotics, creatine, follistatin, L-carnitine, CpG oligodeoxynucleotide, growth hormone, polyclonal antimyostatin antibody, peptide YY, and insulin-like growth factor-1 have been studied. These compounds affect hatchability, body weight at hatch, physiological functions, immune responses, gut morphology, gut microbiome, production performance, and overall health of birds. However, the route, dose, method, and time of in ovo injection and host factors can cause variation, and thereby inconsistencies in results. Studies using this method have manifested the benefits of injection of different single bioactive compounds. But for excelling in poultry production, researchers should precisely know the proper route and time of injection, optimum dose, and effective combination of different compounds. This review paper will provide an insight into current practices and available findings related to in ovo feeding on performance and health parameters of poultry, along with challenges and future perspectives of this technique.
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INTRODUCTION

In the modern poultry production system, the first reported chick embryos injection of thiourea was done by Grossowicz in 1946 to observe the effect in hatchling and post-hatch life (1), followed by thyroxin by Balaban and Hill (2). Later, in ovo technique (IOT) was first opted for vaccination against Marek's disease by Sharma and Burmester (3). Subsequently, the success of in ovo vaccination (IOV) has set forth a paradigm shift in the poultry industry by adapting IOT to harness more benefits by changing the embryonic milieu and improving the nutritional conditions of neonatal chicks. Besides IOV, this technology is being utilized with ramifications to deliver growth promoting compounds and nutrients at the embryonic stage (in ovo feeding, IOF) (4), to improve the performance and gut health of poultry (5), to determine the sex of the embryo (in ovo sexing) (6), and to initiate epigenetic changes that improve the health and production status of the poultry at post-hatch period (7). The term IOF, in ovo stimulation, in ovo injection (IOI), in ovo delivery (IOD), and in ovo supplementation (IOS) are often interchangeably used as they are not well-differentiated. Thus, this paper also often uses IOF, along with others, interchangeably for the same purpose.

Significant progress on the nutritional knowledge about the post-hatch birds has been generated. Like post-hatch nutrition, pre-hatch nutrition of the chicken embryo is also crucial. Since the incubation period influences embryonic development, hatchability, and post-hatch performance, the number of studies on IOF has risen in recent years.

Typically, a batch of hatch takes around 24–36 h (hatch window) to reach the optimum time to pull all the chickens from the hatcher (8). The sexing, vaccination, and transportation of the chicks from the hatcher to the farm during the hatch window aggravate the stress and debar the chicks from eating and drinking (9). IOF may ameliorate this stress.

Albumen, yolk, and eggshell are the repertoire of the energy and nutrition for the developing chicken embryo. During embryogenesis, different extraembryonic membranes–yolk sac, amnion, chorion, and allantois—play a role in nourishment, protection, respiration, and the storage of metabolites (10). Beneath the eggshell, through a series of developmental processes, a fertile egg transforms into a chick. This process of embryonic development occurs in three major phases—establishment of germ, embryo completion, and emergence (11). Roughly, each phase runs for a one-third period of incubation time. During the first phase, the embryo cannot receive enough oxygen from immature blood cells containing a budding vascular system (12) and compensates for this oxygen deprivation by generating metabolic energy via anaerobic glycolysis of stored glucose within the egg (11). At the second phase, the chorioallantois fully develops and starts balancing O2-CO2 demand at around Day 8 of embryonic development. This development enhances embryonic growth to reach a structurally complete chicken body around 14 days of incubation (11). The embryo starts thriving on the nutrients conserved within the egg—a rich source of proteins and lipids but a very low amount of carbohydrates (~1% of total nutrients) (10). When deficiency occurs at the second week of incubation, intervention through IOF or IOS helps deflect the effect of nutritional deficiency. During the last week of embryonic development, the embryo gets energy through gluconeogenesis in the liver and yolk sac (10). When yolk sac glycogen depletes, the yolk sac starts maintaining glucose homeostasis and acts as a source of nutrients. With the approach of time toward hatching, after 17 embryonic days (ED), the yolk is resorbed, changing the preference of the delivery route to the air sac and amnion (13).

This review aims to provide an overview of the in ovo methods, including the applications of IOT, routes and time of inoculation, the effects of IOT generated by different substances (summarized in Table 1) on embryo and post-hatch poultry, and the challenges and potential of this technique in the poultry industry.


Table 1. The effect of in ovo feeding of different biological compounds on performance and gut health variables of poultry.
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APPLICATIONS OF IN OVO TECHNOLOGY


In ovo Stimulation

Earlier injections into the air sac with prebiotics and synbiotics are aimed to modulate gut microflora and are called in ovo stimulation. Bioactive compounds are delivered to the early-stage embryos (up to 12 ED) through in ovo injection because they can stimulate the growth of microbes and can positively affect intestinal development and health (41). The chorioallantoic membrane (CAM) is highly vascularized at this stage. Thus, the prebiotics (small-weight oligosaccharides) can pass from the air sac to the blood vessels surrounding the embryo via passive transfer. The in ovo stimulation with prebiotics enhances the growth of indigenous microflora in the egg, leading to the growth of the microbiome with the embryo's development (41).



In ovo Feeding

Different nutrients are supplemented through amnion from ED 14 to ED 18. This supplementation is called in ovo feeding (Figure 1). This injection provides nutritional support to the pre- and post-hatch chicks (4). The IOF was initially intended to provide the nutrients required by the embryos and support the post-hatch chicks during the hatch window, but this technology is being used for supplementing different bioactive compounds in recent years (5).


[image: Figure 1]
FIGURE 1. Preferred time of in ovo inoculation for different bioactive compounds. For in ovo stimulation, supplements like prebiotics, synbiotics, and betaine are inoculated on ED 12. For in ovo feeding, the preferable time of supplementation is either ED14 (for carbohydrates, hormones, and alike compounds) or ED 17.5 (for probiotics, CpG-ODN, vitamins, amino acids, etc.).




In ovo Sexing

Sexing via IOT can contribute to a regime shift regarding animal welfare and ethical concerns by avoiding killing day-old male chicks in commercial layer production. This gender determination is of critical importance in broilers as well. The separation of males and females facilitates better management practices as their growth and maturation patterns differ (70). Some invasive and non-invasive methods are used for in ovo sexing. Invasive methods include quantifying DNA by spectroscopic assays (71) and measuring the concentration of estrogen sulfate (72) in the embryonic tissues. Among non-invasive methods, virus spectroscopy of eggshells (73), fluorescence spectroscopy of embryonic blood can be done within ED 3 to ED 4 (74), and hyperspectral imaging of down feathers around 14 ED (75). A non-invasive method is preferable as it can ward off the contamination of the embryo and the adverse effects on embryo development and hatchability. A non-invasive method consists of an electromagnetic radiation transmitter and detectors. This method can analyze the volatile organic compounds (a unique combination of compounds released by the chicken egg, which varies with male-female and fertile-infertile eggs) in the egg's air cell to determine the gender and fertility as early as Day 1 of incubation (70).



In ovo Chick Model for Epigenetic Research

The IOT has the potential to use chicken embryos as a powerful model for epigenetic research. The use of chicken embryos for epigenetic studies surpasses the benefits of mammalian models because the chicken embryo develops fast, the blastoderm is easily accessible, and the embryo grows external to the body (7).



In ovo Stress Model

The IOT can be used to understand the effect of the stressor during embryogenesis on the development of genotypic traits of chickens and other parameters—hatchability, late embryonic mortality, body weight, etc. In a study, the researcher injected egg with corticosterone at the rate of 10 ng/mL (corticosterone was diluted in 50–60 μl of sesame oil) of egg contents to simulate the stress in the embryos and compared the effects against different factors (maternal stress, strains of hen, sesame oil treatment) (76). The induced in ovo stress affected the sex ratio, late embryonic mortality, hatchability, and body weight at hatch and post-hatch periods.



In ovo Chick Model for Human Medicine

The chicken embryo model is a cheaper, faster, and reproducible technique that can be used to study the effect of different compounds during embryogenesis (77). Unlike other vertebrate animal models, the mother would not be affected or killed due to the adverse effect of the compounds of the investigation. This embryo has been used as a tool for in ovo electroporation (a precise delivery of genetic material) to study the developmental events, the effects of gene activation, or overexpression on downstream transcriptional regulation (77, 78).

The chicken embryo models have been used in the study of teratogenicity (79), disease development (39, 80), cell migration and histogenesis, and causal mechanisms of neurocrystopathies (abnormal specification, migration, differentiation, or death of neural crest cells during embryonic development) (81). In ovo transplantation of neural crest cells (NC) derived from keratinocyte cells (KC) showed that these NC-KC cells could migrate to the neural crest region, grow within the egg, and produce different NC derivates, which is the indication of maintaining their pluripotent state (82).

Despite many developments in the use of the in ovo chick model, this model cannot serve as a complete surrogate of human development because of the absence of protective mechanisms which are ensured by the fetus in the uterus (83).




ROUTES AND TIME OF IN OVO DELIVERY

It is crucial to consider the route and time of in ovo delivery of the compounds as it may affect the output of the intervention. Researchers use different routes for in ovo inoculation (Figure 2) to investigate the effects of various bioactive compounds. The IOI of amino acid into the eggs showed less hatchability when injected through the CAM or amniotic cavity than the eggs injected into the yolk sac or extraembryonic cavity (84). Typically, an air sac is targeted when the injection is made in the early phase of the incubation (45, 85). Amnion is targeted to deliver compounds in the amniotic fluid during the later phase of the incubation when the neonatal chicks inside the egg consume the amniotic fluids (29). The selection of the route depends on the type of biological compounds to be delivered. For probiotics administration, the efficiency of IOD into the air sac was compared with oral gavage, spray, and vent lip methods, where IOD showed a reduced efficiency in harnessing benefits and reducing Salmonella colonization in the challenged chickens (86). A bioluminescent non-pathogenic E. coli DH5α was injected into either the amnion or air cell regions of the embryos at ED 18 to measure bacterial load in different visceral tissues (87). The study suggested IOD into the amnion yields a higher bacterial concentration in the tissues, notably in the ileum and ceca, than injection into the air sac.


[image: Figure 2]
FIGURE 2. Sites of in ovo inoculation. Eggs can be inoculated through (A) air sac, (B) albumen, (C) yolk sac, (D) amnion, and (E) allantoic fluid.


The compounds are tested through different “trial and error” experiments to find a successful route of administration or qualify a compound for IOD. For example, corticotropin-releasing hormone (CRH) was injected into the air cell, albumen, and amniotic fluid during incubation, and the plasma level for the injected compound when assessed showed no difference than the non-injected control (58). The result disqualified the compound CRH for IOD as this failed to bring beneficial outcomes.

Nutrients are absorbed via different transporters. The abundance of the transporters and the pattern of mRNA expression of the transporters could dictate the choice of routes. Such as, the yolk sac translates a higher amount of sodium-dependent vitamin C transporter 1 (SVCT1) than amnion and is considered the optimum route for vitamin C inoculation (88).

The time of injection is determined by the type of compounds and the desired output to bring in the embryos. As HMB helps in forming the first generation of myoblasts and this formation occurs around 7 ED, injection of HMB into air cell on ED 7 showed more beneficial effect than injection into embryonic amnion on ED 18 (29).



TOOLS FOR IN OVO DELIVERY

Most of the researchers are using manual tools for in ovo delivery. These manual tools are time-consuming and often a limiting factor to scale up the sample size of research. However, with increasing demand from the breeder and hatchery, some companies manufacture IOD machines with efficiency. The machines can deliver biological compounds to eggs at the rate of 12,000–70,000 per hour, namely, Sanovo vax® automatic (62,000/h), Vinovo inject® flex (Liver embryo detection), Egginject® (60,000/h), Embrex Inovoject (70,000/h), and Embrex Inovoject (12,000–20,000/h). The machines have beneficial features, for example, automatic needle sanitation, dual needle system, vaccine saving technology, adjustable needle depth, candling technology, live embryo detection, and viable egg transfer.

In ovo injection of vaccines enormously reduces the time needed for vaccinating eggs in a large-scale hatchery and labor cost; increases the accuracy of vaccination and immunity; without significantly hampering the hatchability. But IOV may show some discrepancies depending on the route, embryonic growth, in ovo machines, and maneuvers related to vaccine production and aseptic delivery (89).



IN OVO DELIVERED BIOACTIVE COMPOUNDS AND THEIR EFFECTS


Vitamins

L-ascorbic acid ameliorates the stress-related responses when birds go through stress (90) due to the exposure of overheat during the end of the incubation (91).

IOF of ascorbic acid increased hatchability (14, 15, 18) but did not affect feed intake and growth parameters during the starter phase (15). However, it improved jejunal morphology (increased villus height, villus width, villus height: crypt depth ratio) and decreased cholesterol (15). In another study, IOF of ascorbic acid increased post-hatch growth, improved leg muscle development, and increased plasma antioxidant level in broilers (17). Zhang et al. (17) also reported that IOF of 3 and 6 mg ascorbic acid increased body weight (BW), average daily gain (ADG), and average daily feed intake (ADFI) during the grower phase (Day 14–28), but a high dose (36 mg) negatively impacted growth performance, and 12 mg beneficially decreased plasma Malondialdehyde at the grower and finisher phase of a bird's life (17). IOF of vitamin C increased plasma level of vitamin C in newly hatched chicks, decreased embryonic mortality, and increased hatchability (18, 88).

IOF of vitamin C resulted in the improved bone characteristics (tibia resistance and breaking strength) at post-hatch (15, 19) and helped in the development of cartilages and bones by improving bone mineral content and bone mineral density (19). Santos et al. (19) evaluated the effect at Day 43 and reported that IOF of broiler eggs with 4 μg of additive (30% chondroitin sulfate, 30% glucosamine, 5% vitamin C) in 100 μl water and addition of these nutrients in feed did not change the femur cartilage macroscopy, but synergistically improve the femur cartilage weight.

The IOF of vitamin C reduced the stress status of the spleen by regulating the expression of inflammatory cytokines at post-hatch Day 42 (18). Also, the IOF enhanced humoral immunity with increased immunoglobulin production and lysozyme activity at post-hatch Day 21, reflecting enhanced humoral immunity. Another study by El-Senousey et al. (20) also showed that IOF of 3 mg ascorbic acid through the air sac at ED 18 in the eggs of Chinese yellow broiler chicken improved immunity and increased the antioxidant production at Day 1. The immunological improvement was evident by a decrease in the mRNA level of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in the spleen. Also, the injection up-regulated the expression of antioxidant genes [Glutathione peroxidase (GSH-PX) and superoxide dismutase (SOD)]. The authors suggested that the reduced expression of the immune-related genes might be due to the production of antioxidants and the consecutive elimination of the reactive oxygen species by the antioxidants.

Vitamin C can increase DNA demethylation and histone demethylation, and influence the epigenome of the liver through regulating gene expression (16). Zhu et al. (16) found that IOF of vitamin C at ED 11 increased the gene expression of heat shock protein 60 (HSP60), pyruvate dehydrogenase kinase (PDK4), and secreted frizzled-related protein 1 (SFRP1) to protect the embryo against heat stress. But other studies did not show a similar epigenetic adaptation in combating embryonic heat stress (22, 23).

Vitamin D has two forms—vitamin D2 and vitamin D3. Vitamin D3, present in animal food, is more efficient to absorb than vitamin D2 of plant origin. But feeding broiler breeders with animal byproducts may increase the transfer of microorganisms to eggs during egg formation in the oviduct. So, the eggs might not get sufficient vitamin D3. But IOI of vitamin D3 may resolve the problem of microbial transfer.

Again, vitamin D increases calcium (Ca) absorption from the gut by genetic manipulation in enterocytes, increasing the production of Ca2+ transporter, calbindin D28K, vitamin D receptor, ATP-dependent Ca2+ pump and, thus, increasing calcium uptake (92). In the kidney, it increases Ca reabsorption and in bone, it increases osteoclasts formations and bone resorption. Understanding of embryogenic metabolism of vitamin D will determine the significance of IOF of vitamin D.

The CAM develops within 9 to 14 d of incubation, but this vascularized membrane first contacts the eggshell between 9 and 12 d of incubation. After the formation of CAM, the embryo shifts its source for calcium from yolk to eggshell. When the villus cavity expresses carbonic anhydrase to dissolute calcite from eggshells; and capillary-covering cells are fully differentiated, CAM starts to transfer calcium from eggshells (93). This transfer of Ca directly manifests in the mineralization of the embryo skeleton.

The Ca usage from the eggshell and Ca transport through CAM depends on vitamin D (94). Vitamin D deficiency in eggs may result in Ca deficiency, failure to achieve pipping pre-hatching position, which is required for the transition to pulmonary respiration, and develop hypoxia; and increased the incidence of late embryonic death (94). Reduced Ca dissolution from eggshells may end up with higher shell thickness. The embryo from an egg with less shell thickness has higher shell breaking strength, goes through successful pipping, and achieves higher hatchability (95).

IOI of 1.2 μg of vitamin D3, or a more active form of vitamin D3 [25(OH)D3] increases serum level of 25(OH)D3 in the broiler embryos of Day 19.25, but this injection does not affect hatchability and hatchling BW (24). But a later study by Fatemi et al. showed that IOI of a larger dose (2.4 μg) of 25(OH)D3 at Day 18 had increased the breast meat yield and BW by reducing the inflammatory response indicator (plasma alpha-1-acid glycoprotein) at post-hatch age (96). Vitamin D3 has a shorter half-life of 12–24 h, but 25(OH)D3 has 2–3 weeks (97, 98). So, 25(OH)D3 in the blood is available for later use and can be converted to calcitriol, an active form of vitamin D (24). IOI of 25(OH)D3 can be used to increase the serum concentration of vitamin D.

Bello et al. conducted a study by IOI of 0.2, 0.6, 1.8, or 5.4 μg of 25(OH)D3 at ED 18 in different treatment groups (25). Bone-breaking strength (BBS) was elevated due to increased bone Ca concentration in males on post-hatch Day 28 in all groups except embryos injected with 5.4 μg of 25(OH)D3, but females did not get any benefit regarding BBS. The authors linked this divergence of the effects to the sex hormone variation. The results of BBS from 5.4 μg dose did not conform to results from other doses, and this non-conformity was attributed to a toxic effect of 25(OH)D3 by the authors. In addition, they claimed that a single IOF of 25(OH)D3 cannot improve bone mineral density and percent residual bone ash; but can induce a right shift in bone mineral profile to achieve favorable Ca concentration. This gap of not achieving bone mineral density/stiffness and bone mineralization was fulfilled by IOF with a combination of organic and inorganic minerals and 25(OH)D3 (27).



Amino Acids and Their Metabolites

Heat stress (HS) generates reactive species. This HS causes oxidative stress that may lead to upregulation of the defense system to adapt the cells against the stress, lead to cell injury [oxidation of lipids, DNA, protein, etc. within the cell by reactive oxygen species (ROS), ionic imbalance, or activation of protease], and cell death (by apoptosis or necrosis) (99, 100). Cells respond to HS by producing heat shock protein 70 (HSP70), corticosterone (CORT) hormone to protect the cell. Methionine and cysteine play significant roles with their metabolites, such as S-adenosylmethionine (SAM), polyamines, taurine, and glutathione. Their presence is crucial also for protein synthesis, metabolic reactions, immune functions, and oxidation activities (101).

A combination of L-methionine and L-cysteine (5.9 and 3.4 mg, respectively), was injected at ED 17.5 in eggs which were incubated under heat stress (39.6°C for 6 h/d) from ED 10 to ED 18 (28, 102). This combination reduced the level of heat shock protein-90. IOI improved the values of total antioxidants capacity, GSH and GSH/GSSG in tissues, upregulated the expression of IGF-I and TLR4, 29% increase in villus area, reduced CORT concentrations, and lipid profile of hatched chicks. A significantly lower level of lipid and CORT indicates adaptation to HS.

Dietary supplementation of beta-hydroxy-beta-methylbutyrate (HMB), a leucine metabolite, can act as a precursor of beta-hydroxy-betamethylglutaryl coenzyme-A (HMG-CoA) and contributes to cholesterol synthesis, which is required for maximal cell functions and cell growth (29, 103). It decreases chicken mortality, increases carcass yield, and improves protein metabolism in muscle in case of attenuating proteolysis (104). A study by Tako et al. (31) showed that IOF of 1,000 μg of HMB on ED 17.5 through amnion enhanced the enterocyte proliferation and differentiation and on ED 20, reduced protein degradation, increased villus surface area at Day 3, and elevated BW at Day 10. In turkey, IOF of a combination of HMB, arginine, and egg white protein at ED 23 improved jejunal uptake of glucose and alanine during the post-hatch period and improved growth performance (30).

The IOF of HMB in the broiler eggs at ED 7 or ED 18 showed that the exogenous HMB could compensate for the metabolic deficiency of HMB in the embryo (29). This study showed that IOF of HMB could improve hatchability and increase the broiler's breast muscle size and BW in the post-hatch period. The authors suggested that the muscle hypertrophy was due to the stimulation of muscle protein, enhanced mitotic activity of satellite cells with upregulation of myogenic transcription factors-MyoD and myogenin, activation of GH-IGF-1 axis, and cholesterol synthesis by HMB. This cell proliferation can recover the muscle cells in the late embryonic stage when increased energy demand is met by producing glucose from muscle through gluconeogenesis (4).

Betaine, a metabolite of choline, donates a methyl group during the methylation process of DNA (105). Transcription factor Sterol regulatory element binding protein 2 (SREBP2) mRNA activates cholesterol biosynthesis gene to produce HMGCR mRNA. HMGCR increases cholesterol synthesis and CYP7A1 catabolizes cholesterol into bile acids. Betaine supplementation in mammals downregulates SREBP1, SREBP-1c, DGAT1, DGAT2, FAS, and HMGCR, which are required to synthesize and accumulate triglyceride, free fatty acids, and total cholesterol in the liver (106). Thus, betaine improves lipid profile. But this effect is not always consistent, and the effects on lipid profile vary with dietary formulations, dose of betaine, health, and stress (33). In a study, CORT downregulated LXR and CYP27A1 that contributed to cholesterol accumulation in juvenile chickens, but opposite results were demonstrated when CORT-induced embryos were supplemented with betaine (2.5 mg/egg at ED0) earlier (33). During HS, CORT secretion is increased and negatively changes the hepatic lipid profile. Betaine may be effective in alleviating HS, as this study also mimicked the HS by injecting CORT. Without CORT, IOI of betaine alone showed no effect on hepatic cholesterol profile in chickens in that study. The CORT-induced chickens showed CpG hypermethylation. The authors suggested checking the possibility of betaine deposition in eggs through dietary supplementation in laying hens and the efficacy in preventing CORT- or stress-induced cholesterol accumulation in the liver. Later in another study, when laying hens were fed a 0.5% betaine-containing diet for 28 days before egg collection, betaine was transferred to eggs (107). The authors failed to measure the maternal betaine in eggs and offspring liver but measured the epigenetic changes. Maternal betaine decreased the cholesterol biosynthesis enzymes SREBP2 and HMGCR but increased CYP7A1 which breaks down cholesterol to bile acids. Simultaneously, betaine increased hepatic mRNA and protein expression of low-density lipoprotein (LDLP) and reduced mRNA abundance of cholesterol acyltransferase 1 (ACAT1) that mediates cholesterol esterification. Betaine increased CpG methylation on the promoter regions for SREBP2 and ACAT1 but decreased for CYP7A1. Because of CpG methylation, SREBP2 and ACAT1 were downregulated, but CYP7A1 was upregulated. These epigenetic regulations of cholesterol metabolic genes in the offspring initiated by maternal betaine decreased hepatic cholesterol deposition. As the maternal betaine and IOI of betaine in CORT-induced embryo both showed improved regulation of hepatic cholesterol profile, betaine may be a good candidate for commercial IOF practice.



Carbohydrates

During late embryogenesis, the embryos generate glucose through glycolysis from their glycogen reserve in the liver, through gluconeogenesis from fat, or from protein; initially from amnion albumen, and then from muscle (4).

The IOF of carbohydrates and HMB through amnion on ED 17.5 in broiler chicken eggs increased the liver glycogen by two- to five-fold, elevated breast muscle size from hatch to post-hatch Day 25, enhanced the hatching process, and early development (4). In that study, the increase of the relative mass of the pectoral muscle was ascribed to the probable enhancement of the proliferation of embryonic and neonatal myoblasts and satellite cells due to the IOF. Similarly, IOF with dextrin and HMB-Ca salt in a saline solution increased glycogen reserves, BW, and pectoral muscle weight in both the pre-hatch and post-hatch period; and enhanced myoblast proliferation on ED 19, which remained higher until Day 5 of chicks (32).

The IOF of carbohydrates could play a role in gastrointestinal tract development by triggering goblet cells to produce mucin or increasing the mucin gene expression (35, 108, 109) and by increasing the villus surface area (109).

The IOF of glucose in broiler eggs increased the expression of humoral immune-related genes (IL-6 and IL-10), chicken growth hormone, and IGF-II during late-term embryonic and early post-hatch days (35). In the same experiment, fructose and ribose increased expression of IGF-II, mucin gene, and cellular immune-related genes (IL-2, IFN-γ, IL-12). In turkey, the humoral immune-response was significantly increased after IOF of 1 ml 10% glucose on ED 21 and on ED 25, but the cell-mediated immune response was not altered (36).

The IOF of carbohydrates showed inconsistent results regarding enhancing hatchability. IOF of carbohydrates increased hatchability in a study by Uni et al. (4), decreased hatchability in turkey (36), and delayed the hatching process in broiler chickens (37). The injection of 200 μl of a 0.75% saline solution containing a lower level of carbohydrates (1.5% maltose and 1.5% sucrose, or 2.5% maltose and 2.5% sucrose) increased hatchability, but a high level of carbohydrates (4.5% maltose and 4.5% sucrose) reduced hatchability in domestic pigeons (38). The decreased hatchability could have resulted from hyperglycemia caused by a high amount of carbohydrates injected into the embryo. A dose closer to 1 g/kg glucose can create a hyperglycemic condition in the embryos, leading to heart defects and/or limb defects, disrupted cell proliferation, apoptosis, and finally, may lead to embryonic death and reduced hatchability (39). These can be attributed to the differences in the type and volume of carbohydrates injected. Among other effects, IOF of carbohydrates may lower embryonic metabolism, lower the internal temperature of egg, and increase BW of hatchlings (37).



Prebiotics

Inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS), mannanoligosaccharides (MOS), xylooligosaccharides (XOS), and isomaltooligosaccharides are the common prebiotics that are supplemented and found to be beneficial for poultry growth and development (110). Carbohydrate-rich fibers (containing oligosaccharides, polysaccharides, etc.) are fermented in the ceca by microbes and produce short-chain fatty acids (SCFA) along with other metabolites and change the cecal microbial ecology, and promote gut health of host animals (110, 111). However, the fermentation characteristics and changes in the microbial ecology and other gut health markers may vary with carbohydrates or the fiber type (5, 40). Dietary prebiotics act as substrates for particular bacteria, facilitating the bacteria's growth and abundance (40). In ovo stimulation by prebiotics causes early-life microbial modulation, which can persistently affect intestinal histomorphology, nutrient uptake, and immunity (41).

Galactooligosaccharide showed a bifidogenic effect by increasing the relative abundance of Bifidobacterium spp in the cecum and decreased the number of Lactobacillus spp in the ileum by competitive exclusion in 42 days adult broiler chickens (41). In addition, the in ovo stimulation increased mRNA expression of cytokine genes (IL-1β, IL-10, IL-12p40) in jejunum and cecum, expression of MUC6 responsible for mucin production in goblet cells in jejunum and cecum, genes of intestinal integrity (CLDN1 and TJAP1), nutrient sensing genes (free fatty acid receptors–FFAR 2 and FFAR4) and showed a variation in the expression of glucose transporter genes (GLUT1, GLUT2, GLUT5) in the large intestine.

The GOS injected in ovo can dampen immune responses induced by heat stress in slow-growing chickens. GOS (3.5 mg/egg) delivered at 12 ED downregulated the cytokine (IL-10 and IL-1p40) expression in the chicken under chronic HS and reduced the level of expression in chickens under acute HS, dampened heat-induced Th2 immune responses, and activated oxidative stress responses (CAT and SOD) in chronic HS condition (42). In another study on heat-stressed chickens, IOF of GOS (3.5 mg/egg at ED12) increased BW and daily feed intake, improved FCR, and reduced foot-pad dermatitis. All of these are directly related to HS (43).

Zhang et al. (40) compared the effects of IOF on ED 12.5 of chitooligosaccharide (COS) and chlorella polysaccharide (CPS). They showed that an IOF of 5 mg COS altered the cecal microbiome by increasing the abundance of polysaccharide-utilizing bacteria (Lactobacillus crispatus, L. johnsonii, L. salivarius, Bacteroides coprophilus, B. coprocola, and B. salanitronis) and by decreasing the opportunistic pathogenic bacteria (Campylobacter jejuni, Clostridium perfringens, Collinsella stercoris, Corynebacterium efficiens, Fusobacterium mortiferum, Klebsiella unclassified, Shigella boydii, and Shigella sonnei); enriched the pathways of gluconeogenesis, L-isoleucine degradation, L-histidine biosynthesis, and fatty acid biosynthesis; and produced a higher amount of propionic acid. They concluded that COS outperformed CPS and control groups, and the response of the prebiotic COS improved with an increase in age.

In ovo techniques are being tried to deliver compounds as an alternative to AGP in poultry diets. A single IOF of Raffinose family oligosaccharides (RFO) in broilers functioned similarly to AGP in the poultry diets (44). In this study, RFO showed a dose-dependent effect in increasing the number of Bifidobacterium bifidum and Lactobacillus acidophilus (44). In other studies, RFO extracted from the seeds of Lupinus luteus L when injected in ovo (1.9 mg/egg) did not affect the body weight and FCR but increased meat oxidation and reduced the opportunistic pathogens (Clostridia) and coccidia (46), and reduced the hatchability (44). On the contrary, IOI of RFO purified from the seeds of Lupinus luteus L increased the BW and FCR in Cobb, Ross, and Hubbard broilers (44). The authors did not identify the reason for the reduced hatchability but pointed out some plausible reasons, such as injection route, type, and dose of bioactive compounds. Later, Berrocoso et al. used RFO with different dose rates (0, 1.5, 3.0, and 4.5 mg RFO/egg) and found that an increased dose of RFO increased the villus height and villus height: crypt depth ratio (45). They also found that the expression levels of CD3 and chB6 genes, which are T cell and B cell marker genes, respectively, were significantly enhanced by IOF of high dose RFO (4.5 mg/egg).



Probiotics

Probiotics help establish a beneficial gut microbiota that is congenial to the development of gut-associated lymphoid tissues and intestinal integrity (112–115). Probiotics of 17 species are most commonly supplemented in poultry feed as potential AGP (112). The complexity and relative abundance of the microbiome depend on the type of bacteria which colonize and perturb a previously almost empty niche at an early age (116). To harness the benefits of probiotics in prenatal chicks, in ovo method for delivering Lactobacillus reuteri to amniotic fluid of an embryonic chick was invented and patented for the first time in 1995 (117).

The B. bifidum ATTC 29521 and B. longum ATTC 15707, 200 μl when using the injected in-yolk route, improved live body weight, BWG, FCR, various hematological indices, and villi height without hampering carcass traits, and liver and renal functions (47). The probiotics produce vitamin B complex, different acids which lowered the pH that increased iron absorption from the small intestine, and the availability of vitamin B and iron escalate erythropoiesis (118).

Avian pathogenic E. coli may contaminate the egg through vertical transmission from the laying hen or through a horizontal way (through penetration of the eggshell by the microbe, or because of failure to maintain aseptic in ovo delivery practice) (48). A combination of lactic acid bacteria (LAB) of 10 different strains (1 Lactobacillus johnsonii, 3 Weissella confusa, 2 Lactobacillus salivarius, and 1 Pediococcus parvulus) was delivered in ovo in E. coli challenged embryos (48). The LAB significantly increased SCFA-producing Ruminococcaceae bacteria but reduced gram-negative bacteria of the Enterobacteriaceae family (such as E. coli) at hatch day and post-hatch Day 7. The IOI of individual probiotic species (Lactobacillus animalis ATCC 35046, Lactobacillus reuteri ATCC 2837, and Lactobacillus rhamnosus ATCC 23272), when injected on ED 18, showed no significant effect on the E. coli incidence at post-hatch period (119).

A probiotic culture, FloraMax-B11 (Pacific Vet Group USA® Inc., Fayetteville, AR), consisting of 2 strains of LAB: Lactobacillus salivarius and Pediococcus parvulus (120) when delivered in ovo at ED 18 with HVT vaccine against MD, did not reduce the efficacy of the vaccination and hatchability (49). Furthermore, in a study by Teague et al. (49), IOF of probiotic culture significantly reduced lactose positive Gram-negative bacteria and increased LAB in the gut, increased BW, improved villi surface area in the ileum, and reduced Salmonella enterica (SE) incidence during the first 7 days of life in the chickens challenged with SE at the day of hatch.

The pioneer colonizers of the gut at prenatal chickens can alter the protein expression, which regulates the immune and cytoskeleton development (50), and affect the development and diversity of microbiota in the intestine (51). When embryos were injected with different bacterial species (~10e2 cells of Citrobacter freundii 97A11 or Citrobacter spp. 97A4 or a mixed inoculum of L. salivarius and Pediococcus spp.) to observe the changes of proteomic expression at DOH, the bacteria-treated groups affected the expression of proteins differently and modulated different canonical pathways (e.g., adherens junction signaling and remodeling, actin cytoskeletal signaling, integrin-linked kinase signaling, calcium signaling, and tight junction signaling) by altering the expression of the proteins (actins, myosins, tubulins, and microtubules) related to those pathways (50). Only the LAB-treated group (L. salivarius and Pediococcus spp.) enhanced the gluconeogenesis, which is vital to support energy to the embryo and increased antioxidant capacity, whereas the Citrobacter-treated groups increased pro-inflammatory reactions and oxidative stress responses. Further, the LAB-treated group showed an upregulation of both peroxiredoxin-1 (PRDX1) and superoxide dismutase-1 (SOD1) which protects cells from free-radical damage caused by ROS and hydrogen peroxide, and ameliorate intestinal oxidative stress by converting hydrogen peroxide into water, respectively (100). Another experiment compared the LAB-treated group to two other groups with similar doses of in ovo bacterial inoculation (51). The exposure of LAB to the embryo improved the molecular profiles related to systemic immune processes better than the exposure of two other Enterobacteriaceae to the embryo. In addition, in ovo LAB exposure to the embryo reduced the Enterococcaceae and enhanced the abundance of segmented filamentous bacteria (SFB), a bacterial species named Candidatus savagella under the Clostridiaceae family, in the mucosa of the lower ileum, which induces maturation of immune system components with aging (51).

Bacillus spp.-based probiotics (two Bacillus amyloliquefaciens and one Bacillus subtilis; 3 × 10e11 spores/g) administered at 18 ED followed by a virulent E. coli seeder challenge at ED 19 significantly reduced gram-negative bacteria and thus reduced the risks associated with virulent E. coli horizontal transmission, infection of chickens during the hatch, and mortality (52). The probiotic injection increased the bacteria of Lachnospiraceae and Ruminococcaceae family but reduced Enterobacteriaceae. Likewise, E. faecium-treated chickens, either delivered through in ovo (amnion) or supplemented in feed during post-hatch, increased the protection against Salmonella colonization through competitive exclusion (53).

To evaluate the benefits of IOI of a combination or individual Enterococcus faecium and Lactobacillus animalis in an industry setting, a total of 2080 eggs divided into four different groups were injected with Invoject® technology (55). This probiotics mixture did not affect hatchability even at high concentrations (10e7 cfu/50 μl L. animalis and 10e6 cfu/50 μl E. faecium). In a comparative study of probiotics, E. faecium showed higher hatchability than B. subtilis (96.11 vs. 81.67%) (53).

IOI of Bacillus subtilis ATCC 6051 (10e3 to 10e6 cfu/50 μl/egg) significantly reduced the hatch of fertile eggs and increased mortality of embryos (56). In the same experiment, L. acidophilus and B. animalis showed no effect on hatchability. The authors opined that the nutrient competition between the Bacillus subtilis for sporulation and embryo for the hatch and the production of bacteriocins and enzymes (protease, amylase, and cellulose) might lead to the reduced hatch rate. A study showed that the effect of IOI of B. subtilits on the hatchability is serotype dependent (121). In that study, B. subtilis ATCC 8473 and B. subtilis ATCC 9466 did not affect the hatchability, but B. subtilis ATCC 6051 reduced hatchability to 17.3%.

The probiotic strains could be selected for IOF based on flux balance analysis which will help to generate the metabolites at the optimal level. As a very small number of microbes can be injected, the amount should be of more efficacious strains to change the metabolic atmosphere of the embryo gut.



Synbiotics

The IOI of bioactive compounds can induce epigenetic change by modulating embryonic gut microbiota. IOI of L. plantarum and RFO as synbiotics improved metabolic gene expression (downregulated ANGPTL4, upregulated NR4A3) in the liver, and the change was better than IOI of other synbiotics (L. salivarius and GOS) (57). But the Lactobacillus synbiotics in both combinations showed no change in the expression of immune-related genes (SYK and KLHL6) in the liver. But when a multi-strain Lactobacilli mixture (Lactobacillus salivarius, L. reuteri, L. crispatus, and L. johnsonii) was administered in ovo, the injection caused an elevated expression of cytokines in the spleen but a downregulated expression in the cecal tonsils (54). When birds were immunized with KLH (keyhole limpet hemocyanin), the Lactobacilli-treated groups showed enhanced serum IgG and IgM responses against KLH, which was an indication of the inability of the Lactobacilli to stimulate the T cells in the spleen in non-immunized chickens. However, sheep red blood cell (SRBC) immunization did not affect antibody production.

Duan et al. (122) studied the effect of IOF of L. plantarum and astragalus polysaccharide at ED 18.5. The IOF of this synbiotic improved the growth performance, immunity, and morphology of the small intestine and cecal microflora.

Inulin works better when used as a synbiotic (a combination with L. lactis subsp. Lactis IBB2955, and inulin) than as a prebiotic alone (123). This synbiotic was found to be conducive to improve the expression of the genes related to energy metabolism and immune responses in the spleen and cecal tonsils. The study by Dunislawska et al. (123) showed that these transcriptomic responses to in ovo stimulation last until post-hatch Day 35.



Hormones

Different hormones have been used in ovo with variable success. With an intent to find the effect of IOD of CRH in broiler embryos, 0.1, 1, or 2 μg of CRH was injected either through the air cell, albumen, or amniotic fluid on ED 18 in Cobb eggs or through the albumen daily from ED 10 to ED 18 (58). When repeated, the experiments did not consistently affect hatching time and were considered an unfeasible method in improving hatchery productivity.

An ontogenetic study (124) of thyrotropin-releasing hormone (TRH) concentrations in the brain of chicken embryos showed that TRH concentration increased toward the end of incubation, and the rise in hypothalamic TRH was almost 15 times from ED 14 to Day 1 of chicks. But extrahypothalamic and hypophyseal TRH levels decreased toward hatching; pituitary TRH started declining from its highest concentration of ED 14-ED 16 to five- to ten-fold lower at the end of incubation. The authors opined the tissue-specific fluctuations to the late maturation of the hypothalamic control and suggested that the IOD of TRH may compensate for that situation. TRH regulates the level of triiodothyronine (T3) and thyroxine (T4) production, and vice versa. The IOI of TRH improved hatchability and elevated embryonic blood plasma T3 and T4 in turkey (59) when injected either through the air cell membrane or through the small end of the eggs. Other than the variation due to the injection route, the study showed that the embryos of different strains of turkeys might respond differently to TRH.

IOI of 0.2 or 1 μg of corticosterone on ED 11 suppressed the post-hatch growth rate during the first 21 days of life, increased the aggressive behaviors (Day 28), elevated plasma corticosterone (Day 42), and downregulated hypothalamic expression of arginine vasotocin and CRH (60).

In a study, 65 ng of thyroxine was injected at ED 18, and the eggshell temperature was manipulated by exposing broiler chicken eggs to 15°C for 1 h on ED 11, 13, 15, and 17 (61). The injection of thyroxine and manipulation of temperature increased the number of first-grade chicks, decreased yolk sac weight, but increased body weight at hatch. Moreover, these chickens showed a reduced mortality rate when exposed to ascites-inducing conditions during 22–42 days post-hatch and developed ascites.



CpG Oligodeoxynucleotides

A chick's immune system is weak and incapable of defending against bacterial and viral infections at its first 2 weeks of age, which makes chicks prone to diseases (125). The outcomes from the pathogenic infection can be prevented by administering immuno-modulating agents such as synthetic oligodeoxynucleotides with non-methylated cytosine-guanine motifs (CpG ODN), poly[di(sodium carboxylatoethylphenox-y)phosphazene] (PCEP), PCPP, and loxoribine. CpG ODN binds TLR 21 of macrophages and dendritic cells and stimulates these cells to secrete cytokines and other effectors such as nitric oxide, IFN-α, IFN-γ, IL-1β, IL-6, and TNF-α (62, 64, 65, 126). This immunomodulator can activate the innate immunity rapidly, and its effect prevails for a long time (65, 127).

As a first attempt to examine the immuno-protective effect against intracellular S. typhimurium, IOI of 50 μg CpG-ODN at 18 ED was followed by the ST challenge (66). The injection increased the survival rate and decreased bacterial loads and pathology in the challenged birds. Similarly, the IOI of this immuno-stimulant showed immuno-protection against a lethal challenge of E. coli in neonatal chicks (63, 126) and SE (65). Allan et al. (62) compared the antibacterial protection against E. coli in neonatal chicks of CpG-ODN with polyinosinic:polycytidylic acid, cyclic polyphosphazene, and loxoribine. Their CpG injection resulted in a more than 80% survival rate from yolk sac infection and reduced embryo chick mortality.

In a study, 100 μl PBS solution containing 25 μg CpG-ODN was injected per embryo, the given CpG induced immune response against bacterial infection (65). At 2 days post-hatch, blood collected from treated birds had shown increased degranulation in heat-killed SE- or live SE-stimulated heterophils. But there was no effect in heterophil oxidative burst in either heat-killed SE- or phorbol myristate acetate-stimulated heterophils. In the same study, later, some chickens were challenged with S. enterica serovar Enteritidis on post-hatch Day 10, and cecal contents were collected on Day 16 to test the lasting effect of CpG. Owing to the increased heterophil function as an indicator of the lasting effect of CpG, there was an astonishing declination of SE by >10-fold in cecal contents.

Gunawardana et al. compared the efficacy of CpG-ODN formulated with carbon nanotubes or liposomes against unformulated CpG-ODNs to induce protection against E. coli infection (63). Embryonated eggs received 50 μg of either CNT-CpG-ODN, LSC-CpG-ODN, or unformulated CpG-ODN at ED18 (63). Formulated CpG-ODNs increased the survival rate, decreased bacterial loads, and clinical scores at E. coli challenged neonatal chickens. Other CpG formulated with polyphosphazenes such as Poly [di (carboxy-latophenoxy phosphazene) or PCPP, and Poly [di (sodium carboxylatoethylphenoxy) phosphazene] or PCEP can enhance CpG-induced immunity to create protection against bacterial infection in neonatal chickens (67). CpG may develop this protection against E. coli by enriching immunological niches in the spleen and lungs (69). This supplementation provided a higher and prolonged expression of lipopolysaccharide-induced tumor necrosis factor (LITAF), a pro-inflammatory cytokine, which improved the immune functions of the spleen and lungs in a similar study. As CpG activates TLR21 and increases LITAF, the author suggested TLR21-LITAF-mediated immune enrichment may increase the therapeutic application of CpG.

The antiviral role of CpG in chicken embryos was first demonstrated in a study where IOI of CpG ODN 2007 (B-class) at ED 18 showed increased expression of IFN-γ, interleukin (IL)-1β, IL-6, IL-8, 2′-5′-oligoadenyl synthetase A (OASA) mRNA in embryonic spleen tissue; and lessened the infectious bronchitis virus (IBV) replication in IBV challenged embryos (64). This supplementation showed antiviral activity by suppressing IBV N gene mRNA expression in various embryonic tissues. In addition, some interferon stimulating genes activate IFN-γ, IFN-γ expresses OASA proteins. Subsequently, OASA activation triggers RNAase L that inactivates viral mRNA and host cell 28S rRNA and prevents viral replication (64).

Encapsulated CpG was used as an adjuvant to check the effects of this in enhancing the efficacy of the herpes virus of turkey (HVT) vaccine for boosting immunity against Marek's disease (MD) (68). ECpG moderately improved the efficiency of HVT and reduced tumor incidence and MD virus load.



Other in ovo Supplements

Most commonly used supplements delivered through in ovo are discussed in this review. The review by Peebles (89) has discussed some other in ovo supplements.

Ncho et al. (128) reported that IOI of γ-amino-butyric acid (GABA), a non-protein amino acid, can increase total antioxidant capacity and reduce the adverse effects of heat stress by downregulating HSP70 gene expression.

Micromineral combination shows beneficial effects on embryo and post-hatch chicks. Oliveria et al. (129) showed that IOF of a combination of zinc, manganese, and copper enhances bone mineralization. However, the research articles on the use of nanoparticle-based in ovo delivery is scarce. As the interest in nanotechnology is increasing, the research related to IOF of nanoparticle-based minerals can contribute to the poultry industry. Such as, calcium carbonate nanoparticles at a dose rate of 500μg/mL can improve bone mineralization during embryo development (130).

Saleh et al. (131) aimed to investigate the effect of IOI of Clenbuterol on the embryos and post-hatch chickens. Clenbuterol in ovo reduced abdominal fat deposition. Moreover, this increased the growth efficiency by downregulating the myostatin gene and increasing protein synthesis.




CHALLENGES AND FUTURE POTENTIAL

The continuous development and improvement of in ovo technology have established a new scope for perinatal nutrition, allowing and creating new challenges and opportunities for poultry researchers to optimize poultry production. The administration of digestible nutrients in ovo can improve bird quality, increased glycogen reserves, fast development of the total digestive tract, superior skeletal health, better muscle growth rate, higher body weight gain, improved feed conversion, and enhanced immune function (89). However, the main limitations still are associated with embryo development and nutrient metabolism. Another question is a limitation in the preparation of supplements that fits the specific needs of the individual bird. Future early nutrition would be feeding complex nutrients and supplements that would replace feed additives and supplements in the post-hatch feed and would be more beneficial to the poultry industry. Also, there is a lack of standardized protocols for in ovo delivery of compounds into the eggs, which affects the response of IOF program. For example, a carrier or vehicle used as a diluent for the biological substances in IOD can reduce hatchability up to 10% compared with non-injected control (53). Also, the route, dose, method, and injection time severely affect the embryonic growth and post-hatch performance of chickens. Thus, there is a need to establish appropriate protocols for diluent(s), time, and route for the IOD of compounds.

Currently, researchers are interested in injecting one nutrient through in ovo techniques. But providing one specific nutrient to prevent one pathogenic infection is not economical and may leave the chickens susceptible to other microbial infections (132). But, adding nutrients to hatching eggs helps the chicken embryo get the required nutrients for embryonic and neonatal development, which can be considered a congruent biological nutritional support to the fetus in the mammals (4). Also, the response to supplements may vary with the strains of the chickens. Therefore, the investigations should focus on finding the optimal doses of supplements, their effects on immunomodulation, gut microbiota, etc.

Despite the challenges yet to be overcome, the in ovo technique has shown great potential for commercial adaption in the poultry industry. The automation of in ovo technology has reduced the labor cost, the risks of pathogenic contamination, and wastage of vaccines and bioactive inoculants as the in ovo delivery machines can self-sterilize, detect and inoculate only the viable embryos (133).



CONCLUSION

In ovo feeding is one of the latest and successful methods to feed embryos for improved performance and health during pre-hatch and post-hatch periods. It is crucial as it provides the chicks with sufficient nutrients and supplements during the lag period (from hatch to first feed in the production farm). Currently used materials for in ovo feeding include nutrients like glucose, amino acids, and vitamins, and supplements like probiotics, prebiotics, exogenous enzymes, hormones, vaccines, drugs, and other nutraceuticals. Several studies have shown that the in ovo injection of different compounds can increase the number of quality hatched chicks, decrease yolk sac weight, increase body weight at hatch and post-hatch period, reduce mortality, increase carcass yield, improve metabolism of nutrients, improve gut morphology, change blood histology, modify the regulation of transcription of different genes, boost immunity, and protect against harmful gut microbes through competitive exclusion. In ovo feeding of pre-, pro-, and synbiotics and CpG-ODN can reduce bacterial loads in the gut and reduce pathological conditions caused by bacteria in the challenged birds. Some studies have been done to evaluate the effect of a combination of compounds where the conclusion cannot be drawn which compound could be credited for the beneficial effects. Though the combination of supplements achieves a beneficial effect, it is important to understand the specific contribution of each ingredient in achieving the combined effect. This technique has been found to be promising in increasing the body weight of chicks on the day of hatch and at certain ages during the bird's life. Some bioactive compounds, when supplemented in ovo, showed beneficial effects akin to AGP. These compounds can be opted for in ovo inoculation to initiate the effect earlier in life. But to replace AGP throughout the post-hatch period, the effects of in ovo injection should be ensured through long-time trials expanding from the perinatal period to the marketable age of the poultry. The outcomes of an in ovo injection of a biological compound may vary according to species, strain, time, and route of injection. For commercial adaptation, the optimum injection procedures must be established to get reproducible results and broader application in commercial production systems.
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The gastrointestinal microbiota plays a pivotal role in maintaining animal health, immunity and reproductive performances. However, literature about the relationship between microbiota and reproductive performance is limited. The aim of the present study was to determine differences in the intestinal microbiota of broiler breeders with different egg laying rate. A total of 200 AA+ parent broiler breeders (41-week-old) were separated into two groups according to their different egg laying rate [average egg laying rate group (AR: 78.57 ± 0.20%) and high egg laying rate group (HR: 90.79 ± 0.43%). Feed conversion ratio (FCR), ovary cell apoptosis rate (ApoCR) and relative abdominal fat weight were lower (p = 0.01), while the hatchability rate of qualified egg was higher (p = 0.04) in HR group than that in AR group. Phascolarctobacterium abundance were lower (p = 0.012) in ileum of HR birds. Romboutsia (genus) in ileum was negatively related to the feed efficiency (r = −0.58, p < 0.05), Firmicutes (phylum) and Lactobacillus (genus) abundances in cecum were positively related to the egg laying rate (ELR) (r = 0.35 and 0.48, p < 0.05), feed efficiency (r = 0.42 and 0.43, p < 0.05), while Spirochaetes (phylum) and Sphaerochaeta (genus) abundances in cecum were negatively related to the ELR (r = −0.43 and −0.70, p < 0.05), feed efficiency (r = 0.54 and 0.48, p < 0.05), and positively related to ApoCR (r = 0.46 and 0.47, p < 0.05). Our results suggested that microbiota, such as Firmicutes (phylum) and Lactobacillus (genus) have positive relationship, while Spirochaetes (phylum) and Romboutsia (genus) abundances exert negative relationship with broiler breeders' reproductive performances.
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INTRODUCTION

Poultry meat is one of the most important sources of protein (meat and eggs) for human nutrition (1). Over the past years, a significant improvement in poultry production has resulted in extremely high level of efficiency in both broiler chickens and laying hens, with birds reaching 3 kg in body weight at 40 days of age and hens laying 500 eggs in 100 weeks (2). The microbiota is defined as the microbial community, including commensal, symbiotic and pathogenic microorganisms (3) which could interact with the host, resulting in the influence on metabolism, immunity and even behavior (4, 5). A normal and stable microbiota play a pivotal role in maintaining optimal gastrointestinal functionality, animal health, welfare and production performances (6). Accumulating evidences suggest that the intestinal microbiota could affect the poultry production (7, 8). The gastrointestinal (GIT) microbiota contributes to the regulation of fat deposition which in poultry seems to be independent of host genetics (9). These observations are not surprising considering that microbial metabolites such as short-chain fatty acids have been implicated in the modulation of energy metabolism (10). Furthermore, the microbiota can improve feed conversion efficiency as a consequence of their ability to synthesize beneficial nutrients such as vitamins (11, 12) and by improving the energy harvest from the diet, resulting in improved growth performances. Moreover, in addition to the well-known links between the GIT microbiota and the neuroendocrine function of the gut (13, 14), it has been shown that dysbiosis of the GIT microbiota can result in the activation of the immune system which in turn raise serum insulin levels and androgen production disrupting ovarian function (15). Indeed, in humans, polycystic ovary syndrome (PCOS) is associated with altered insulin sensitivity and hormonal imbalance (16). However, whether the GIT microbiota is involved in the regulation of ovarian activity in poultry is still not known.

In this study, we intended to explore the possible relationships between the GIT microbiota and ovarian function in broiler breeders with different egg laying rate.



MATERIALS AND METHODS


Birds, Experimental Design and Management

After the Pre-Test (Supplementary Materials and Method), a total of 41-week-old 200 AA+ parent breeders (live weight: AR: 4.08 ± 0.12 vs. HR:4.15 ± 0.07 kg) from the same flock and the same house were divided into two separate groups, according to their egg laying rate (ELR; AR: 78.57 ± 0.20% vs. HR: 90.79 ± 0.43%) (Supplementary Materials and Method). For each of the two groups 10 replicates of 10 birds each were enrolled in a 42-days trial. Breeders were subjected to artificial insemination every 4 days. All birds were fed restrictedly with the same diet (Supplementary Table 1) for about 162 gram per bird per day in order to avoiding the difference brought by feed consumption. Environmental temperature was maintained at 22 ± 1°C; the daily lighting schedule was 16 h light and 8 h dark. Birds had ad libitum access to water. This study was approved by the guidelines (SYXK2014-187) of the Animal Care and Use Committee of Sichuan Agricultural University and meets the guidelines set by the Regulations for the Administration of Affairs Concerning Experimental Animals of the State Council of the People's Republic of China.



Sample Collection and Measurements

Egg production, broiler breeder mortality, qualified egg (Except for: egg weight < 50 g or >75 g, misshaped egg, dirty egg, and sand-shelled egg) and feed consumption were recorded daily. The feed conversion ratio (FCR) was calculated accordingly. Hatchability was recorded at day 42. At end of the study, birds (20 birds/treatment) were sacrificed by CO2 suffocation and the ovary and intestines were removed for the measurement of relative weight and length. The content of the duodenum, jejunum, ileum and cecum was immediately transferred into 1.5 ml sterile centrifuge tubes for microbiota analysis. The ovaries were collected and placed into 4% paraformaldehyde (pH = 7.2) for cell apoptosis analysis.



Ovary Apoptosis by TUNEL Method

The ovary was quickly removed and placed into immediately into methyl aldehyde, then were histochemical stained using TUNEL technique by an in situ apoptosis detection kit (in situ cell death detection kit-POD, Roche Group, Switzerland). Using BA200Digital (Mike Audi Industrial Group Co., Ltd.) to image acquisition. Apoptotic color is light yellow or brown yellow, and negative expression is blue with white background. Totally, 100 images have been taken to measure the cell apoptosis, and apoptosis rate is defined as the percentage of apoptotic cells in 100 cells counted.



DNA Extraction and Microbiota Analysis

Total DNA was extracted from the chyme of duodenum, jejunum, ileum and cecum, using the TIANamp Bacteria DNA isolation kit (DP302-02, Tiangen, Beijing, China) according to the manufacturer's instructions. 16S rRNA genes of distinct regions (16S V4) were amplified. All PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs). Operate electrophoresis on 2% agarose gel to detect, PCR products, a bright main strip between 300–400 bp, were chosen. Then PCR products were mixed in equal density ratios. Then mixture PCR products was purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated via the TruSeq®DNA PCR-Free Sample Preparation Kit (Illumina, USA) following manufacturer's recommendations, index codes were added. Finally, the library was sequenced on an IlluminaHiSeq2500 platform and 250 bp paired-end reads were generated. Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged by using FLASH (Version 1.2.7), and then quality filtration was using QIIME (Version 1.7.0) to finish. Chimera sequences were removed using the UCHIME algorithm (17). Sequence clustering to generate operational taxonomic units (OTUs) with ≥ 97% similarity was performed via UPARSE.

The representative sequences of each OTU were aligned to the Silva Database(Version 128) based on the RDP classifier (Version 2.2) algorithm to annotate taxonomic information (18). Alpha diversity metrics (Observed-species, Chao1, Shannon, Simpson, ACE, and Good-coverage) were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). Beta diversity metrics (weighted UniFrac and unweighted UniFrac) were calculated with QIIME software (Version 1.7.0). PCoA analysis based on weight-unifrac was conducted with the WGCNA package, stat packages, and the ggplot2 package in R software (Version 2.15.3). Spearman analysis was conducted with the diversity/alpha diversity index package and the environmental factors package in R software. The sequence data reported in this study have been deposited in the NCBI database (http://www.ncbi.nlm.nih.gov/bioproject/663043, accession No. is PRJNA663043).



Statistical Analysis

Data of performance parameters was analyzed by independent-sample T-test in the SPSS version 25.0 statistical software package (IBM® SPSS® Statistics, New York, USA), differences among treatments were considered significant at p < 0.05. Each pen served as the experimental unit. For the microbiota data, alpha indexes were analyzed by Wilcox rank sum test, differences among treatments were considered significant at p < 0.05. Differences of relative abundance levels of the bacteria was analyzed by T-test, differences among treatments were considered significant at p < 0.05. AMOVA test was based on unweighted UniFrac distance, differences among treatments were considered significant at p < 0.05.




RESULTS


Reproductive Performance in Different Egg Laying Rate Breeders

There were no differences in average egg weight and qualified egg rates were observed between the two groups (Supplementary Table 2). Egg laying rate (p < 0.01) and hatchability of qualified egg rate (HQR; p = 0.04) were higher in HR group, as expected, while FCR was lower (p < 0.01) in the HR birds.



Gastrointestinal Organs Weight in Different Egg Laying Rate Breeders

Compared to the AR groups, birds in the HR group presented a lower abdominal fat content (p = 0.01), however no differences were observed for chicken weight, relative weight of crop, proventriculus, gizzard, intestines (duodenum, jejunum, ileum, cecum) (Supplementary Table 3) and length of intestines (Supplementary Table 4).



Ovary Cell Apoptosis in Different Egg Laying Rate Breeders

As shown in Figure 1, cell apoptosis rate (ApoCR) in the ovaries of the HR birds was lower than that observed in the AR group (p < 0.01).


[image: Figure 1]
FIGURE 1. Differences in ovary apoptosis rate (A) between AR and HR broiler breeders. Ovary of AR (B) and HR (C) birds; apoptotic cells are marked with red circle (n = 10); ** indicted significant difference between two groups (P < 0.01).




Microbiota Composition in Broiler Breeder With Different Egg Laying Rate

The present study obtained a total of 5,328,583 high quality 16S rRNA gene sequences from duodenum (1,253,578), jejunum (1,320,806), ileum (1,347,555), cecum (1,406,644), with an average of 83,259 sequences per sample and a range of 67,290–95,053. A total of 1,472 OTUs were identified at 97% sequence identity. A total top 10 phyla and top 10 genera were based on the identified OTUs. At phylum level, Firmicutes, Proteobacteria in duodenum, Firmicutes in jejunum and ileum, Firmicutes, Bacteroidetes in cecum were the predominant phyla (Figure 2A) (Table 1). At genus level, Lactobacillus, Unidentified_Chloroplast, Helicobacter and Bacteroides in duodenum, jejumum and ileum, Lactobacillus, Fusobacterium, Bacteroides, and Rikenellaceae in cecum were the predominant genera (Figure 2B) (Table 2). With the T-test, in ileum Pyhllobacterium (p < 0.01) and Phascolarctobacterium abundances were lower (p = 0.012) (Figure 2C) in HR, in cecum Ruminiclostridium_5 abundance was lower (p = 0.032) and Precotellaceae_UCG-001 abundance was higher (p < 0.01) (Figure 2D) in HR.


[image: Figure 2]
FIGURE 2. Differences in richness (A,B), diversity (C,D) index in the duodenum (AR.D), jejunum (AR.J), ileum (AR.I), cecum (AR.C) of AR and the duodenum (HR.D), jejunum (HR.J), ileum (HR.I), and cecum (HR.C) of HR (n = 8).



Table 1. Differences in the relative abundance of dominant microbiota (phylum) ratio in different intestinal segments between different egg laying rate broiler breeders (%) (n = 8)a.
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Table 2. Differences in the relative abundance of dominant microbiota (genus) ratio in different intestinal segments between different egg laying rate broiler breeders (%) (n = 8)a.
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Alpha Diversity of Microbiota in Different Egg Laying Rate Breeders

The Chao1 and ACE indexes were lower in duodenum and ileum of HR (p < 0.01) (Figures 3A,B) and Shannon index was lower in ileum of HR (p < 0.01) (Figure 3C). The Venn and Flower diagrams were used to describe common and unique OTUs between goups. In the duodenum, jejunum, ileum and cecum of the AR and HR birds, we observed, the common OTUs is 713, 595, 756, and 1,046, respectively (Supplementary Figure 1).


[image: Figure 3]
FIGURE 3. Differnces in relative abundance levels of the bacterial phyla (A) and genera (B) in the duodenum (AR.D), jejunum (AR.J), ileum (AR.I), cecum (AR.C) of AR and the duodenum (HR.D), jejunum (HR.J), ileum (HR.I), cecum (HR.C) of HR. T-test based on the relative abundance levels of the bacterial. T-test on ileal bacteria (C), caecal bacteria (D) at genus level (n = 8); ** indicted significant difference between two groups (P < 0.01).




Beta Diversity of Microbiota in Different Egg Laying Rate Breeders

As is shown in Figure 4, microbiota communities of duodenum, jejunum, ileum and cecum based on unweighted UniFrac distances with OTUs indicated that microbiota of AR and HR each formed a distinct cluster among all samples, and these clusters were separated from each other. Moreover, AMOVA results indicated that there was significant difference in bacterial communities in ileum of AR and HR (p = 0.01) (Supplementary Table 5).


[image: Figure 4]
FIGURE 4. Principal coordinate analysis (PCoA) of microbial comunities in the duodenum (A), jejunum (B), ileum (C), cecum (D), of AR and HR broiler breeders (n = 8).




Correlation Between Performance and Microbiota

As is shown in Table 3, 4, spearman correlation analysis was employed to explore correlations between microbiota and performance parameters (ELR, FCR, HQR) and ovary function (ApoCR) measured in this study. It has shown that Romboutsia (genus) abundance in ileum was negatively related to the feed efficiency (r = −0.58, p < 0.05), Firmicutes (phylum) and Lactobacillus (genus) abundances in cecum were positively related to the ELR (r = 0.35 and 0.48, p < 0.05), feed efficiency (r = 0.42 and 0.43, p < 0.05), while Spirochaetes (phylum) and Sphaerochaeta (genus) abundances in cecum were negatively related to the ELR (r = −0.43 and −0.70, p < 0.05), feed efficiency (r = 0.54 and 0.48, p < 0.05), and positively related to ApoCR (r = 0.46 and 0.47, p < 0.05).


Table 3. The correlation between dominant bacteria in the ileum with broiler breeders' reproductive performance (r).

[image: Table 3]


Table 4. The correlation between dominant bacteria in the cecum with broiler breeders' reproductive performance (r).
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DISCUSSION

The main function of the GIT is to digest feed and absorb nutrients. In the small intestine (duodenum, jejunum and ileum), the host absorbs mostly the nutrients of dietary origin (19), while in the cecum, the host absorbs nutrients produced by microbial fermentation (20, 21). It is well-accepted that productive and reproductive performances are influenced by absorption and utilization of nutrients in poultry. In the present study, even though both AR and HR birds were fed the same diet, we observed that abdominal fat was lower in the HR birds (the abdominal fat rate of two experimental groups is different at the beginning of the experiment), but both body and organ weight was not different from that of AR birds and FCR was lower in HR birds. That indicated nutrients requirement of two experimental groups were different, so HR group needed more energy because they produce more eggs and had better energy utilization. What's more, the abundance of Romboutsia (genus), a relatively higher abundance of bacteria in the ileum of HR birds, was positively correlated with FCR. Analysis to Romboutsia ilealis of the genome in the small intestinal tract revealed it had the ability to use carbohydrates. And multiple and partially redundant pathways for utilization of a wide array of relatively simple carbohydrates be identified, also, a whole-genome transcriptome analysis pinpointed components of the key pathways involved in the degradation of glucose, L-fucose and fructo-oligosaccharide in mice (22). What's more, Romboutsia sedimentorum abundances after utilizing glucose generated end products like acetic and iso-butanoic acids which were beneficial to reducing obesity (23) Therefore, in present study, the higher abundance of Romboutsia observed in the HR birds might be linked to the lower abdominal fat in HR birds, which suggests that energy and nutrients were not being diverted to abdominal fat deposit as observed in the HR birds. The fatty acid-induced cytotoxicity, namely lipotoxicity, of pancreatic β cells is associated with increased cellular palmitoyl-CoA that promotes ceramide accumulation and cell apoptosis (24). It has been reported that changes in ovarian function are accompanied by increased abdominal adiposity (25, 26) and that body fat is negatively correlated with fertility (27). These observations support our findings that ApoCR was higher in the AR birds.

The nutritional requirements of the gastrointestinal microbiota are species-dependent as bacteria need different dietary substrates for their growth and metabolic activity (21). In the present study, we observed that the duodenum and jejunum microbiota of AR birds have more richness than that of the HR ones, and the ileum microbiota was more diverse in the AR birds than in the HR ones. It is generally accepted that higher diversity and richness of gut bacteria is beneficial for host gut health, but higher microbe abundance could have resulted in a nutrients competition between the host and the microbes in small intestine because they use the same nutrient (carbohydrates, protein, etc.) as the substrate for proliferation (8, 21, 28). The lower feed efficiency (higher FCR) observed in the AR birds could support this hypothesis. In the present study, Firmicutes and Proteobacteria were the dominant phyla in the small intestines while Bacteroidetes was the dominant bacteria in the cecum. Lactobacillus was the dominant genus in the small intestines while Bacteroides was the dominant genus in the cecum. Similar observations have been made in broiler chickens and laying hens (29, 30). Diet is a well-known factor that can influence the microbiota composition and metabolic activity (31, 32). For example, an altered abundance of Bacteriodetes and Firmicutes abundances has been observed in animals fed a high fat diet (33, 34). Indeed, in present study, there was significant differences of bacterial communities in ileac tract of AR and HR with AMOVA test, while those in rest of tract of AR and HR were no significant.

It is worth noting that we observed a higher relative abundance of Phascolarctobacterium in the ileum of AR birds. A higher abundance of Phascolarctobacterium has been correlated with elevated oxidative stress in sows during late gestation and at parturition (35) and intestinal inflammation and pathology in humans (36). Finally, Phascolarctobacterium abundance seems to be correlated with increased body weight and fat mass, and altered metabolic profile (37). However, the abundance of Phascolarctobacterium in AR birds was not prevalence (comparative low, about 0.3%), further metabolite pathways analysis was needed to determine the efficiency of the Phascolarctobacterium in current study.

In our study we observed that Firmicutes (phylum) and Lactobacillus (genus) abundances in cecum were positively related to the reproductive performance (higher ELR, feed efficnecy, lower ApoCR). The Firmicutes/Bacteroidetes ratio is considered a biomarker of gastrointestinal functionality and can be indicative of eubiosis conditions in the gastrointestinal tract (38). It has been indicated that Firmicutes such as Lactobacillus and Lactococcus spp. have biotechnological value in fermentation and bacteriocin production, which may benefit the host and increase the reproductive performance. Spirochaetes (phylum) abundance in the cecum was positively correlated with FCR. Spirochaetes are responsible for infectious typhlitis in hens which is characterized by decreased egg production and increased the feed consumption (39). Broiler breeders infected by Spirochaetes had poorer feed conversion and the impact of the disease was also extended to their offspring, with chicks being weak, slow growing and with impaired gastrointestinal functionality (40). In this study, the lower productive and reproductive performances observed in the AR birds could be partially ascribed to the higher relative abundance of Spirochaetes in the cecum of the AR birds.



CONCLUSIONS

Overall, our findings suggest that higher diversity and richness of microbial communities in the small intestines negatively impact with reproduction. What's more, the higher relative abundance of Romboutsia (genus) and Spirochaetes (phylum) in the AR birds seems to be correlated to their lower reproduction performances, while the higher richness of Firmicutes (phylum) and Lactobacillus (genus) in cecum may benefit the reproductive performance of breeders.



IMPLICATION

A normal and stable microbiota play a pivotal role in maintaining optimal gastrointestinal functionality, animal health, welfare and production performances. In this study, we intended to explore the possible relationships between the GIT microbiota and ovarian function in broiler breeders with different egg laying rate. Our results suggest that microbiota, such as Firmicutes (phylum) and Lactobacillus (genus) have positive relationship, while Spirochaetes (phylum) and Romboutsia (genus) exert negative relationship with broiler breeders' reproductive performances. This study reveals one potential relationship between production performance and microbiota in poultry.
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Dietary Probiotics or Synbiotics Supplementation During Gestation, Lactation, and Nursery Periods Modifies Colonic Microbiota, Antioxidant Capacity, and Immune Function in Weaned Piglets
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This study was conducted to investigate the effect of dietary probiotics or synbiotics supplementation on colonic microbiota, antioxidant capacity, and immune function in weaned piglets. A total of 64 pregnant Bama mini-sows and then 128 of their weaned piglets were randomly assigned into control group, antibiotics group, probiotics group, or synbiotics group. The results showed that colonic Firmicutes and Bifidobacterium abundances in the probiotics group and total bacteria, Bacteroidetes, and Lactobacillus abundances in the synbiotics group were increased (P < 0.05), while Escherichia coli abundance in the synbiotics group was decreased (P = 0.061) compared with the control group. Firmicutes, Bifidobacterium, and total bacteria abundances were increased (P < 0.05) in the probiotics and synbiotics groups compared with the antibiotics group. Probiotics supplementation up-regulated (P < 0.05) the mRNA expression of GPR109A compared with the control and antibiotics groups. Dietary probiotics or synbiotics supplementation improved the antioxidant capacity by increasing (P < 0.05) the colonic CAT, GSH-Px, SOD, and T-AOC levels and plasma CAT, GSH, GSH-Px, and SOD levels and by decreasing (P < 0.05) the colonic and plasma MDA and H2O2 levels. Compared to the control group, the colonic IL-10, IFN-α, and sIgA concentrations and plasma IgA and IgM concentrations were significantly increased (P < 0.05) in the probiotics and synbiotics groups. Spearman's correlation analysis showed that the changed colonic microbiota, such as Lactobacillus and Bifidobacterium were correlated with the alteration of antioxidant indexes, cytokines, and immunoglobulins. In conclusion, dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods could be used as an alternative for antibiotics in terms of gut health of weaned piglets.

Keywords: antioxidant capacity, immune function, intestinal microbiota, probiotics, synbiotics, weaned piglets


INTRODUCTION

Weaning is a stressful event in the life cycle of pigs and is associated with the rapid shift in gut microbiota composition, reducing antioxidant ability and intestinal functions, eventually resulting in indigestion, diarrhea incidence, growth retardation, and even death (1, 2). Antibiotics have been widely used as a feed additive to prevent piglets from an intestinal infection and enhance growth performance. However, overuse of antibiotics has the risk of antibiotic-resistant microbes and environmental pollution, which have attracted more attention globally (3). Therefore, effective alternatives for antibiotics from natural sources are urgently needed to surmount its adverse effect.

Maternal microbiota can be transmitted to offspring through direct contact during parturition or breast milk during lactation, which can influence the neonates' gut microbiota colonization (4, 5). The early colonization of intestinal microbiota is an essential stimulus for the development and shaping of immunity in the mucosa (6). Probiotics refer to live microorganisms, which are administered in adequate amounts and confer microbial balance, particularly in the gastrointestinal tract (7). Several studies demonstrated that the provision of probiotics could optimize the intestinal microbiota composition, present significant antioxidant abilities, and improve immune function in weaned piglets (8–10). When xylo-oligosaccharide (XOS) are used together with probiotics, they are called synbiotics, which can reconstruct intestinal microbiota by promoting the proliferation of probiotics bacteria (11). In humans, maternal probiotics consumption during the gestation and lactation periods has been demonstrated as a strategy to influence infant health (6). Maternal dietary supplementation with probiotic species, including Lactobacillus helveticus BGRA43, Lactobacillus fermentum BGHI14, and Streptococcus thermophilus BGVLJ1-44 can improve microbiota diversity in neonatal piglets (12). In addition, dietary supplementation with Bacillus subtilis C-3102 to sows during gestation and lactation periods and to progeny after weaning modified the fecal microbiota population in sows and nursery piglets (13). Our previous studies also demonstrated that dietary supplementation with compound probiotics (L. Plantarum B90 and S. cerevisiae P11) or synbiotics (compound probiotics + XOS) during pregnancy and lactation periods can improve piglet's survival and lipid metabolism by altering gut microbiota diversity and composition (14, 15). However, the long-term effect of providing probiotics or synbiotics to sows and their offspring on the colonic microbiota, antioxidant capacity, and immune function in weaned piglets is still unclear.

In this context, we hypothesized that dietary probiotics or synbiotics supplementation might enhance the antioxidant capacity and immune function by modifying the intestinal microbiota community in weaned piglets. Therefore, we aimed to investigate the effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the colonic microbiota community, antioxidant capacity, and immune function in weaned Bama mini-pigs. The Bama mini-pigs is an indigenous “fatty” strain in China with smaller sizes and delicious meat. Thus, this study could also provide a potential approach to improve the intestinal health of Chinese indigenous pig breeds.



MATERIALS AND METHODS


Animals, Experimental Design, and Diets

The animal experiment was conducted in a mini-pig farm of Goat Chong located in Shimen Town, Changde City, Hunan Province, China. A total of 64 pregnant Bama mini-pigs in parity 3–5 with a similar body condition were randomly allocated to one of four groups (16 sows per group), representing the control group (basal diet), antibiotics group (basal diet + 50 g/t virginiamycin), probiotics group (basal diet + 200 mL/d probiotics fermentation broth per pig), and synbiotics group (basal diet + 200 mL/d compound probiotics fermentation broth per pig + 500 g/t XOS), respectively. The probiotics fermentation broth was purchased from Hunan Lifeng Biotechnology Co., Ltd., and contained viable L. Plantarum B90 BNCC1.12934 ≥ 1.0 × 108 CFU/g and S. cerevisiae P11 BNCC2.3854 ≥ 0.2 × 108 CFU/g. The XOS contained xylobiose, xylotriose, and xylotetraose (accounting for ≥35%), and was provided by Shandong Longlive Biotechnology Co., Ltd. From mating to day 110 of gestation, the sows were assigned to individual cages (2.2 × 0.6 m). Thereafter, the sows were moved to individual farrowing pens (2.2 × 1.8 m) with a heated floor pad for piglets and ad libitum access to water for both sows and piglets until weaning.

After weaning at 28 days of age, two piglets close to the average body weight were selected per litter, and four piglets in the same group were fed in one pen, and eight pens (replicates) per treatment (n = 8). After transferred to a nursing facility, the weaned piglets were treated with the same additive as their sows for 1 month: control group (basal diet), antibiotics group (basal diet + 40 g/t virginiamycin), probiotics group (basal diet + 30 mL/d probiotics fermentation broth per pig), and synbiotics group (basal diet + 30 mL/d probiotics fermentation broth per pig + 250 g/t XOS), respectively. The experimental design schematic was shown in Supplementary Figure 1.

The trail period was from sow mating to offspring 30 days after weaning. The sows were fed with pregnant diets from day 1 after mating to day 104 of gestation, and fed with lactating diets from day 105 of gestation to weaning. The basal diet composition and nutrient levels for the sows and piglets met the Chinese nutrient requirements of swine in China (NY/T65-2004) (16), and the premixes met the NRC recommended requirements (NRC, 2012) (Tables 1, 2). Animals were provided with water ad libitum throughout the trial. The pigs were fed twice daily (At 8:00 and 17:00) and changed with their body condition.


Table 1. Composition and nutrient levels of basal diets for sows (air-dry basis; %).
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Table 2. Composition and nutrient levels of the basal diet for weaned piglets.
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Samples Collection

On day 30 after weaning, eight piglets from each group (one piglet per pen) were selected to collect blood samples (10 mL per piglet) from the precaval vein into heparinized vacuum tubes. The plasma was separated by centrifugation at 3,500 g for 10 min at 4°C and immediately stored at −20°C for analysis of cytokines, immunoglobulin (Ig), antioxidant enzymes, H2O2, and MDA. The sampled animals were exsanguinated after electrical stunning (120 V, 200 Hz). The colonic contents (middle position) were collected and stored at −80°C for microbiota composition analysis. Colon tissue (middle position) was excised and their contents were flushed with ice-cold phosphate buffer solution. Then the mucosa scrapings (~2 g) were collected and immediately frozen in liquid nitrogen and stored at −80°C for analysis of cytokines, sIgA, antioxidant enzymes, H2O2, and MDA.



Microbiota DNA Extraction and Real-Time Quantitative PCR Analysis

Total genomic DNA was extracted from 300 mg fresh colonic luminal contents by using Mag-Bind® Stool DNA Kit (Omega, Guangzhou, China) after chemical and mechanical disruptions. The abundances of total bacteria, Bacteroidetes, Bifidobacterium, Clostridium cluster IV, Escherichia coli, and Lactobacillus, were quantified by real-time polymerase chain reaction (RT-PCR) using specific primers (Supplementary Table 1) and SYBR Green Premix (Takara Biotechnology, Dalian, China) in the LightCycler® 480 II Real-Time PCR System (Roche, Basel, Swiss). The standard curves of each bacterial gene were generated with 10-fold serial dilutions of the 16S rRNA genes amplified from the respective target strains. The PCR reaction mixture and PCR amplification condition were following the instructions of SYBR Green Premix (Takara Biotechnology, Dalian, China). The melting curves were checked after amplification to ensure single product amplification of consistent melting temperature. Quantification of 16S rRNA gene copies in each sample was performed in triplicate, and the mean gene expression 2−ΔΔCt value was calculated. The data were expressed as Lg gene copies/g contents (18).



Colonic Mucosa RNA Extraction and Real-Time Quantitative PCR Analysis

Total RNA of the colonic mucosa was extracted using the TRIZOL reagent (Magen, Guangzhou, China) according to the manufacturers' protocol. The total RNA (1,000 ng) was reversely transcribed into cDNA using a PrimeScrip RT reagent kit with gDNA Eraser (TaKaRa Biotechnology, Dalian, China). The two-step qRT-PCR analysis was performed on the LightCycler® 480 II Real-Time PCR System (Roche, Basel, Swiss) with the SYBR® Premix Ex Taq™ (TaKaRa Biotechnology, Dalian, China). Pig-specific primers were designed and synthesized by Sangon Biotech (Shanghai) Co., Ltd., China (Supplementary Table 2). The RT-qPCR was performed in a 10 μL reaction system, including 0.25 μL of each primer, 5.0 μL SYBR® Premix Ex Taq, 2.0 μL cDNA, and 2.5 μL of double-distilled water. The PCR cycling conditions referred to the instructions of SYBR Green Premix. The relative changes in gene expression were calculated by the 2−ΔΔt method normalized to housekeeping gene β-actin.



Colonic Mucosa and Plasma Redox Status Analysis

Colonic mucosa samples (about 0.1000 g) were homogenized with ice-cold physiologic saline (1:9, w/v) and centrifuged at 2,000 g for 20 min at 4°C, and the supernatant was obtained for further analyses. The colonic protein concentration was quantified using the Pierce BCA Protein Assay Kit (CoWin Biosciences, Jiangsu, China).

The plasma and colonic mucosa antioxidant enzymes (CAT, SOD, GSH, and GSH-Px) and MDA levels were measured using the commercially available ELISA assay kit (Jiangsu Yutong Biological Technology, Jiangsu, China), as per the manufacturer's instructions. The T-AOC activity and H2O2 concentration were detected following the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The absorbance values were read on a Multiscan Spectrum Spectrophotometer (Tecan, Infinite M200 Pro, Switzerland). All the redox-related indexes of colonic mucosa were normalized to the total protein concentration of each sample.



Colonic Mucosa and Plasma Immunoglobulins and Cytokines Analysis

Colonic mucosa samples were prepared as mentioned above. The total protein content of colonic mucous was quantified using the Pierce BCA Protein Assay Kit (CoWin Biosciences, Jiangsu, China). The immunoglobulins and cytokines in the plasma and colonic tissues were measured using the commercially available ELISA kits (Jiangsu Yutong Biological Technology, Jiangsu, China), as per the manufacturer's instructions. The absorbance levels were read on a Multiscan Spectrum Spectrophotometer (Tecan, Infinite M200 Pro, Switzerland). The concentrations of Ig and cytokines in the intestinal mucosa were standardized to the total protein in each sample.



Statistical Analyses

Data were analyzed by one-way ANOVA and multiple comparisons with the Bonferroni-correction method using SPSS 22.0 statistical package (SPSS Inc., Chicago, IL). All data were expressed as the means ± standard error of the mean (SEM). The significance value and a trend toward differences were set at levels of P < 0.05 and 0.05 ≤ P < 0.10, respectively. The R package of “Hmisc” was used for calculating the Spearman's correlation coefficient.




RESULTS


Microbiota Abundances in Colonic Contents

As shown in Figure 1, compared with the control group, the abundances of Firmicutes and Bifidobacterium were higher (P < 0.05), and the abundances of total bacteria (P = 0.073) and Bacteroidetes (P = 0.067) were trends toward an increase in the probiotics group; dietary synbiotics supplementation increased (P < 0.05) the abundances of total bacteria, Bacteroidetes, and Lactobacillus, as well as Firmicutes (P = 0.083), while decreased (P = 0.061) the abundance of E. coli. In addition, compared with the antibiotics group, the probiotics supplementation increased (P < 0.05) the abundances of total bacteria, Firmicutes, and Bifidobacterium; the synbiotics supplementation increased (P < 0.05) the abundances of total bacteria and tended to increase (P = 0.079) the abundance of Lactobacillus. However, antibiotics treatment did not affect the determined bacterial species in piglets.


[image: Figure 1]
FIGURE 1. Effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the copy numbers [Lg (copies/g)] of major bacteria community in the colon contents of weaned piglets. Data are means ± SEM (n = 8). a–c represents statistically significant differences among the four groups (P < 0.05).




SCFA Transporters and Receptors in Colonic Mucosa

As shown in Table 3, dietary probiotics supplementation upregulated (P < 0.05) the mRNA expression of GPR109A compared with the control and antibiotics groups. However, there were no significant differences in the mRNA expression of FFAR2, SLC5A8, SLC16A1, and SLC27A4 among the four groups.


Table 3. Effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the mRNA expression of short-chain fatty acid (SCFA) transporters and receptors in the colonic mucosa of weaned piglets.
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Redox Status in Colonic Mucosa

As presented in Figure 2, the CAT, GSH-Px, SOD, and T-AOC levels were higher (P < 0.05) in the probiotics group, while the concentrations of MDA and H2O2 were lower (P < 0.05) compared with the control group. The CAT, GSH-Px, SOD, and T-AOC levels were increased (P < 0.05), while the concentrations of H2O2 and MDA were decreased (P < 0.05) in the synbiotics group compared with the control group. Similarly, the SOD, CAT, and GSH-Px activities were increased (P < 0.05) while the concentrations of H2O2 and MDA were decreased (P < 0.05) in the antibiotics group. Compared with the antibiotics group, the SOD activity was increased (P < 0.05) while the H2O2 concentration was decreased (P < 0.05) in the probiotics group; the MDA concentration was lower (P < 0.05) in the synbiotics group.


[image: Figure 2]
FIGURE 2. Effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the redox status in the colonic mucosa of weaned piglets. Data are means ± SEM (n = 8). a–c represents statistically significant differences among the four groups (P < 0.05). CAT, catalase; GSH, glutathione; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; T-AOC, total antioxidant capacity; MDA, malondialdehyde.




sIgA and Cytokine Concentrations in Colonic Mucosa

As shown in Figure 3, no significant differences in IL-2, IL-6, and TNF-α concentrations were observed among the four groups. Compared with the control group, the colonic sIgA, IL-10, and IFN-α concentrations were higher (P < 0.05), and the IFN-γ concentration tended to increase (P = 0.074) in the probiotics group. Synbiotics supplementation increased (P < 0.05) the sIgA, IL-10, and IFN-α concentrations compared with the control group. Dietary antibiotics supplementation tended to increase (P = 0.099) sIgA concentration, but not cytokine concentrations. Compared with the antibiotics group, the concentrations of sIgA (P < 0.05) and IL-10 (P = 0.067) were increased in the probiotics and synbiotics groups.


[image: Figure 3]
FIGURE 3. Effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the concentrations of cytokines and sIgA in the colonic mucosa of weaned piglets. Data are means ± SEM (n = 8). a,b represents statistically significant differences among the four groups (P < 0.05). IL-2, Interleukin-2; IL-6, Interleukin-6; IL-10, Interleukin-10; TNF-α, Tumor necrosis factor-alpha; IFN-α, Interferon-alpha; IFN-γ, Interferon-gamma; sIgA, secretory immunoglobulin A.




Redox Status in Plasma

As presented in Figure 4, compared with the control group, the CAT, GSH, GSH-Px, SOD, and T-AOC levels were increased (P < 0.05), while the MDA and H2O2 concentrations were decreased (P < 0.05) in the probiotics group. Similarly, the CAT, GSH, GSH-Px, and SOD levels were significantly higher (P < 0.05), while the MDA and H2O2 concentrations were remarkably lower (P < 0.05) in the synbiotics group compared with the control group. Likewise, the CAT, GSH-Px, and SOD activities were increased (P < 0.05) while the H2O2 concentration was decreased (P < 0.05) in the antibiotics group compared with the control group. Compared to the antibiotics group, the GSH, SOD, and T-AOC levels were increased (P < 0.05) and GSH-Px tended to increase (P = 0.083) in the probiotics group, as well as the CAT and GSH activities in the synbiotics group.


[image: Figure 4]
FIGURE 4. Effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the redox status in the plasma of weaned piglets. Data are means ± SEM (n = 8). a–c represents statistically significant differences among the four groups (P < 0.05). CAT, catalase; GSH, glutathione; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; T-AOC, total antioxidant capacity; MDA, malondialdehyde.




Immunoglobulin and Cytokine Concentrations in Plasma

As shown in Figure 5, there was no significant difference in IL-2, IL-6, IL-10, and TNF-α concentrations among the four groups. Compared with the control group, the concentrations of IgA (P < 0.05), IgM (P < 0.05), and INF-γ (P = 0.084) were increased in the probiotics group. Similarly, the IgA, IgM, and INF-γ concentrations were increased (P < 0.05) while the IFN-α concentration was decreased (P = 0.095) in the synbiotics group. The IgA and IgM concentrations were increased (P < 0.05) in the antibiotics group compared with the control group. Interestingly, the IgM concentration was higher (P = 0.060) in the probiotics group than in the antibiotics group.
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FIGURE 5. Effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on the cytokines, IgA, and IgM concentrations in plasma of weaned piglets. Data are means ± SEM (n = 8). a–c represents statistically significant differences among the four groups (P < 0.05). IL-2, Interleukin-2; IL-6, Interleukin-6; IL-10, Interleukin-10; TNF-α, Tumor necrosis factor-alpha; IFN-α, Interferon-alpha; IFN-γ, Interferon-gamma; IgA, immunoglobulin A; IgM, immunoglobulin M.




Correlation of Colonic Microbiota Abundance and Immune and Redox Indexes Levels in Colon and Plasma

As shown in Figure 6, total bacteria abundance was positively correlated (P < 0.05) with colonic T-AOC level and plasma IgM and GSH levels, but negatively correlated (P < 0.05) with colonic H2O2 and MDA concentrations and plasma H2O2 concentration. Firmicutes abundance was positively correlated (P < 0.05) with colonic SOD and T-AOC levels and plasma GSH and SOD levels, but negatively correlated (P < 0.05) with colonic MDA and H2O2 concentrations and plasma H2O2 concentration. Bacteroidetes abundance was positively correlated (P < 0.05) with colonic sIgA, IFN-α, SOD, and T-AOC levels and plasma IgA, SOD, and CAT levels. Lactobacillus abundance was positively correlated (P < 0.05) with colonic sIgA and SOD levels and plasma IgA and SOD levels, but negatively correlated (P < 0.05) with colonic MDA concentration and plasma MDA and H2O2 concentrations. Bifidobacterium abundance was positively correlated (P < 0.05) with colonic sIgA, GSH-Px, and SOD levels and plasma IgM, IFN-γ, GSH, GSH-Px, and SOD levels, but negatively correlated (P < 0.05) with plasma MDA and colonic H2O2 concentrations. Colonic sIgA and IL-10 concentrations were positively correlated (P < 0.05) with plasma IgA, IgM, and IFN-γ concentrations. Colonic IFN-α concentration showed positive correlation (P < 0.05) with plasma IgA and IgM concentrations. Colonic CAT, GSH-Px, SOD, and T-AOC levels showed a positive correlation (P < 0.05) with plasma CAT, GSH, GSH-Px, and SOD levels, but were negatively correlated (P < 0.05) with plasma MDA and H2O2 concentrations. Colonic MDA and H2O2 concentrations were negatively correlated (P < 0.05) with plasma CAT, GSH, GSH-Px, SOD, and T-AOC levels, but positively correlated (P < 0.05) with plasma MDA and H2O2 concentrations. Colonic CAT, GSH-Px, SOD, and T-AOC levels showed a positive correlation (P < 0.05) with colonic IL-10, IFN-α, and sIgA concentrations and plasma IgA and IgM concentrations. Colonic MDA and H2O2 concentrations were negatively correlated (P < 0.05) with colonic IL-10, IFN-α, and sIgA concentrations and plasma IgA, IgM, and IFN-γ concentrations.
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FIGURE 6. Correlation analysis of colonic dominant microbial abundance, immune marker, and antioxidant indexes levels in colon and plasma. The R package of “corroplot” was used for generating the heat maps. The blue represents a significant positive correlation, and the red represents a significant negative correlation. Asterisks indicate statistically significant difference: *P < 0.05; **P < 0.01; ***P < 0.001. CAT, Catalase; GSH, glutathione; GSH-Px, glutathione peroxidase; IFN-α, Interferon-alpha; IFN-γ, Interferon-gamma; IgA, immunoglobulin A; IgM, immunoglobulin M; IL-2, Interleukin-2; IL-6, Interleukin-6; IL-10, Interleukin-10; MDA, malondialdehyde; sIgA, secretory immunoglobulin A; SOD, superoxide dismutase; T-AOC, total antioxidant capacity; TNF-α, Tumor necrosis factor-alpha.





DISCUSSION

The dietary intervention of intestine microbiota composition during pregnancy and lactation periods have been proposed as a possible strategy to regulate the immune system and intestinal microbiota in offspring (6, 19–21). Probiotics intervention on sows has been reported to influence the development of intestinal microbiota of piglets (12, 22). In this context, the present study determined the effect of dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods on colonic microbiota population, antioxidant capacity, and immune function in weaned piglets. The results showed that dietary probiotics or synbiotics supplementation during gestation, lactation, and nursery periods could increase the abundances of generally beneficial bacteria (Bifidobacterium and Lactobacillus), decrease E. coli, and enhance the immunity and antioxidant capacity in the colon and plasma of offspring weaned piglets.

Dietary probiotics or synbiotics supplementation is usually considered an effective way to positively modulate the intestinal microbiota in weaned piglets (9, 23). Based on the colonic microbiota analyses, we found that dietary probiotics or synbiotics supplementation significantly increase the relative abundances of Firmicutes and Bacteroidetes. The Firmicutes is the dominant microbiota in the gut that was reported to affect the metabolic capacity of the gut microbiota and enhances the body's ability to acquire energy from diets (24). Bacteroidetes generally produce butyrate, an important energy source for intestinal epithelial cells, and promote the proliferation of crypts (25). Our findings suggested that long-term dietary probiotics or synbiotics supplementation increased the bacteria associated with energy metabolism, which might benefit the energy recycling and intestinal development of weaned piglets. We also found that the abundances of Bifidobacterium and Lactobacillus were significantly increased in probiotics or synbiotics-treated piglets and numerically higher in antibiotics-treated groups. These two bacteria, as potential probiotics, were reported to be the health-promoting bacterium (26). An increase in E. coli amount was shown to be associated with the development of intestinal disease (27). The present study also showed that synbiotics treatment decreased the E. coli abundance, suggesting that the synbiotics addition can protect the gut from bacterial infection. Moreover, Bacteroidetes was reported to limit the intestinal colonization of potentially pathogenic bacteria (28), which was consistent with a decrease in E. coli.

The colon contains the trillions of commensal microbiota which is involved in the fermentation of indigestible carbohydrates and proteins (29). The fermentation products, such as short-chain fatty acid (SCFA), enter the colon cells via special receptors and transporters and present important roles in gut health status. The SCFA absorption can be greatly enhanced by two different solute transporters, the proton-coupled monocarboxylate-transporter 1 (MCT1/SLC16A1) and sodium-coupled monocarboxylate-transporter 1 (SMCT1/SLC5A8) (30, 31). Alternatively, GPR109A, FFAR3 (GPR41), and FFAR2 (GPR43) as the SCFA receptors are activated mainly by SCFA (32). In the present study, the GPR109A expression was upregulated in the probiotics-treatment group, suggesting that the colonic absorption function for SCFA was enhanced.

It is universally accepted that antioxidant enzymes, including CAT, GSH, GSH-Px, and SOD, are the important components in the body's antioxidant system, as they can catalyze a variety of chemical reactions related to reactive oxygen species and play a vital role in self-defense (33). MDA is a marker of lipid peroxidation, the concentration of which directly reflects the degree of oxidative injury (34). Probiotic species defense against the damage of ROS by involving both enzymatic (SOD and CAT) and non-enzymatic components. For example, L. fermentum treatment could increase T-AOC activity, decrease the ROS level by NOS1-mediating NO production in the intestinal epithelial cell (35); and L. delbrueckii supplementation elevated T-AOC and GSH levels while reduced MDA concentration in the intestine of LPS-changed piglets (36); long-term administration of L. Plantarum B90 and S. cerevisiae P11 increased the levels of CAT, T-AOC, SOD, GSH, and GSH-Px while decreased MDA concentration in the colon and plasma of piglets. Research has shown that oral supplements of combined fructo- and xylo-oligosaccharides during the perinatal period significantly diminished SOD and CAT activities in the brain of maternal and offspring in rats (37). In the present study, the synbiotics (XOS + compound probiotics) treatment also significantly improves the antioxidant capacity in the colon and plasma of weaned piglets. In addition, our study also showed that antibiotics treatment can improve colonic and plasma CAT and GSH-Px levels while decreased colonic MDA and plasma H2O2 concentrations which is consistent with the previous study (38). Both Lactobacillus and Bifidobacterium, as commonly used probiotics, play a vital role in improving the antioxidant capacity of the host. Bifidobacterium animalis 01 were reported to scavenge ROS, including hydroxyl radical and superoxide anion while enhancing the antioxidase activity of mice (39). Lactic acid bacteria (LAB) strains can scavenge free radicals, including peroxide radicals, superoxide anions, and hydroxyl radicals (40, 41). Correlation analysis revealed that the Lactobacillus abundance was positively correlated with the SOD activity in colon and plasma, while negatively correlated with colonic MDA concentration and plasma MDA and H2O2 concentrations, suggesting that the enhanced antioxidant ability in antibiotics, probiotics, and synbiotics groups may be due to the increased colonic Lactobacillus abundance. In addition, the plasma GSH, GSH-Px, and SOD levels and colonic GSH-Px and SOD activities were positively correlated while colonic H2O2 and plasma MDA concentrations were negatively correlated with Bifidobacterium abundance, suggesting that the enhanced antioxidant ability in the antibiotics, probiotics, and synbiotics groups may partly be due to the increased colonic Bifidobacterium abundance. Based on these findings, we hypothesized that dietary antibiotics, probiotics, and synbiotics supplementation enhance the antioxidant ability of the host partly resulting in alteration of intestine microbiota composition.

Several studies demonstrated the immune modulator properties of probiotic bacteria. Bifidobacterium lactis (B. lactis) is the most widely studied strain among Bifidobacterium species, which has been reported to enhance T lymphocytes and NK cell activity (42). Daily supplementing B. lactis HN019 to pregnant women increases cord blood and blood IFN-γ level compared with the placebo group (43). Correlation analysis revealed that plasma IFN-γ was positively correlated with colonic Bifidobacterium abundance, suggesting that an increase in plasma IFN-γ level in the probiotics and synbiotics groups may be due to the increase in colon Bifidobacterium. The increased colonic inflammatory cytokines may decrease susceptibility to infection by pathogens, which is consistent with the reduced E. coli abundance.

sIgA is the major regulator in the local immune barrier of the intestine, contributing to maintaining intestinal homeostasis (44). Therefore, intestinal sIgA level was used as an indicator to evaluate the immunity function of the intestinal mucosa. A previous study showed that probiotics could induce intestine mucus production and macrophage activation and elevated the sIgA and peripheral immunoglobulins levels (45). In the present study, probiotics and synbiotics treatment significantly increased the sIgA concentration, and dietary antibiotics supplementation tended to increase sIgA concentration in the colonic mucosa, implicating that these additives could enhance the intestinal immune response. Previous studies also reported that Bifidobacterium and L. frumenti could induce the production of intestinal sIgA (8, 46). Correlation analysis revealed that the sIgA concentration was positively correlated with Bifidobacterium and Lactobacillus abundances, suggesting that the increased colonic sIgA level in the antibiotics, probiotics, and synbiotics groups may be due to the increased benefit bacteria in the colon. IgA and IgG, as the major immunoglobulins in plasma, are the main components of humoral immunity, which play a vital role in protecting the host against invading pathogens (47). In the present study, dietary antibiotics, probiotics, or synbiotics supplementation also increased plasma IgA and IgM concentrations compared with the control group, which may result from Bifidobacterium bifidum (48) and Bacillus subtilis (49), due to of which can increase the level of serum immunoglobulin. The underlying mechanism maybe include the promotion of immunologic barrier and alteration in gut microbiota.



CONCLUSION

The present study showed that dietary probiotics or synbiotics supplementation to sows and their offspring could increase the abundances of generally beneficial bacteria (Bifidobacterium and Lactobacillus), decrease potentially harmful bacteria (E. coli), enhance colonic absorption function for SCFAs, and improve the immune response and antioxidant capacity in offspring piglets. The changes in intestinal microbiota are correlated with alterations of immunoglobulins and cytokines concentrations and antioxidant capacity. These findings provided a potential approach to reduce the risk of intestinal dysfunction in offspring piglets.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences.



AUTHOR CONTRIBUTIONS

XK and QH designed the experiment. KW, QZ, MS, LX, MA, and YZ carried out the animal experiment, sample collection, and sample analysis. KW performed the statistical analyses. KW, XK, and QH wrote the manuscript. All authors read and approved the final manuscript.



FUNDING

The present study was jointly funded by the National Key Research and Development Project (2018YFD0500404-4), Special Funds for Construction of Innovative Provinces in Hunan Province (2019RS3022), Talent Projects of Guangxi Science and Technology Department (AD17195043), and Basic Research Program of Shenzhen Municipal Government (JCYJ20180305125139107).



ACKNOWLEDGMENTS

We thank the staff and postgraduate students of Hunan Provincial Key Laboratory of Animal Nutritional Physiology and Metabolic Process for collecting samples, and technicians from CAS Key Laboratory of Agro-ecological Processes in Subtropical Region for providing technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2020.597832/full#supplementary-material



REFERENCES

 1. Yin J, Wu MM, Xiao H, Ren WK, Duan JL, Yang G, et al. Development of an antioxidant system after early weaning in piglets. J Anim Sci. (2014) 92:612–9. doi: 10.2527/jas.2013-6986 

 2. Campbell JM, Crenshaw JD, Polo J. The biological stress of early-weaned piglets. J Anim Sci Biotechnol. (2013) 4:19. doi: 10.1186/2049-1891-4-19

 3. Liao SF, Nyachoti M. Using probiotics to improve swine gut health and nutrient utilization. Anim Nutr. (2017) 3:331–43. doi: 10.1016/j.aninu.2017.06.007

 4. Martín R, Jiménez E, Heilig H, Fernández L, Marín ML, Zoetendal EG, et al. Isolation of Bifidobacteria from breast milk and assessment of the Bifidobacterial population by PCR-denaturing gradient gel electrophoresis and quantitative real-time PCR. Appl Environ Microbol. (2009) 75:965–69. doi: 10.1128/AEM.02063-08

 5. Sanchez B, Delgado S, Blanco-Miguez A, Lourenco A, Gueimonde M, Margolles A. Probiotics, gut microbiota, and their influence on host health and disease. Mol Nutr Food Res. (2017) 61:1600240. doi: 10.1002/mnfr.201600240

 6. Sanz Y. Gut microbiota and probiotics in maternal and infant health. Am J Clin Nutr. (2011) 94:2000S−5S. doi: 10.3945/ajcn.110.001172

 7. Pandey KR, Naik SR, Vakil BV. Probiotics, prebiotics and synbiotics- a review. J Food Sci Technol. (2015) 52:7577–87. doi: 10.1007/s13197-015-1921-1

 8. Hu J, Chen L, Zheng W, Shi M, Liu L, Xie C, et al. Lactobacillus frumenti facilitates intestinal epithelial barrier function maintenance in early-weaned piglets. Front Immunol. (2018) 9:897. doi: 10.3389/fmicb.2018.00897

 9. Yang J, Wang C, Huang K, Zhang M, Wang J, Pan X. Compound Lactobacillus sp. administration ameliorates stress and body growth through gut microbiota optimization on weaning piglets. Appl Microbiol Biotechnol. (2020) 104:6749–65. doi: 10.1007/s00253-020-10727-4

 10. Wang J, Ji HF, Wang SX, Zhang DY, Liu H, Shan DC, et al. Lactobacillus plantarum ZLP001: in vitro assessment of antioxidant capacity and effect on growth performance and antioxidant status in weaning piglets. Asian-Australas J Anim Sci. (2012) 25:1153–8. doi: 10.5713/ajas.2012.12079

 11. Frei R, Akdis M, O'Mahony L. Prebiotics, probiotics, synbiotics, and the immune system: experimental data and clinical evidence. Curr Opin Gastroenterol. (2015) 31:153–8. doi: 10.1097/MOG.0000000000000151

 12. Veljović K, Dinić M, Lukić J, Mihajlović S, Tolinački M, Živković M, et al. Promotion of early gut colonization by probiotic intervention on microbiota diversity in pregnant sows. Front Immunol. (2017) 8:2028. doi: 10.3389/fmicb.2017.02028

 13. Menegat MB, DeRouchey JM, Woodworth JC, Dritz SS, Tokach MD, et al. Effects of Bacillus subtilis C-3102 on sow and progeny performance, fecal consistency, and fecal microbes during gestation, lactation, and nursery periods. J Anim Sci. (2019) 97:3920–37. doi: 10.1093/jas/skz236

 14. Ma C, Zhang WH, Gao QK, Zhu Q, Song MT, Ding H, et al. Dietary synbiotic alters plasma biochemical parameters and fecal microbiota and metabolites in sows. J Funct Foods. (2020) 75:104221. doi: 10.1016/j.jff.2020.104221

 15. Ma C, Gao QK, Zhang WH, Zhu Q, Kong XF. Effects of dietary Lactobacillus and Yeast fermentation broth on reproductive performance, colostrum composition and plasma biochemical indexes of sows. Chinese J Anim Nutr. (2020) 32:129–37.

 16. Ministry of Agriculture of the People's Republic of China Feeding Standard of Swine (GB NY/T 65-2004). Beijing: China Agriculture Press (2004). 

 17. Wei H, Zhao X, Xia M, Tan C, Gao J, Htoo JK, et al. Different dietary methionine to lysine ratios in the lactation diet: effects on the performance of sows and their offspring and methionine metabolism in lactating sows. J Anim Sci Biotechnol. (2019) 10:76. doi: 10.1186/s40104-019-0373-2

 18. Yu M, Zhang C, Yang Y, Mu C, Su Y, Yu K, et al. Long-term effects of early antibiotic intervention on blood parameters, apparent nutrient digestibility, and fecal microbial fermentation profile in pigs with different dietary protein levels. J Anim Sci Biotechnol. (2017) 8:60. doi: 10.1186/s40104-017-0192-2

 19. Azagra-Boronat I, Tres A, Massot-Cladera M, Franch A, Castell M, Guardiola F, et al. Lactobacillus fermentum CECT5716 supplementation in rats during pregnancy and lactation impacts maternal and offspring lipid profile, immune system and microbiota. Cells. (2020) 9:575. doi: 10.3390/cells9030575

 20. Dotterud CK, Avershina E, Sekelja M, Simpson MR, Rudi K, Storro O, et al. Does maternal perinatal probiotic supplementation alter the intestinal microbiota of mother and child? J Pediatr Gastroenterol Nutr. (2015) 61:200–7. doi: 10.1097/MPG.0000000000000781

 21. Baker AA, Davis E, Spencer JD, Moser R, Rehberger T. The effect of a Bacillus-based direct-fed microbial supplemented to sows on the gastrointestinal microbiota of their neonatal piglets. J Anim Sci. (2013) 91:3390–9. doi: 10.2527/jas.2012-5821

 22. Starke IC, Pieper R, Neumann K, Zentek J, Vahjen W. Individual responses of mother sows to a probiotic Enterococcus faecium strain lead to different microbiota composition in their offspring. Benef Microbes. (2013) 4:345–56. doi: 10.3920/BM2013.0021

 23. Wang J, Wang S, Liu H, Zhang D, Wang Y, Ji H. Effects of oligosaccharides on the growth and stress tolerance of Lactobacillus plantarum ZLP001 in vitro, and the potential synbiotic effects of L. plantarum ZLP001 and fructo-oligosaccharide in post-weaning piglets. J Anim Sci. (2019) 97:4588–97. doi: 10.1093/jas/skz254

 24. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity associated gut microbiome with increased capacity for energy harvest. Nature. (2006) 444:1027–31. doi: 10.1038/nature05414

 25. Salminen S, Bouley C, Boutron-Ruault MC, Cummings JH, Franck A, Gibson GR, et al. Functional food science and gastrointestinal physiology and function. Br J Nutr. (1998) 80(Suppl. 1): S147–71. doi: 10.1079/BJN19980108

 26. Yang F, Hou C, Zeng X, Qiao S. The use of lactic acid bacteria as a probiotic in swine diets. Pathogens. (2015) 4:34–45. doi: 10.3390/pathogens4010034

 27. Barnich N, Carvalho FA, Glasser AL, Darcha C, Jantscheff P, Allez M, et al. CEACAM6 acts as a receptor for adherent-invasive E. coli, supporting ileal mucosa colonization in Crohn disease. J Clin Invest. (2007) 117:1566–74. doi: 10.1172/JCI30504

 28. Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents intestinal inflammatory disease. Nature. (2008) 453:620–5. doi: 10.1038/nature07008

 29. Kim HB, Isaacson RE. The pig gut microbial diversity: understanding the pig gut microbial ecology through the next generation high throughput sequencing. Vet Microbiol. (2015) 177:242–51. doi: 10.1016/j.vetmic.2015.03.014

 30. Ritzhaupt A Wood IS Ellis A Hosie KB Soraya P Shirazi-Beechey. Identification and characterization of a monocarboxylate transporter (mct1) in pig and human colon: its potential to transport l-lactate as well as butyrate. J Physiol. (1998) 513:719–32.

 31. Miyauchi S, Gopal E, Fei YJ, Ganapathy V. Functional identification of SLC5A8, a tumor suppressor down-regulated in colon cancer, as a Na(+)-coupled transporter for short-chain fatty acids. J Biol Chem. (2004) 279:13293–6. doi: 10.1074/jbc.C400059200

 32. Kasubuchi M, Hasegawa S, Hiramatsu T, Ichimura A, Kimura I. Dietary gut microbial metabolites, short-chain fatty acids, and host metabolic regulation. Nutrients. (2015) 7:2839–49. doi: 10.3390/nu7042839

 33. Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. Free radicals, metals and antioxidants in oxidative stress-induced cancer. Chem Biol Interact. (2006) 160:1–40. doi: 10.1016/j.cbi.2005.12.009

 34. Vega CC, Reyes-Castro LA, Rodriguez-Gonzalez GL, Bautista CJ, Vazquez-Martinez M, Larrea F, et al. Resveratrol partially prevents oxidative stress and metabolic dysfunction in pregnant rats fed a low protein diet and their offspring. J Physiol. (2016) 594:1483–99. doi: 10.1113/JP271543

 35. Nie Y, Hu J, Hou Q, Zheng W, Zhang X, Yang T, et al. Lactobacillus frumenti improves antioxidant capacity via nitric oxide synthase 1 in intestinal epithelial cells. FASEB J. (2019) 33:10705–16. doi: 10.1096/fj.201900253RR

 36. Chen F, Wang H, Chen J, Liu Y, Wen W, Li Y, et al. Lactobacillus delbrueckii ameliorates intestinal integrity and antioxidant ability in weaned piglets after a lipopolysaccharide challenge. Oxid Med Cell Longev. (2020) 2020:6028606. doi: 10.1155/2020/6028606

 37. Krishna G, Muralidhara. Oral supplements of combined fructo-and xylo-oligosaccharides during perinatal period significantly offsets acrylamide-induced oxidative impairments and neurotoxicity in rats. J Physiol Pharmacol. (2018) 69: 801–4. doi: 10.26402/jpp.2018.5.14

 38. Zhong JF, Wu WG, Zhang XQ, Tu W, Liu ZX, Fang RJ. Effects of dietary addition of heat-killed mycobacterium phlei on growth performance, immune status and anti-oxidative capacity in early weaned piglets. Arch Anim Nutr. (2016) 70:249. doi: 10.1080/1745039X.2016.1183365

 39. Shen Q, Shang N, Li P. In vitro and in vivo antioxidant activity of Bifidobacterium animalis 01 isolated from centenarians. Curr Microbiol. (2011) 62:1097–103. doi: 10.1007/s00284-010-9827-7

 40. Stecchini ML, Del Torre M, Munari M. Determination of peroxy radical-scavenging of lactic acid bacteria. Int J Food Microbiol. (2001) 64:183–8. doi: 10.1016/S0168-1605(00)00456-6

 41. Kullisaar T, Zilmer M, Mikelsaar M, Vihalemm T, Annuk H, Kairane C, et al. Two antioxidative Lactobacilli strains as promising probiotics. Int J Food Microb. (2002) 72:215–24. doi: 10.1016/S0168-1605(01)00674-2

 42. Ashraf R, Shah NP. Immune system stimulation by probiotic mcroorganisms. Crit Rev Food Sci Nutr. (2014) 54:938–56. doi: 10.1080/10408398.2011.619671

 43. Prescott SL, Wickens K, Westcott L, Jung W, Currie H, Black PN, et al. Supplementation with Lactobacillus rhamnosus or Bifidobacterium lactis probiotics in pregnancy increases cord blood interferon-γ and breast milk transforming growth factor-β and immunoglobin A detection. Clin Exp Allergy. (2008) 38:1606–14. doi: 10.1111/j.1365-2222.2008.03061.x

 44. Willing BP, Russell SL, Finlay BB. Shifting the balance: antibiotic effects on host-microbiota mutualism. Nat Rev Microbiol. (2011) 9:233–43. doi: 10.1038/nrmicro2536

 45. Senok AC, Ismaeel AY, Botta GA. Probiotics: facts and myths. Clin Microbiol Infect. (2005) 11:958–66. doi: 10.1111/j.1469-0691.2005.01228.x

 46. Shandilya UK, Sharma A, Kapila R, Kansal VK. Probiotic Dahi containing Lactobacillus acidophilus and Bifidobacterium bifidum modulates immunoglobulin levels and cytokines expression in whey proteins sensitized mice. J Sci Food Agric. (2016) 96:3180–7. doi: 10.1002/jsfa.7497

 47. Schroeder HW, Cavacini L. Structure and function of immunoglobulins. J Allergy Clin Immunol. (2010) 125:S41–52. doi: 10.1016/j.jaci.2009.09.046

 48. Tanaka K, Tsukahara T, Yanagi T, Nakahara S, Furukawa O, Tsutsui H, et al. Bifidobacterium bifidum OLB6378 simultaneously enhances systemic and mucosal humoral immunity in low birth weight infants: a non-randomized study. Nutrients. (2017) 9:195. doi: 10.3390/nu9030195

 49. Guo M, Wu F, Hao G, Qi Q, Li R, Li N, et al. Bacillus subtilis improves immunity and disease resistance in rabbits. Front Immunol. (2017) 8:354. doi: 10.3389/fimmu.2017.00354

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Wang, Zhu, Kong, Song, Azad, Xiong, Zheng and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 05 January 2021
doi: 10.3389/fvets.2020.617259






[image: image2]

Changes of Gut Microbiota and Its Correlation With Short Chain Fatty Acids and Bioamine in Piglets at the Early Growth Stage

Renli Qi1*, Xiaoyu Qiu2, Lei Du3, Jing Wang1, Qi Wang1, Jinxiu Huang1 and Zuohua Liu2*


1Chongqing Academy of Animal Science, Chongqing, China

2Key Laboratory of Pig Industry Sciences, Ministry of Agriculture, Chongqing, China

3College of Animal Science and Technology, China Agricultural University, Beijing, China

Edited by:
Xiangfeng Kong, Chinese Academy of Sciences, China

Reviewed by:
Siaka Seriba Diarra, University of the South Pacific, Fiji
 Maria Grazia Cappai, University of Sassari, Italy

*Correspondence: Renli Qi, qirenli1982@163.com
 Zuohua Liu, liuzuohua66@163.com

Specialty section: This article was submitted to Animal Nutrition and Metabolism, a section of the journal Frontiers in Veterinary Science

Received: 14 October 2020
 Accepted: 09 December 2020
 Published: 05 January 2021

Citation: Qi R, Qiu X, Du L, Wang J, Wang Q, Huang J and Liu Z (2021) Changes of Gut Microbiota and Its Correlation With Short Chain Fatty Acids and Bioamine in Piglets at the Early Growth Stage. Front. Vet. Sci. 7:617259. doi: 10.3389/fvets.2020.617259



The change characteristics of intestinal microbial succession and the correlation with the production of two important types of bacterial metabolites (short chain fatty acids and bioamine) in piglets during the early stage were fully explored in this study. Six piglets from different litters with the same birth time were selected, weighted and euthanized at 1, 7, 14, 21, 28, 35, and 42 days of age. During this stage, the piglets grew quickly with gradual increases in blood levels of growth hormone and insulin, and in the intestinal developmental index and immunity. 16s rRNA analysis indicated the alpha diversity of colonic microbiome community was higher than ileum. However, the composition change in the ileal microbiota was more dramatic over time. Lactobacillus genus was the dominant bacteria in piglets' ileum while Prevotella and Ruminococcaceae genera were the dominant bacteria in colon up to weaning. Gut bacterial community of the piglets showed obvious differences between the three different phases: newborn, before weaning, and post weaning. This was similar to the morphological change pattern of pigs' gut. Total SCFA content in the colon of pigs showed almost a 20-fold increase at day 42 compared to the value at day 1. The percentage of acetic acid among the total SCFAs dropped quickly from 74.5% at day 1 to 36.5% at day 42, while butyric acid and propionic acid showed significant increases at the stage. The histamine level increased and putrescine level decreased markedly in the colon with time while the amounts of total bioamines, tyramine and spermidine were devoid of changes. Dozens bacteria taxa showed highly correlations with SCFAs and bioamines. These findings provide an expanded view of the dynamic pig gut and gut microbiome at the important early growth stage.
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INTRODUCTION

Newborn piglets have to adapt to the environment and acquire sufficient nutrition as soon as possible to ensure that they survive and grow. Although piglets grow fast during the lactation and nursery periods, their digestive system and immune organs are not fully developed, and their ability to protect against disease and stress is still poor. The separation from the sow and the change in food type could lead to increased stress stimulation to piglets at weaning (1, 2). Therefore, the physiological status of piglets changes quickly and considerably during the lactation stage and a few days after weaning (early nursery). Understanding and controlling the physiological changes in piglets during early life has important effects on improving pig health and growth performance.

Accumulating information about the gastrointestinal tract microorganisms of pigs has been obtained since the extensive application of “omics analysis” (3–7). It is believed that the gut of neonates is devoid of microbes prior to birth but rapidly undergoes a marked shift from an essentially germ-free state to harboring an extremely dense microbial population that eventually experiences microbial succession and establishes an adult-like microbial community (7–9). In addition to helping the host digest and absorb nutrients, gut microbes also affect and regulate the immune function, organ development, energy turnover, and disease formation of the host (10–13). A large number of diverse metabolites are produced by microbes in the digestive tract, including volatile short-chain fatty acids, bacteriocins, and amino acid derivatives (14–16). Furthermore, gut bacteria also affected the production, transformation, and absorption of the plant-derived secondary metabolites in animals. Many of the bacterial secondary metabolites are related to the development and physiological homeostasis in animals closely. For instance, urolithin A, a bacterial metabolites produced from the metabolism process of plant-derived polyphenols in gut (17), and it has been proved could exerts anti-obesity effects in animals (18). These beneficial or harmful bacterial primary and secondary metabolites enter the circulatory system and then trigger or affect the functions of other organs and tissues (e.g., brain) via complex signal cascades.

Gut microbe colonization and succession in the early postnatal period are well-known to facilitate immune maturation and will have long-term important effects on the healthy growth and development of animals throughout their lives. Many sundry environmental factors or the stress caused by physiological changes affect the colonization and composition of the intestinal bacterial community in frail baby pigs at the early stage, including the living environment, lactation, nursing, feeding, weaning, and contact with the mother pig and stockman (19–21).

We have fully understood the importance of the intestinal microbiota for early growth in pigs, but to date, most studies have been based on the fecal microbiome. The major aim of this study was to explore the change traits of the gut morphology, intestinal microbiota and gut bacterial metabolites in infant pigs from the newborn stage to post-weaning based on continuous analysis of intestinal samples to reveal the close relationship between the gut bacteria and major bacterial functional metabolites in pigs at the early growth stage. We showed that the rapid development characteristics of the gut and gut microbiota of pigs in early life. The amount and structure of short-chain fatty acids and biogenic amines in the piglets' gut are closely related to intestinal microbiota composition. Creep feeding and weaning had important implications for gut development and gut microbial succession in swine. The results from the present study will provide assistance for early health maintenance for pig production.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were conducted pursuant to the Regulations for the Administration of Affairs Concerning Experimental Animals (Ministry of Science and Technology, Beijing, China, revised June 2014). The Ethics Committee of the Chongqing Academy of Animal Science approved the animal experimental protocols (CAAS-S2018-11, Chongqing).



Animals and Collection of Samples

The animal experiments were performed at the Laboratory Animal Center of the Chongqing Academy of Animal Science from April to July 2018. The Rongchang pig, a famous local meat-type pig breed in China, was used as the animal model in this study. Twenty purebred Rongchang sows (second parity) with a similar expected delivery date were selected for this study. Each sow was individually housed in a different environmentally controlled room under standard management with access to commercial feed and clean water. The newborn piglets were co-housed with their mother pigs after delivery. Suckling piglets were offered a common creep feed ad libitum at day 7 and weaned at day 28. All piglets remained in nursing pens for other 2 weeks until day 42. During this stage, the piglets were fed with commercial solid feed and had free access to clean water post weaning, while sows were removed from the piglets at day 28. All piglets were weighed at each time point for the sample collection, and the occurrence of diarrhea was assessed two times a day (monitoring times: 10 a.m. and 4 p.m.). Six piglets, half males and half females, were randomly selected from different litters and then sacrificed immediately by jugular puncture after anesthesia with Zoletil 50® (Virbac, Carros, France) at days 1, 7, 14, 21, 28, 35, and 42, respectively. Their venous blood, intestinal samples, and gut digesta were collected. Digesta samples were collected from the middle ileum and middle colon sections, placed into sterile polypropylene centrifuge tubes, snap frozen in liquid nitrogen and kept frozen at −80°C until DNA extraction. For intestinal morphological analysis, the mid-ileum (~10 cm from the ileal-cecal junction) segments were sampled and fixed in buffered formalin (10%) at 4°C for morphometric analysis. The adjacent ileum was also fixed overnight in a 2.5 % glutaraldehyde solution at 4°C, and then, these samples were treated for observation by electron microscopy. The mucosa samples from the colon were harvested by scraping with a sterile glass microscope slide, rapidly frozen in liquid nitrogen and stored at −80°C for sIgA content analysis.



16S rDNA Amplicon Sequencing

Microbial genomic DNA was extracted from intestinal digesta samples using a QIAamp DNA Stool mini kit (Qiagen, GmbH Hilden, Germany). DNA was quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher, DE, USA), and the integrity was checked by agarose gel electrophoresis. PCR primers flanking the V3–V4 hyper variable region of bacterial 16S rDNA were designed. The forward primer was 341F (5′-CCTAYGGGRBGCASCAG-3′), and the reverse primer was 806R (5′-GGACTACNNGGGTATCTAAT-3′). The PCR resulting amplicons were gel purified and sequenced on the Illumina MiSeq platform. The sequences were clustered into OTUs (Operational Taxonomic Units) with 97% consistency, and a representative sequence of OTUs was selected. Sequences for each OTU were picked and aligned using QIIME version 1.9.1 and GreenGenes version 13_8 as the reference database. Taxon-dependent analysis was conducted using the Ribosomal Database Project (RDP, version 2.2) classifier. To identify the genomic features of taxa differing in abundance between classes, the LEfSe (Linear Discriminant Analysis Effect Size) algorithm was used with the online interface Galaxy (http://huttenhower.sph.harvard.edu/lefse/).



Examination of Intestinal Morphology

The ileum and colon samples were embedded with paraffin wax and sectioned at 5 mm on a sliding microtome. Then, the sample sections were stained with hematoxylin and eosin (HE, Solarbio, Beijing, China). Villus height and crypt depth as measures of the ileum and mucosal layer thickness of the colon were evaluated under a light microscope using a 1/100 ocular scale (Olympus, Japan). The ileum and colon sections were also stained with the Periodic Acid-Schiff stain (PAS, Solarbio) to observe the morphology and distribution of goblet cells in the intestinal epithelium. Five complete intestinal villi were selected from each sample slice, and the number of goblet cells per 100 intestinal epithelial cells was counted.



Western Blotting Analysis

The protein expressions of Occludin and β defensin in the colon wall were determined by the standard Western blot method with the GAPDH protein as a loading control. The anti-Occludin (#13409-1-AP) and anti-GAPDH (10494-1-AP) primary antibodies were obtained from Proteintech (Wuhan, Hubei, China). The anti-β defensin (#bs-1296R) primary antibody was obtained from Bioss (Bioss Biotech, Beijing, China). The horseradish peroxidase-conjugated secondary antibody was obtained from Cell Signaling Technology Co.



qRT-PCR

The mRNA levels of Toll-like receptors 2 and 4 gene were detected by the qRT-PCR method. Briefly, total RNA was extracted from clean ileum samples by using an RNAplus kit (TaKaRa, Dalian, China). Total RNA was reverse-transcribed to cDNA using a PrimeScript RT Reagent Kit (TaKaRa) according to the manufacturer's instructions. qPCR was performed using the Q6 qPCR system with SYBR Premix Ex Taq II (TaKaRa) and normalized using the beta actin gene as the endogenous control. All reactions were set to 3 replicates, and the expression levels of genes were expressed as fold-change using the 2−ΔΔCT method.



Biochemical Analysis

The concentrations of growth hormone, insulin, Immunoglobulin G (IgG), and IgM in the blood samples were evaluated using commercial enzyme-linked immune sorbent assay (ELISA) kits (mlbio Co., Ltd., Shanghai, China).



Short-Chain Fatty Acid Concentrations

The content of SCFAs in the colonic digesta was determined by using an ISQ Lt GC-MS (Thermo Fisher, USA) equipped with a flame ionization detector. A TG WAX column (30 m × 0.25 mm × 0.25 μm, Thermo Fisher) was used to separate the SCFAs. A sample injection volume of 5 μL was automatically injected into the inlet, which was kept at 240°C with a 75:1 split ratio. The carrier gas was helium at a flow rate of 1.0 mL/min. The temperatures of the flame ionization detector (FID, Thermo Fisher) and injector were 250 and 200°C, respectively.



Biogenic Amines Concentrations

The content of biogenic amine in the colonic digesta was detected with a U3000-HPLC system (Thermo Fisher, USA). Added the digesta samples (0.75 g) into 5 mL of 5 % perchloric acid and then ultrasonic extracted for 30 min. Mixed 1 ml extraction solution, 0.2 ml NaOH (2 M) and 100 ul benzoyl chloride, and then incubated at 40°C for 30 min, then added methanol in the mixture to stop the reaction. The mixture was analyzed by the HPLC system after filtration. The chromatographic conditions: UV detection wavelength 254 nm, column temperature 35°C, mobile phase A was 90% acetonitrile/10% 0.01 mol/L ammonium acetate solution (containing 0.1% acetic acid), and mobile phase B was 10% acetonitrile/90% 0.01 mol/L ammonium acetate solution (containing 0.1% acetic acid), the flow rate was 0.8 mL/min, Column: Syncronis C18 (250 mm × 4.6 mm × 5 μm).



Statistical Analysis

Statistical analysis was performed using the SPSS 22.0 (SPSS, Chicago, IL, USA) and the R statistical package version 3.5.1. The mean values were examined using one-way ANOVA followed by Tukey–Kramer test. The level of significance was set at P < 0.05. The data were expressed as mean ± standard error (S. E.). The diversity and richness indexes (Chao index, Shannon index), the phyla and genus relative abundance were compared between ages using Kruskal–Wallis H tests. The similarities between samples at different times were analyzed by a non-metric distance scaling (NMDS) method based on the Bray–Curtis distance matrix. The Sankey analysis is used to visualize the proportion change of major bacteria at different time.




RESULTS


Early Growth and Development of Piglets

The newborn Rongchang piglets from 20 different litters with similar birth dates were selected and used in this study. Table 1 shows the early growth states and blood indexes of the piglets from days 1–42. The body weight (BW) of the piglets increased rapidly from 0.836 kg at 1 day of age to 8.425 kg at 42 days (P < 0.0001). The levels of growth hormone (GH) and insulin in the blood of the piglets also increased successively (P < 0.0001). GH levels did not vary before 14 days of age, increased quickly from 21 days of age (more than 2.5-fold that on of newborn piglets), and increased significantly again after 35 days of age (more than 4.0-fold that of newborn piglets). The blood level of insulin showed a gradual increase with the growth of piglets. The blood concentrations of immunoglobulins IgG and IgM clearly declined before 14 days of age and then exhibited an increasing trend with time. Interestingly, the concentrations of blood lipids, triglycerides and total cholesterol in the blood of the pigs showed an overall reduction trend at this stage. This may be caused by the active metabolism and substantial consumption of energy with the fast growth of piglets at this stage. In addition, the frequency of diarrhea in the piglets increased from 10 days of age at this stage, especially within a few days after the piglets were fed creep feed and on other days after weaning. The incidence of diarrhea decreased significantly after 35 days of age (P < 0.001).


Table 1. Early growth and blood indexes of Rongchang piglets.

[image: Table 1]



Gut Development and Immune Functions

Figure 1 illustrates the intestinal development and morphological changes in the Rongchang piglets from 1 to 42 days of age. Decreases in the villus height and significant increases in villus width as well as crypt depth in the ileum were observed with time (Figures 1A–E). The colonic muscular layer and mucosal layer thickness increased after weaning (P < 0.001, Figure 1F). In addition, the protein abundance of Occludin, a key tight-junction protein, was increased to varying degrees in the ileum and colon of the piglets over time (Figure 1G). These results indicate that the intestinal structure becomes stable and matures quickly with the growth of pigs.


[image: Figure 1]
FIGURE 1. Changes in the intestinal morphology of piglets at the early growth stage. (A) HE staining images of ileum and colon sections (40× magnification). (B) Depth of ilealcrypt. (C) Height of ileal villi. (D) Width of ileal villi. (E) Thickness of colonic muscular layer. (F) Thickness of colonic mucosal layer. (G) Protein abundance of Occludin. n = 6, the data are presented as the mean ± S.E., different letters on the bars indicate significant differences at P < 0.05 (ANOVA).


The intestinal barrier and immune function were also strengthened quickly with the growth of the piglets, as evidenced by the increase in the number of immune cells and in the level of mucosal immune factors (Figure 2). However, it should be noted that gut morphology and function were affected even when damaged by frequent diarrhea in some piglets between days 14 and 28. The number of goblet cells in the ileum and colon of piglets decreased mainly between days 14 and 28 and then increased, and the cells became larger over time (Figures 2A–C). Similarly, the level of secretory IgA (SIgA) in the colonic mucosa of piglets also decreased at days 14–21 and then rebounded (Figure 2D). The beta defensin protein abundance was higher at days 14–28 than at other time points (Figure 2E). Toll-like receptors (TLRs), a superfamily of pattern-recognition receptors, play a pivotal role in host innate immunity against pathogen infection (22). The TLR2 and TLR9 genes in the ileum showed increased expression of mRNA from 21 days (Figure 2F). These results indicated that a secure intestinal immunity system was formed in swine after weaning.


[image: Figure 2]
FIGURE 2. Changes in the intestinal immune function piglets at the early growth stage. (A) PAS staining of goblet cells in the gut sections, 40× magnification. (B,C) Counts of the goblet cells in the ileum and colon. (D) Content of secretory IgA in the intestinal mucosa. (E) Protein abundance of β defensin. (F) Expression levels of the TLR2 and TLR9 genes in the ileum. n = 6, the data are presented as the mean ± S.E., different letters on the bars indicate significant differences at P < 0.05 (ANOVA).




Changes of Intestinal Microbiota

The ileal and colonic microbiomes of the piglets were analyzed during the early growth stages by 16S rDNA sequencing. In the gut of the piglets, the Chao1 index (for microbial community richness) and the Shannon index (for microbial community diversity) showed significant increases with time, specifically in the first week (Figures 3A–D). In addition, the alpha diversity of the colonic microbiota was clearly higher than that in the ileum at the same time point (Figures 3E,F).


[image: Figure 3]
FIGURE 3. Alpha diversity of piglets' intestinal microbiota. (A,B) Chao1 index of the ileal and colonic microbiota. (C,D) Shannon index of the ileal and colonic microbiota. (E,F) Comparison of alpha diversity between the ileal and colonic microbiota, n = 6, P < 0.05 was considered statistically significant (Wilcoxon Kruskal–Wallis test). ****means P < 0.0001.


The gut microbial communities at different time points were then grouped by hierarchical clustering and ordinated by unweight unifrac nonmetric multidimensional scaling (NMDS). The hierarchical clustering and NMDS analysis indicated that the gut microbial samples from the piglets formed three separate clusters by time point: day 1, days 7–21, and 28–42 (Figures 4A,B). In addition, results from the hierarchical clustering analysis about gut microbiota composition were similarly (Figures 4C,D). This time-phased change in the gut microbiota was similar to the developmental traits of the physiological states and intestinal morphology of pigs.


[image: Figure 4]
FIGURE 4. Beta diversity of piglets' intestinal microbiota. (A,B) Unweight non-metric multidimensional scaling (NMDS) analysis of the ileal and colonic microbiota. (C,D) The hierarchical cluster of the intestinal microbiota.


In addition to the changes over time, the microbiota compositions in the proximal intestine (ileum) and distal intestine (colon) were clearly different. As shown in Figures 5A,B, the most abundant phyla displayed distinct profiles in the ileum and colon. Firmicutes, Proteobacteria, and Actinobacteria were the top three bacterial phyla in the ileum, while Firmicutes, Bacteroidetes, and Proteobacteria were the top three phyla in the colon during the early growth stage. Among these bacteria, the relative abundance of the Firmicutes phylum showed a tendency to increase with the growth of baby pigs in the ileum but showed a higher stability in the colon than in the ileum. The bacterial composition in the ileum of the piglets showed drastic changes before day 21, which was characterized by a marked increase in the relative abundance of the Firmicutes phylum (from 33.98% at day 1 to 95.01% at day 21) and a rapid decrease in the abundance of Proteobacteria. After 21 days, the relative abundance of Firmicutes decreased to ~71%, the abundance of Proteobacteria increased to ~22–25%, and the bacterial composition became more stable. In the colon of piglets, the relative abundance of the Firmicutes phylum, which was the first bacterial phylum, was consistently maintained at more than 50%. Bacteroidetes replaced Proteobacteria as the second most abundant phylum quickly after the birth of the pigs.


[image: Figure 5]
FIGURE 5. Changes in the composition of the intestinal microbiota in piglets. (A,B) Change in the relative abundance of the top bacterial phyla in piglets. (C,D) Change in the relative abundance of the top bacterial genera in piglets. (E,F) Sankey analysis of the change of ileal and colonic microbiota. (G,H) Changes in the relative abundance of known KEGG pathways (metabolism, level 2) for ileal microbiota and colonic microbiota. The functional contributions of the gut microbiota were assessed using the PICRUSt tool.


As shown in Figures 5C,D, at the genus level, the top three dominant bacterial genera in the ileal digesta were Lactobacillus, Streptococcus, Clostridium. In the colonic digesta, the top three bacterial genera were Prevotella, Ruminococcaceae, and Lactobacillus. Lactobacillus genus had the greatest numerical relative abundance in the ileum of pigs during lactation, especially before weaning followed a significant decrease in the abundances of Lactobacillus in both the ileum and colon after weaning, and the abundance then rebounded a few days later. When the piglets were exposed to solid feed after 7 days, the relative abundance of Prevotella and Ruminococcaceae genera in the colon began to increase significantly, which was useful for food digestion and nutrient intake (especially carbohydrates) (23, 24). Figures 5E,F illustrates the dynamic changes in dominant bacteria in the piglets during early life period. Additionally, the potential metabolism functions of the microorganisms in piglets were predicted by using the PICRUSt tool (Figures 5G,H). Clearly, amino acid metabolism, carbohydrate metabolism, and energy metabolism were the top three metabolisms with highly abundances in the little pigs. Energy metabolism and carbohydrate metabolism showed relative stable with the growth of piglets. Relative abundance of amino acids metabolism showed decrease in ileum but increase in the colon with the growth of piglets.

Figure 6 shows changes in the abundances of major abundant bacterial genera with statistically significant differences (P < 0.05) that determined by the Metastats analysis method. Similarly, the changes in composition of the gut bacterial community also showed obvious differences between the three phases: day 1 (newborn), days 7–21 (before weaning), and days 28–42 (post-weaning).


[image: Figure 6]
FIGURE 6. The major intestinal bacteria with significant abundances changes. (A) Ileal bacteria genera. (B) Colonic bacteria genera. All bacteria in the figure were changed in abundance significantly. The differences were analyzed by Metastats method, n = 6, P < 0.05.




SCFA and Bioamine

Bacterial metabolites with functional activity (known as post-biotics) are the main mediators of the physiological functions of gut microbes (16). We next analyzed the contents of short-chain fatty acids (SCFAs) and bioamines, two major classes of bacterial metabolites, in the colonic digesta of piglets. The amount of total SCFAs in the gut increased markedly with time (Figure 7A). At day 7, the amount of total SCFAs in the colon contents of piglets was almost 9-fold that at day 1. When the piglets grew to 42 days of age, the amount of total SCFAs in the pigs was almost 20-fold that in pigs at 1 day of age. The SCFA composition also varied greatly in early life. The percentage of acetic acid in the total SCFAs dropped from more than 74.5% on day 1 to 36.5% on day 42 (P < 0.0001). Both butyric acid and propionic acid showed significant increases in percentage during this stage.


[image: Figure 7]
FIGURE 7. Changes of major bacterial metabolites. (A) SCFA content in the colon of piglets, (B) Bioamine content in the colon of piglets. The data are presented as the mean ± S.E., n = 5, and different letters on the bars indicate significant differences at P < 0.05 (ANOVA). (C) Spearman's correlations between intestinal microbiota and SCFA; (D) Spearman's correlations between intestinal microbiota and bioamine. The colors range from blue (negative correlations) to red (positive correlations). Significant correlations are noted by ***P < 0.001, **P < 0.01, and *P < 0.05.


Biogenic amines (bioamines) are a class of nitrogen-containing organic active substances that function in neuromodulation in animals (25). Figure 7B shows the changes in total bioamines and four major bioamines in the colon contents of piglets with time. The amount of total bioamines showed a slight increase in the colonic digesta between days 1 and 42 (P = 0.6949). Tyramine and spermidine were relatively stable and showed no significant changes in content at this stage (P = 0.2385 and 0.5156). However, the histamine content increased markedly with time (P < 0.001), while the putrescine content was reduced by ~65% after 14 days (P = 0.036).

By the Spearman correlation analysis we established a link between the colonic metabolites content and the abundance of intestinal bacteria. Figure 7C shows the correlation between SCFAs and major bacteria taxa. Dozens of microbe showed highly positive or negative correlation with the SCFA contents. Figure 7D shows the correlation between the different bioamines and gut bacteria. We found P-75-a5, phascolarctobacterium, oscillospira genera were strongly positive correlated with most of the bioamines contents.




DISCUSSION

There is no doubt that insight into the dynamic traits of the development and function of the digestive tract in pigs and following the administration of nutrition or drug intervention is extremely important for pig performance. In addition, the intestinal structure and functions in pigs are very similar to those in humans, and a study based on swine will also be important for studies related to the human intestine (26, 27).

Our present work systematically explored the physiological changes in Rongchang piglets in early life between 1 and 42 days of age (lactation and early nursery), especially changes in intestinal morphology, intestinal microbe colonization, and major bacterial metabolites. The infant pigs showed rapid growth of physiological indexes (BW, growth hormone, and other blood biochemical traits) under normal feeding conditions. The fast growth and development was also observed in the pigs' digestive tract, which manifested as increases in intestinal mucosa thickness and immunity factors. Microbes colonized pigs' gut after the born immediately, with significant elevation of diversity and richness mainly presented in the 1st week of age, which was followed by turbulence for 21 days, and then, a stable microbial community was formed after weaning (day 28). Additionally, the overall amount of bacterial metabolites in the gut also increased rapidly, and the composition was dynamic, which may be caused by the change in the gut microbiota structure. It can be deduced that these changes may affect the development and function of the host gut.

Many previous studies have identified the core microbiota from the gut microbiome community at different pig developmental stages through metagenomic and metatranscriptomic analyses (5, 7, 19, 21). A number of gut bacteria have been identified for their beneficial or harmful physiological functions. Colonization and changes in beneficial functional microbes (e.g., Lactobacillus and Prevotella) have great potential to contribute to feed intake, feeding efficiency, obesity, and muscle growth of pigs at a specific time (24, 28, 29). Conversely, the invasion by harmful bacteria (e.g., Erysipelotrichaceae) is threats to host health (30). To further improve feeding efficiency and effective nutrient utilization, some studies have suggested that individualized breeding and feeding programs should be developed in the pig industry based on the pigs' different intestinal microbiota compositions and enterotypes (5, 31, 32).

Recently, a longitudinal analysis investigated the evolution of pigs' fecal microbiota composition from post-weaning to finishing. The results showed that the pigs were classified as two different enterotypes dominated by either Lactobacillus or Prevotella at day 52 (5). Similarly, we also confirmed that the dominant bacteria in the ileum and colon in piglets were Lactobacillus, Prevotella and Ruminococcaceae respectively, during early life. The abundance change trends in the gut bacteria in the present study were consistent with those in a previous study conducted in pigs. The top bacterial genera play important roles in the control of the intestinal microenvironment and nutrient absorption. Similar to previous report (3, 33), our results showed again that there are clear and distinct differences in the composition of the pig intestinal microbiome moving from the proximal end of the intestinal tract to the distal end. The colon bacterial community diversity was higher than that in the ileum at the same time. However, the composition change in the ileal microbiota became more dramatic over time.

Despite the importance of postbiotics in the regulation of various physiological and biochemical reactions in humans and animals have been well-known to date (34, 35), we barely understand the detailed and dynamic changes in postbiotics in pigs, such as change patterns of SCFAs and bioamines. This study tracked a significant gradual increase in only the total SCFA level in the gut but not in the total bioamine level during the early life of the pigs. The compositions of SCFAs and bioamines also varied during this period, such as the decreasing level of acetic acid and increasing levels of butyric acid and propionic acid observed (P < 0.05). Certainly, the gut microbiota is the critical factor for metabolites production, and the precise relationship between the intestinal microbiota and metabolites should be explored in future studies.

Combining the previous reports and our findings in this study, it has been believed that many different external or internal factors have a huge impact on the early intestinal development and gut microbiota establishment in pigs, including the live environment, immunization, drugs, nutrition, feed and even the physical form of the diet (3, 9, 20, 36). Colonization, succession, and function of the intestinal bacteria community in pigs, especially piglets, is directly or indirectly interfered by these factors. In this study, we have observed both creep feeding and weaning caused a significant changes in gut health and microbiota stable in the piglets at early life that would affect the weaned body weight and weaned survival rates of piglets. However, due to the complexity of the interactive process between gut microbiota and host, it is very difficult to distinguish the effects of all factors in the same study and that is a limitation in this present study.

On the basis of recognizing the composition and changes of intestinal microbiota in piglets, we are going to control and adjust the gut ecosystem reasonably. Probiotic, prebiotics, and the foods rich in dietary fiber or polyunsaturated fatty acids are applicable tools for the improvement and optimization of gut microbiota in animal husbandry (16, 37, 38). In addition, microbiota transplantation is also expected to be an effective intervention method for the re-shape of intestinal micro-ecology in animals (4, 39). Therefore, a systematic feeding strategy for the maintaining and improving of digestive function and intestinal health in piglets is necessary in the antibiotic-free feeding.



CONCLUSIONS

During the early growth stage (1–42 days), the piglets grew quickly with gradual increases in blood levels of growth hormone and insulin, and in the intestinal developmental index and immunity. The alpha diversity of colonic microbiome community was higher than ileum. However, the composition change in the ileal microbiota was more dramatic over time. Lactobacillus genus was the dominant bacteria in piglets' ileum while Prevotella and Ruminococcaceae genera were the dominant bacteria in colon up to weaning. According to the changes in gut physiological index and intestinal microbiota in this study, the early growth of piglets can be divided into three phases: newborn, before wean, and post wean. In addition, the changes in gut microbiota significantly affected the amount and composition of bacterial functional metabolites such as SCFAs and bioamines. SCFAs showed greater changes in piglets at early life in comparison with bioamines. All these findings have important guiding significance for guarding pigs' health and increasing production performance.
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Bioactive substance  Day of Target Amount Volume of Species Effect References
injection solution | decrease,
+ increase,
~ no negative effect or no significant effect

Vitamin C and grape 18ED A sac Vitamin G:3mg/egg 500l Chicken; Broiler 1 average daly weight gain, ADFI (14)
seed extract (GSE) GSE: 3-6 mg/egg = feed conversion ratio (FCR) or chick mortality

1 Colforms and E. cof in the ileum

~ lleal population of Lactobacillus

+ Hatchabilty with 10 of 4.5 mg GSE/egg

1 Glutathione peroxidase (GPx) activity
Vitamin C 15 ED Amnion Vitamin G:8mgor6 700l Chicken; Ross 1 Increased hatchabilty with 101 of 6 mg/egg (15)

mg/egg 308 ~ BWG, FI, FCR
1 Improved jejunal morphology —increased villus height (VH), vilus width (W),
vilus height:crypt depth ratio at Day 3

| cholesterol
+ improved bone strength-tibia resistance and breaking strength at Day 10
Vitamin C 11ED Yolk sac Vitamin C: 8 mglegg 100wl Chicken; 1 Increased expression of heat shock protein 60, pyruvate dehycrogenase  (16)
Hy-line Brown  kinase 4, and secreted frizzled related protein 1 at late embryogenic
development

+ Hatchabity and plasma vitamin C at hatchiings
1 Reduced rectal temperature

Vitamin C 17ED Amnion Vitamin C: 3,6, 12,36 100 ul Chicken; Ross 1 ADG, ADFI, high thigh and leg percentage, and systematic antioxidant )
mg/egg 308 capacity at 3-12 mg treatment groups
Vitamin C 11ED Yol sac Vitamin C: 3 mg/egg 100 ul Chicken; Arbor 1 Total antioxidant content, IgA, IgM (18)
Acres
Vitamin C and 4ED Albumen 4 pg of additive (each 100 Chicken; Cobb 1 Improved the development of bone and cartiages (19)
glycosaminoglycans 100g additive 1 lonized calcium in the blood
contained 30 g of ~ Macroscopic features (bone weight, bone thickness)
chondroitin sulfate,
30g of glucosamine,
5g of vitamin C)
Vitamin C 18ED Airsac Vitamin C: 3 mg/egg 200 Chicken; 1 Plasma glutathione peroxidiase, total antioxidant capacity (20)
Chinese Yellow 1 Immunity by reducing mRNA expression of IL-1B, IL-6, TNF-q in the spleen
broier
Vitamin C At the onset of  Albumen Vitamin C: 0,2, 4,6 pg 100 pl Chicken; Cobb 1 Stimulate egg bursal development and lymphocytosis @1
incubation 2 No difference in the total leukocyte count
Vitamin G Atthe onsetof  Albumen Vitamin C: 6 pg 100 ! Chicken; Cobb 1 lonized calcium in the plasma ©2)
incubation Act as a long-term stimulator and modulator of the immune system
Vitamin G Atthe onsetof  Albumen Vitamin C: 6 pg 100 pul Chicken; Cobb  [01 did not ameliorate the negative effect of high rearing temperature on ©3)
incubation production performance
Vitamin D 18 ED Amnion Vitamin D3 and 25~ 50 ul Chicken; Ross 1 Serum 25(0H)D3, when IOF was given at 21.2 ug of D3, or 1.2 pg @4
hydroxycholecalciferol 708 25(0H)D3
[25(0H)D3]: 0.6-2.4 pg 2 No negative effect on broiler hatchabilty indeex or chick quality
D3/25(0H)D3, or
combination of both
Vitamin D 18 ED Amnion 02,06,18,64pg 100l Chicken; Ross 1 Bone breaking strength (BBS) in male birds on Day 28 posthatch, butno  (25)
25(0H)D3 with 708 change in female birds
commercial diluent 2 No positive effect on the bone development and strength through Day 28
post hatch
Gommercial vaccine diluent or the injection process had adverse effect on BBS
Vitamin D 17ED Allantoic cavity 0.625,1.250, 0r 1.875 300 Chicken; Cobb ~ Decrease mean hatching time (4-5 h earlier) (6)
g 25(0H)D3 broiler = No negative effect on hatching o neonate qualities
Vitamin D and minerals 17 ED Amnion Organic minerals, 600 I Chicken; Cobb  IOF of minerals induces higher mineral uptake from the yolk @7)
phosphate, and 240 IU 500 + Whole-bone stiffness in the hatchlings and on Day 38
of vitamin D3 + Ash content of the bones on Day 38
Cysteine and methionine  17.6 ED Amrion L-Meth 5.9mg, L-Cys  1,000ul  Chicken; Ross | HSP70 ©8)
3.4mg 308 + GSH-Px
1 Corticosterone
1 T-S0D, Cu-Zn-SOD of serum, S, liver, pectoral muscle
1 MDA (Malondialdehyde)
~ CAT (Catalase)
| Triglycerices, total cholesterol, VLDL, HDL
1 embryonic mortality, but not significant
Beta-hydroxy-beta- 7ED Airsac 1,000 pg 1000l Chicken; Arbor 1 Hatchabiiity by 4.34%, body weight, average daily bodly weight gain, ©9)
methyloutyrate Acre pectoral muscle percentage
(HVB) 1 Plasma growth hormone, insulin, and insulin-like growth factor-1
+ mRNA expression of myogenic transcription factors, myogenic
differentiation, and myogenin
7 ED air cell injection is beneficial than 18 ED amnion injection of HMB
HMB, arginine, and egg 21 ED/23ED  Amnion 1,500 pg of HMB 1500 Turkey 1 Two- to three-fold increase in jejunal sucrase, maltase, and leucine (30)
white protein (EWP) amiopeptidase activities in HMB and arginine IOF at Day 14
 Glucose uptake in the embryo in IOF of HMB and EWP
+ overallincrease in jejunal nutrient uptake and digestion
HMB and carbohydrates  17.5 ED Amnion HMB: 1,000 pg 1000 Chicken; Ross 1 Villus width and surface area (45%) @1
Carbohydrate solution: 1 Intestinal capacity to digest disaccharides by increasing jejunal
259 of maltose/L, 259 sucrase-isomaltase activity and maltase activity
of sucrose/L, 200g + Body weight of hatchiings, and Day 10 chicks
of dextrin/L
HMB and carbohydrates  17.5 ED Amnion HMB: 1,000 pg 1,000l Chicken; Cobb 1 Hatchling weights (5-6%) @
Carbohydrate solution: 500and Ross 1 Body weight until Day 25
25 of maltose/L, 269 308 1 Liver glycogen (two-to five-fold)
of sucrose/L, 200g 1 Breast muscle (6 to 8%)
of dextrin/L
HMB and dextrin 18ED Amrion 10% dextrin, 0.4% 600 ! Chicken; Cobb 1 Glycogen reserves in liver and pectoral muscle on 19 and 20 ED and at (@2)
Ca-HMB in 0.4% NaCl 500 hatch
1 BW, ADFI, ADG, and FCR
+ Myoblast profferation on 19 ED and Day 5
1 Myofiver diameters, pectoral muscle weight (PMW) and PMW-to-BW ratio
on Day 35
Betaine Before Yolk sac Betaine: 2.5mg, before 100l Chicken; Rugao | CORT-nduced cholesterol deposition (33
incubation incubation yellow 1 hepatic expression of cholesterol biosynthesis genes and ACAT1 protein
CORT: Postnatal day 7, Prevent CORT induced down regulation of LXR and CYP27ATin liver
subcutaneous injection 1 CpG methyiation on the promoter regions of LXR and CYP27A1
Betaine and choline 12ED Air sac Betaine: 0.25,0.375, 500l Chicken; Ross 1 Hatching weight, final BW 34)
0.50 mg Choline: 0.25, 308 | FCR and abdominal fat percentage
0.375, 050 mg ~ Carcass yield, breast muscle, leg and wings percentage
= IgM, IgG, and total antibodly titers (IgT)
Carbohydrates 14ED Amnion/yolk sac  Either 50mg of 500ul  Chicken; Cross 1 Expression of humoral immune-related genes (IL-6 and IL-10), chicken (@5)
glucose/fructose/ribose of Comishand  growth hormone, and IGF-II during late-term embryonic and early post hatch
Plymouth Rock ~ days in case of IOF of glucose
1 Expression of IGF-I, IL-2, IL-12, IFN-gamma, and mucin gene in fructose
and ribose supplemented chickens
Carbohydrate 21ED,25ED 21 ED: Yok 1miof 10%glucose 1000l Turkey  Humoral immune response on both 21 and 25 ED groups (36)
sac/allantoic cavity ~ Cell-mediated immune response
25 ED: Amnion/yolk | Hatchabilty
sac | Liver weight
1 Bursa weight
1 BWin IOF of glucose through yolk sac route
Carbohydrates 185 ED Amnion 250mg of glucose, 101,000 Chicken; Ross  Hatchabilty decreased with an increase of injection volume 37)
fructose, sucrose, w 708 >400 pl solution of fructose and sucrose, decreases hatchability
maltose, or dextrin in >700 pl solution of glucose, maltose, or dextrin decreases hatchabilty
1 mlof diluent 1 BW of hatchiings and BW were positively related to increase of the amount
of carbohydrate
Carbohydrates 14.5ED Amnion 1.5% maltose and 200l Pigeon Alow level of carbohydrates (1.5 to 2.5% maltose and sucrose) increased (@8)
1.6% suctose; or 2.5% hatchabilty
maltose and 2.5% Ahigh level of carbohydrates (4.5% maltose and sucrose) decreased
sucrose; 3.5% maltose hatchabiity
and 3.5% sucrose; or = Liver glycogen reserve
4.5% maltose and 1 BW, pectoral muscle weight (PMW), pectoral muscle glycogen reserve at
4.5% sucrose hateh, yolk sac nutrient utilization, enteric development
Carbohydrate 20r4ED Air sac 0.3-2g glucoserkgof  — Chicken; White 1 Limb defects/heart defect in IOF of higher amount of glucose 9
egg weight Leghom  Disrupted cell proliferation and apoptosis in high glucose injection
Prebiotics 125 ED Amnion Chitooligosaccharide 500l Chicken; Gobb 1 Increased the population of Lactobacilus johnsoni, Bacteroides coprocola,  (40)
(COS) (5 to 20mg) and 500 and Bacteroides salanitronis in COS group
chiorella 1 Decreased the population of opportunistic pathogenic bacteria
polysaccharide (CPS) * Increased gluconeogenesis, L-isoleucine degradation, L-histidine
(51020mg) biosynthesis, and fatty acid biosynthesis in COS group
Response to prebiotics increased with age
Prebiotics 12ED Air sac Galactooligosachharide 200l Chicken; Ross 1 Increased the relative abundance of Bifidobacterium in the cecum @)
35mg 308 1 Decreased the relative abundance of Lactobacillus in the ileum
1 Upregulated the expression of cytokine genes (IL-18, IL-10, and IL-12p40)
and MUG in the jejunum and cecum
 Upregulated the expression of host defense peptides (AvBD1 and CATHL2)
in the cecum
1 Upregulated the free fatty acid receptors (FFAR2 and FFAR4) in the intestine
Prebiotics 12ED Air sac Galactooligosachharide 200l Chicken; 1 Reduced the heat-induce Th2 immune responses (downregulation of IL-4)  (42)
35mg Hubbard 1 Downregulated the expression of the cytokine genes (IL-10 and IL-1p40)
1 Reduced oxidative stress responses by downregulating the expression of
AT and SOD genes in heat stress
Prebiotics 12 ED Air sac Galactooligosachharide 200l Chicken; Ross 1 Increased BW (day 42), ADFI, and FCR (at finisher phase) “3)
35mg 308 1 Reduced foot-pad dermatitis and negative effects of HS
= No effect on hatchabiity
Prebiotics 12ED Air sac 1.9mg of Raffinose  200p! Chicken; Cobb, |, Hatchabity (@4
family oligosaccharides Ross, and +BW
(RFOs) Hubbard
Prebiotics. 12 ED Air sac 0,15,80,and 45mg 200l Chicken; Cobb 1 Increased the villus height and villus height:crypt depth ratio in ileum by high ~ (45)
RFOs 500 dose
1 Upregulated the expression of T cell and B cell gene markers (CD3 and
chB6) in ileum by high dose
Prebiotics 12 ED Air sac 1.9mg of RFOs 2001 Chicken; Ross 1 Improved the blood lipid profile (6)
308  Increased vili surface
+ Improved the gut bacterial composition through recucing the population of
Clostridia and coccidia
Probiotics 17 ED Yolk sac 5x10%and1x 107 200pl  Chicken; Cobb 1 Improved BWG and FCR (@7)
ofu B. bifidum ATTC 500  lleal vilus height and villus height/crypt depth ratio
29521; and of 5 x 10° ~ Insignificant change in ileal crypt depth

and 1 x 107 cfu B.
longum ATTC 15707

Probiotics 19 ED Amnion Lectic acid bactera ~ 200ul  Chicken; Ross 1 BWG (8)
containing 10 strains @ 308  Lactic acid bacteria at hatchlings
7 log cfu Challenge: | Enterobacteriaceae colonization at E. cofi challenged birds at hatchlings and
4.5x 10* cfu/ ml E. coli at 7-day-old chickens
1 Reduced mortality in the challenged chickens at Day 7
~ hatchability
Probiotics 18 ED Amrion 10° cfu of - Chicken; White ~~ Insignificant difference in protection against vMDV (49)
FloraMax®-B11 Leghorn 2 Hatchability
(Lactobacillus salivarius 1515x71 broiler |, Lactose positive Gram-positive bacteria
and + BW, surface area of ileal vili, protection against SE incidence
Pediococcus parvulus)
Challenge: with virulent
MDV (MDV;
strain 583A)
Probiotics 18ED Amnion 10 x 102 cells of 200ul  ChickenRoss 1 Antioxidant capacity (50)
Citrobacter freundii 708 broiler 1 Inflammatory status
97A11, or Citrobacter Pioneer colonizers showed differences in proteomic profile at hatch day which
Spp. 97A4, or a mixture are related to immune and skeletal muscle development
of L. salivarius and 1 Gluconeogenesis in Lactobacillus treatment group
Pediococcus spp
Probiotics 18ED Amnion 10 x 102 cells of 200ul  ChickenRoss 1 LAB-treated group showed enhanced immune response function and 1)
Gitrobacter freundii 708 broiler skeletal development
97A11, or Gitrobacter 1 LAB increased colonization of butyrate-producing bacteria (by 3 and 10
Spp. 97A4, or LAB (a days) and segmented flamentous bacteria (by 10 days)
mixture of L. salivarius | LAB decreased Enterococcaceae
and Pedliococcus spp)
Probiotics 18ED Amnion 2strains of Bacillus 200l Chicken; Ross | Reduced Gram-negative bacteria on Day 0 and Day 7 post hatch (52)
amyloliquefaciens and 308  BW and BWG (on Day O to Day 7 post hatch)

one strain of Bacillus
subtilis; § x 107 cfu/ml
Probiotics 175ED Amnion Seven probiotic 500ul  Chicken; Ross | Hatchabilty (by 10%) due to injection (63)
treatments in various 308 1 Reduced number of SE positive chicks in SE challenged chickens
cfuincluding E.
faecium, B. subtilis
(dose up to 10°

clu/egg)

Probiotics 18ED Amnion Multi-strain Lactobacili 100l Commercial 1 Splenic expression of cytokines (IFN-c, IFN-B, IFN-y, IL-8, and IL-12) (64
mixture (Lactobacillus broiler 1 IL-2, 8, 8 in cecal tonsils
salivarius, Lactobacills  No significant difference in bursa, except upregulation of IL-3 in high doses
reuteri, Lactobacilus 1 Increased serum IgG and IgM responses in keyhole limpet hemocyanin
crispatus, and immunized birds

Lactobacillus johnsonii;
at three doses—10%,
108, 107 cfwegg

Probiotics 18 ED Amnion Lactobacillus animalis 50 ! Chicken; Ross & No differences in hatch parameters, BWG, and mortality (55)
10°fu and 708 = No significant difference in FCR
Enterococcus faecium  Did not impact hatch parameters
10° cfu
Probiotics 18ED Amnion Lactobacilus 50l Chicken 1 Decreased hatchabity, BW in IOF of Bacillus subtilis (56)
acidophilus, Bacilus  Did not impact hatchabilty in IOF of L. acidophilus and 8. animalis
subtils, or
Bifidobacterium
animalis (10°-108 cfu)
Synbiotics 12 ED Air sac Synbiotic: Lactobacilus 200wl Chicken; Gobb  Synbiotic (L. plantarum + RFO) significantly changed DNA methylation of 7
salivarius + GOS: 500FF metabolic genes (downregulated ANGPTLA and upregulated NRAAS) in liver.
Synbiotio: L. plantarum Lactobacillus synbiotics increased BW, did not affect FCR, and did not change
+RFO immune related genes (SYK and KLHLE) in liver
Hormone: 10-18 ED Albumen/air 0.1,1,0r2pgof CRH 100l Chicken; Cobb  ~ No substantial effect on hatching time and hatchabilty (58)
corticotropin-releasing cellamnion 500
hormone (CRH)
Hormone: 24ED Air cellbottom of the 0.1-5 g 200p  Turkey + Embryonic blood plasma T4 (by four-fold) (59
thyrotropin-releasing g9 1 Embryonic blood plasma T only with high dose through bottom of the egg
hormone
Hormone: corticosterone 11 ED Yolk sac 020r1pg 100u  Chicken 1 The post-hatch growth rate (60)

+ Aggressive behavior and plasma corticosterone
1 Hypothalamic expression of arginine vasotocin and CRH

Hormone: thyroxine 18ED Amnion 65ng 500u  Chicken 1 Second-grade chicks, yolk sac weight at hatch (1)
1 Body weight at hatch
1 Incidence of ascites and mortality due to ascites

CpG-ODN, 18ED Yolk sac Trial A:CPGODN @50 100pl  Chicken From Trial A: Birds challenged with yolk sac infection showed 80, 65, and 60% ~(62)
polyinosinic:polycytidylic g; Poly [C @2.5 ug; survival with 101 of GpG-ODN, poly I:C, and CPZ, respectively; and reduced
acid (Poly 1), and cyclic cyclic early chick mortality. CpG-ODN also improved the ciinical scores
polyphosphazene (CPZ) polyphosphazene From Trial B: The lower dosage (2.5 pg/egg) of CPZ is as potent as higher
(CP2)75B @ 10 ug: dosage (5 ng/egg)
Loxoribine @ 2.5 pg

Trial B: CpG-ODN @ 50

g
Poly .C @5 pg

CpG-ODN 18 ED Amnion 50 g of carbon 100 ! Chicken 1 Survival rate in the E. coli changed chicken (saline treatment: 20 to 30% (63)
nanotubes-CpG-ODN CpG-ODN formulations: 60 to 80%)
50 g of lipid 1 Lower bacterial loads and clinical scores in the formulated GpG-ODN treated
surfactant-CpG-ODN groups compared to the unformulated CpG-ODN or saline groups
50 g of unformulated CpG-ODN formulated with carbon nanotubes and lipid surfactant showed an
CpG-ODN immunomodulatory effect against early infection with E. coli in broilers
Saline

CpG-ODN (class-B) 18ED Chorioallantoic sac 50 pg CpG-ODN 50l Chicken 1 Increased expression of IFN-c, IL-1b, IL-6, and IL-8, and oligoadenyl (64)

synthetase A MRNA

1 Reduced infectious bronchitis virus propagation in different embryonic
tissues in the IBV challenged embryos

CpG-ODN 18ED Amnion 25ug0f CpG-ODN 100l Chicken 1 Reduced Salmonella entirtiis colonization by <10-fold by stimulating (65)
immune responsiveness of heterophils
CpG-ODN 18ED Amnion 25ugof CpG-ODN 100! Chicken  Increased survival rate by two-fold (66)

| Decreased bacterial loads and pathology in the Salmonella typhimurium
challenged chickens
Immuno-protective against intracellular bacterial infection of
Salmonelia typhimurium

CpG-ODN 18 ED Amnion 50 g CpG-ODN 100pl  Chicken + Survival rate in E. cof infection ©7)
1 Immuno-protective effect against £. coll with 101 of polyphosphazene
formulated CpG-ODN

CpG-ODN 18ED Amrnion 25 pg CpG-ODN 100pl  Chicken Encapsulated CpG moderately improved the herpes virus of turkey (HVT) ©8)
vaccine efficacy against Marek's disease and reduced tumor incidence from 53
t0.33%

CpG-ODN 18 ED Amrion 50 ugof CpG-ODN 100wl Chicken (©9)
In E. coli challenged chicks: |. reduced clinical scores in CpG-ODN treated
chicks

+ Upregulation of proinflammatory cytokines (IL-1, IL-4, IL-6, IL-10, IL-18,
IFN-y, IFN-a, and lipopolysaccharide induced tumor necrosis factor (LITAF)] in
spleen and lungs

+ Significant enrichment of macrophages, CD4+ and CD8+ T-cell subsets in
both spleen and lungs

1 Upregulation of CD40 but not CD86

1 CD4 and CD8 expression

4 Protection in neonatal chicks against E. col infection
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Item

TPg/L)

TG (mmolL)

TC (mmolL)

HDL (mmol/L)

LDL (mmolrt)

AT

ASTW)

CON, basal diet; LAC, basal diet group with 0.1% Lactobacills delbruecki; TP total protein; TG, triglycerides; TC, totel cholesterol; HDL, high density lipoprotein; LDL, low density

Time

14 days
28 days
14 days
28 days
14 days
28 days
14 days
28 days
14 days
28 days
14 days
28 days
14 days
28 days

CON

49.24°
48.51
0.33
0.42
224
229
0.87
0.81°
1.00
0.95
78.63
149.15%
63.58
83.92

LAC

59212
4891
044
0.49
266
203
097
1140
124
0.83
101.04
109.67°
7333
56,07

SEM

2.07
177
0.068
0.1

0.27
0.23
0.13
0.08
0.18
0.1
15.03
15.38
10.43
14.45

P-value

<0.001
0.223
0.128
0.545
0172
0.294
0.473
<0.001
0.242
0.295
0.186
<0.05
0.386
0.102

lipoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase. Different superscriot lowercase letters within each group mean different significantly (o < 0.05). Each mean

represents four replicates.
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Gut Item Time CON LAC SEM P-value

lleum Chaol 14 days 306.45° 361.02¢ 16.92 <0.05
28 days 899.99 1054.32 85.52 0.102

Shannon 14 days 411 4.39 0.85 0.128

28 days 5.39° 5.89° 0.19 <0.05

Cecum Chaol 14 days 1080.74° 1302.69* 70.66 <0.05
28 days 2855.74° 2864.23* 124.58 <0.05

Shannon 14 days 6.11 7.19 0.93 0.275

28 days 791 7.65 0.68 072

Colon Chaot 14 days 1315.54° 175113 114.84 <0.05
28 days 3396.6 3739.3 289.58 0.062

Shannon 14 days 6.11 7.19 093 0.304

28 days 7.89° 8.99* 0.37 <0.05

CON, basal diet; LAC, basal diet group with 0.1% Lactobacillus delbrueckii. Taxa richness assessed by a-diversity analyses using Chao1 and Shannon methods on ileum, cecum, and
colon. Different superscript lowercase letters within each group mean different significantly (o < 0.05). Each mean represents four replicates.
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Gut Item Time CON LAC SEM P-value

Cecum Firmicutes 28 days 84.50° 89.622 1.89 0.029
Spirochaetes 28 days 0.712 037° 0.18 0.048

Colon Bacteroidetes 14 days 37.45% 25.72° 5.81 0.082
Firmicutes 14 days 57.98° 72.34% 743 0.022

Actinobacteria 28 days 0.26% 0.20° 0.01 0.012

Bacteroidetes 28 days 27.09* 20.14> 219 0.05

Fibrobacteres 28 days 0.01° 0.03* 0.01 0.032

Firmicutes 28 days 69.14° 77.70* 2561 0.022

CON, basal diet; LAC, basal diet group with 0.1% Lactobacillus delbruecki. Microbiota taxa composition at the phylum levels by relative abundance is shown. Different superscript
lowercase letters within each group mean different significantly (p < 0.05). Each mean represents four replicates.





OPS/images/fvets-08-754246/crossmark.jpg
©

2

i

|





OPS/images/fvets-08-692389/fvets-08-692389-t001.jpg
Item

Ingredients (%)
Com

Extruded soybean
Soybean meal

Low protein whey powder
Fermented soybean

Fish meal

Calcium phosphate
Limestone

Choline chioride

NaCl

Lysine

DL-Methionine

Threonine

Premix®

Total

Content

62.00
10.00
14.00
5.00
3.00
2.50
1.40
0.40
0.10
0.20
0.42
0.08
0.10
0.80
100.00

Nutrient levels®

DE(MJ/kg)
Crude protein (%)
CEE (%)

Lysine (%)
Methionine (%)
Threonine (%)
Met+Cys (%)

Ca (%)

Total phosphorus (%)

Available phosphorus (%)

Content

1411
18.47
4.40
130
039
0.80
0.70
0.70
063
0.44

DE, digestible energy; CEE, crude fat ether extract; Met, DL-methionine; Cys, cysteine;

Ca, calcium.

@Based on the Nutrient Requirements of swine (NRC, 2012).
bSupplied, per kiogram of diet: Cu, 100 mg; Fe, 90 mg; Mn, 40 mg; Zn, 80mg; Se, 0.3mg;
1, 0.6mg; vitamin A, 9,000 1U; cholecalciterol, 2,800 IU; vitamin E, 22 IU; thizmine, 3mg;
riboflavin, 7.0 mg; pyridoxine, 4.0 mg; cobalemin, 30 ug; niacin, 30 mg; pantothenic acid,
10mg; folic acid, 0.32mg; biotin, 0.2 mg.
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Item

BW (kg)

ADFI (g)

ADG ()

FCR

Time

1d
14d
28d
-14d
15-28d
1-28d
1-14d
15-28d
1-28d
1-14d
15-28d
1-28d

CON

7.53
11.46°
18.68°
433.33
854.61

646.47°

280.71°
516°

398.07°

1.56

1.66

1.62

LAC

76
11.912
19.49%
453.2

881.78
667.48%
308.42%
54122
424.88*
1.47
1.63
1672

SEM

0.10
0.18
0.29
9.80
16.29
818
9.53
9.43
8.84
0.06
0.04
0.001

P-value

0.508
0.044
0.082
0.18

0.126
0.042
0.027
0.087
0.028
0.161
0.474
0.048

CON, basal diet; LAC, basal diet group with 0.1% Lactobacillus delbrueckii; BW, body weight; ADG, average daily body weight gain; ADFI, average daily feed intake; FCR, feed/gain

ratio. a, b within a row, values with different superscripts mean different significantly (o < 0.05). Each mean represents four replicates.
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Index

Body weight, kg
Serum growth
hormone, ng/mL.
Serum insulin, pg/mL
Serum triglyceride,
mmolL

Serum total cholesterol,
mmol/L

Serum immunoglobuiin
G (1gG), mg/mL

Serum immunoglobulin
M (gM), mg/mL
Diarrhea, %

D1

0.84 + 0.08f
14.07 £ 0.88c

11.13 £ 1.40e
0.66 + 0.13b

1.24 + 0.10d

4.06 % 0.350

0.13 + 0.04b

8.7%d

D7

153 £ 0.21e
10.07 £ 0.36c

12.37 £ 0.72e
0.89 + 0.08a

2.77 + 0.38b

3.63 £ 0.12¢

0.06 + 0.02e

8.9%c

D14

3.25 + 0.30d
12,68 £ 0.81c

14.52 £ 1.44d
0.65 + 0.19

3.70 + 0.47a

3.48 % 0.09d

0.05 + 0.02e

23.5%a

D21

394 +0.11d
36.63 £ 9.27b

17.61 £ 1.60c
0.64 % 0.10b

299 + 0.21b

3.70 £ 0.21c

0.09 + 0.02d

20.2%a

D28

5.53 + 0.26¢
38.55 + 3.61b

21.11 £ 0.84b
052 % 0.16b

1.96 + 0.39¢

3.78 +0.22¢

0.11 £ 0.08¢c

16.4%b

D35

6.73 + 0.28b
64.72 + 7.74a

30.09 £ 1.73a
0.38 + 0.06¢

1.47 £0.14d

4.28 +0.33b

0.20 + 0.06a

5.1%d

N = 6, the data are presented as the mean + S.E., values within a row with different superscripts differ significantly at P < 0.05 (ANOVA).

D42

8.63 + 0.35a
68.25 + 11.62a

32.26 + 0.8%9a
0.22 + 0.03d

1.36 £ 0.16d

4.62 £ 0.292

0.24 + 0.03a

4.6%d

ANOVA
P-value

P <0.0001
P =0.0002

P <0.0001
P=00145

P <0.0001

P =0.0342

P =0.0027

P <0.0001
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Items Control group BS-A group BS-B group BS-C group

Body weight (kg)

Day 1 7.02+007 7.08+004 7.09+004 707 £005
Day 7 8.47 £0.08° 872+ 0,05 9.06 +004% 8.95+008"
Day 21 13.42 £031° 13.73 £ 026 14.41 +033% 1479+ 0.112
Day 42 23.28 0.5 24.09+0.23% 24.75 £ 0.42% 25314007
Average daily gain (kg/d)

Day 1-7 0.21£001° 028+ 001° 028+ 000 027 £002°
Day 8-21 0.35 40,02 0.36 % 0.02° 038 002 0.42 £0012
Day 22-42 0.47 £0.01 0.49 £ 0.01 0.49£0.02 050+ 001
Day 1-42 0.39  0.00° 0.40 £0.01% 042 £001%® 0.43 £0.00*
Average daily feed intake (g/d)

Day 1-7 392,51 +5.34 39554 + 11.73 42219+ 1493 432,87 % 26.48
Day 8-21 585.47 £ 10.94 594.68 % 2257 563.92 + 45,67 596.76 % 15.72
Day 22-42 859,50  65.65 94108 + 41.91 903.88 + 49.56 915.31 % 4962
Day 1-42 690,32 + 3158 734.69 + 28.48 710.28 + 36.84 728.72 % 83.20
Feed conversion ratio

Day 1-7 1.91£0.112 1.70 + 0.05% 1.50 £ 0.05° 1.62 + 0.06°
Day 8-21 1694011 1.66 0,03 1.47 +005% 1.44 £ 0.07°
Day 22-42 1.83%0.10 1.91£0.10 185%0.12 1.83 £0.09
Day 1-42 1.78 40,08 1.8140.06 1,694 0.07 1684 0.07
Diarrhea rate (%)

Day 1-7 5.71 £ 0.63 4.14 £ 031° 4.43 £ 0.24° 4.57 £0.31%
Day 8-21 3264023 2.01+0.13° 2.124007° 2.234020°
Day 22-42 1484013 0.58 = 0.06° 0.38 +0.09° 035:£0.11°
Day 1-42 3.48+£022° 224£011° 231+008° 239£017°

Values are expressed as means = SE, n = 5. *<Mean values within a same row with different superscript letters were significantly diferent (P < 0.05). Control group, a basal diet;
BS-A group, a basal diet supplemented with B. subtils A at 1 x 108 CFU/g feed; BS-B group, a basel diet supplemented with B. subtils B at 1 x 108 CFU/g feed; and BS-C group, a
basal diet supplemented with B. subtilis C at 1 x 106 CFU/g feed.
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Items Control group BS-A group BS-B group BS-C group

Day 7

IL-2 89.12 + 18.56° 145.41 £29.51% 177.63 +30.38" 133.70 £ 5.81%
IL-6 20554 £ 46.28 198.21 £ 24.06 219.48 + 20.48 27391 2257
IL-10 4828+ 1359 63.67 & 19.81 74,61 %2240 49.09+7.83
INF-c. 6378+ 7.71 91.16:£22.72 62.84 £ 6.06 61.58 £ 3.55
TNF-a 27.06 % 1.99° 49.47 £ 0.61% 65.94 & 9.36° 45.63 & 16.82°
Day 21

IL-2 61.37 £ 7.09° 138.42 & 21.14° 174.30 £ 2.87% 208.07 + 28.49°
IL-6 145.08 + 11.72> 293.15 + 54.20% 324.25 + 63.15% 414.42 + 92.45°
IL-10 2670 = 1.13° 40.83 £ 7.53% 66.75 % 6.47° 58.31 % 12,220
INF-a. 5552 & 6.94% 4047 5670 64.91 £ 961% 86.48 + 19.84°
TNF-o 142.00 + 33.07° 30.82 + 1.88° 41.08 + 12.82° 66.34 + 9.86°
Day 42

-2 90.16 4 27.11° 15835 £ 17.10° 176.58 & 3.90° 14634 + 18.41%
IL-6 188.31 + 51.86 311.61 £ 55.40 320.76 + 50.13 250.95 + 38.84
IL-10 37.65 + 15.62 29984833 32,39 & 12.01 36,61 4.21
INF-o 4330 14.45 39.99 % 6.97 30.75+5.43 48.06 + 6.56
TNF-o 9150 £ 19.95 67.67 + 1521 45.44 £ 14.79 53.25 + 11.49

Values are presented as means + SE, n = 5. % Mean values within the same row with different superscript letters were significantly different (P < 0.05). IL, interleukin; IFN-q interferon-
alpha; TNF-a, tumor necrosis factor-alpha. Control group, a basal diet; BS-A group, a basal diet supplemented with B. subltilis A at 1 x 108 CFU/g feed; BS-B group, a basal diet
supplemented with B. subtilis B at 1 x 108 CFU/g feed; and BS-C group, a basal diet supplemented with B. subtilis C at 1 x 108 CFU/g feed.
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items Control group BS-A group BS-B group BS-C group

Day 7

Jejunum VH (um) 334.42 6,77 31029  20.05° 31459  10.36° 393.23 + 12.92°
CD (um) 291.98 & 31.40° 190.87  15.49° 199.78  18.35% 234,23 +8.32%
VH/CD 120013 162 4 0.05° 1.74 4009 169007

lleurn VH (um) 304.68 + 19.15° 377.07 + 9.20° 397.52 + 18.78" 395.08 + 19.61
CD (um) 171.76 £ 4.10 163.24 £ 4.78 160.12 + 12.49 18220 £8.31
VH/CD 178 £0.14° 232 +009° 251£0.11° 219:£0.13°

Day 21

Jejunum VH (um) 357.82 & 15.15° 429.22 + 32.41%® 478.66 + 30.76° 43091 + 6.76%
OD (um) 260.30 + 19.98° 270.18 + 18.49° 335.63 + 26.46° 208.17 + 16.36%
VH/CD 1.41£0.13 1.9 £0.09 1.44 0,06 1.63%0.10

fleum VH () 362.36 % 7.42° 40146 £ 19.11° 480.95 + 13.14° 44294 £8.70°
CD (m) 174.85 + 3.86° 179.86 + 10.52° 233.19 + 8.26 17197 £9.67°
VH/CD 2.08 +0.06° 2254013 207 +008° 261:£0.14°

Day 42

Jejunum VH () 408.60 & 4.41° 46122  44.99% 520.98  26.19° 47611 £ 9.85%
OD (um) 29657 + 16.46 34139 £ 868 33065 + 27.88 296.06 + 21.71
VH/CD 1.39 £ 0.06 1.48 £0.10 1.68 % 0.07 1.65+0.13

lleumn VH () 338.67 & 7.07° 474.40 + 21.70° 446,03 + 31.09° 461.42 £ 29.412
OD (um) 206.36 + 11.20% 186.39 + 18.78% 174.86 % 12.20° 22166 £ 13.17%
VH/CD 1,54 %0.04° 262022 256+0.12° 2.08+0.04°

Data are presented as means % SE, n = 5. 22°Mean values within the same row with different superscript letters were significantly different (P < 0.05). VH, villus height; CD, crypt
depth; VH/CD, villus height to crypt depth ratio. Control group, a basal diet; BS-A group, a basal diet supplemented with B. subtiis A at 1 x 10% CFU/g feed; BS-B group, a basal diet
supplemented with B. subtilis B at 1 x 108 CFU/g feed: and BS-C group, a basal diet supplemented with B. subtilis C at 1 x 108 CFU/g feed.
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Items. Microbiota

Phylum Bacteroidetes
Firmicutes
Fusobacteria
Proteobacteria
Verrucomicrobia
Spirochaetes
Euryarchaeota
Tenericutes.
Cyanobacteria
Planctomycetes
Genus Bacteroides
Lactobacilus
Fusobacterium
Methanobrevibacter
Alloprevotella
Tyzzerela
Ruminococcaceae_NK4A214_group
Helicobacter
Sphaerochaeta
Parabacteroides

ELR

-0.34
035
-0.15
0.06
-0.09
—0.43"
0.03
-0.01
0.13
-0.25
-0.32
0.48"
-0.15
0.16
-0.08
0.07
-0.44
0.32
-0.70*
-0.45

Reproductive performance

FCR

0.29
-0.42*
-005
~0.01

0.18
0.54*
-0.05
-0.09
-0.04
031
0.00
~0.43"
-005
~021
<001
-0.02
038
-0.14
0.8
0.30

Abbreviation represents: ELR, egg laying rate; FCR, feed conversion ratio; ApoCR, ovary apoptosis cell rate.

HQR

-0.15
0.05
0.14
0.29

-0.07

-0.08

-0.02

-0.18

-0.10

-0.62

-0.34
0.04
014
0.01

—0.48
0.04

-0.17
0.02

-0.35"

-0.21

Ovary apoptosis
ApoCR

0.23
—-0.24
0.16
-0.02
0.09
0.46"
0.03
-0.22
-0.01
0.42
0.20
-0.33"
0.16
0.02
0.01
-0.08
0.07
-0.18
047"
0.32
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Phylum Group  Firmicutes  Bacteroidetes  Fusobacteria  Proteobacteria  Cyanobacteria  Spirochaetes  Verrucomicrobia  Others

Duodenum AR 7097 0.85 0.09 19.73 7.96 0.02 0.01 0.38
HR 73.92 0.57 0.08 14.78 10.28 0.01 0.01 035
P-value 071 0.50 0.44 0.55 0.65 0.86 0.88 0.54
Jejunum AR 7112 0.48 0.05 6.08 21.73 0.01 0.01 051
HR 73.30 0.38 0.04a 9.42 16.34 0.01 0.01 0.50
P-value 0.79 0.76 025 0.49 0.63 0.93 0.20 0.90
lleum AR 75.58 6.12 0.15 5.88 11.73 0.14 0.01 0.36
HR 72.28 3.24 0.67 5.43 16.07 1.72 0.06 062
P-value 0.68 0.58 0.69 0.46 0.38 0.29 027 027
Cecum AR 38.79 48.44 2.90 4.02 0.61 1.21 0.74 3.23
HR 41.76 45.09 215 485 0.68 0.99 1.42 135
P-value 021 0.20 0.12 0.82 0.48 0.54 0.37 0.62

aEach mean represents 10 replicates, with one layer/replicate. Abbreviation represents: AR, average egg laying rate; HR, high egg laying rate.
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Genus Group Lactobacillus Fusobacterium Unidentified_chloroplast Helicobacter Bacteroides Phyllobacterium Romboutsia Others

Duodenum AR 64.93 0.08 796 9.38 0.48 9.15 0.23 7.80
HR 70.22 0.08 10.28 7.95 0.33 5.08 0.09 5.98
P-value 0.50 0.56 0.81 0.53 0.16 0.86 0.12 0.40
Jejunum AR 63.37 0.05 21.72 1.37 027 1.62 0.17 11.44
HR 69.22 0.05 16.34 5.17 023 1.70 0.09 721
P-value 0.49 0.49 022 0.82 0.88 0.92 0.21 0.07
lleum AR 61.54 0.15 11.72 1.05 3.82 2.60 0.82 18.30
HR 56.54 0.57 16.06 0.97 2.19 0.65 1.31 21.73
P-value 0.67 0.46 0.84 0.63 0.00 0.29 0.65 0.67
Cecum AR 0.41 2.90 0.03 0.05 25.66 0.03 0.07 70.86
HR 5.00 215 0.20 025 23.64 043 0.13 68.20
P-value 017 0.22 0.16 0.45 0.18 0.64 0.57 057

aEach mean represents 10 replicates, with one layer/replicate. Abbreviation represents: AR, average egg laying rate; HR, high egg laying rate.
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Items

Phylum

Genus

Microbiota

Firmicutes
Cyanobacteria
Bacteroidetes
Spitochaetes
Proteobacteria
Fusobacteria
Deferribacteres
Tenericutes
Verrucomicrobia
Euryarchaeota
Lactobacillus
Unidentified_Chloroplast
Bacteroides
Brachyspira
Romboutsia
Phyllobacterium
Rikenellaceae_RC9_gut_group
Helicobacter
Fusobacterium
Veillonella

ELR

0.12
0.00
-0.28
-0.33
-0.26
-0.35
-0.27
-0.20
0.04
-0.61*
-0.02
0.00
-0.25
-0.08
-0.46
-0.77
-0.32
0.36
-0.35
-0.50

Reproductive performance

FCR

-029
0.02
033
0.33
0.28
026
0.36
037

-0.03
0.58*

011
0.02
0.28
0.18
0.58"
0.62
0.43

-0.13
0.26
0.28

Ovary apoptosis

ApoCR

-0.23
-0.10
041
0.27
0.25
0.48
0.30
0.13
0.02
073"
-0.19
-0.10
0.39
0.08
0.41
0.33
0.45
-0.31
0.48
024
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Items. Treatments?® SEM  P-value

CON AGP ™B
Initial weight, kg 8.43 8.41 8.40 0.13 0.995
Final weight, kg 1813 1948°  1959° 020 0.001
ADG, g 34622° 39566° 399.47° 913 0.021
ADFl, g 567.34 60925 61145 1180 0236
F/G 1.64° 154 153 002 0017

SEM means standard error of the mean (n = 8). ADFI, average dail feed intake; ADG,
average dally gain; F/G, Feed/gain.

“CON: basal dlet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:
basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
beDifferent superscripts within a row indicate a significant difference (P < 0.05).
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Items Treatments® SEM P-value

CON AGP ™B
T-AOC, W/mL 3.42 365 383 0.09 o0.161
GSH-Px, U/mL 31130 31850  837.37 725 0331
SOD, U/mlL 13425°  137.55%  145.16°  1.73 0.022
MDA, nmol/mL 6.50° 5.44° 520" 0.20 0017

SEM means standard error of the mean (n = 8. T-AOC, Total antioxidant capacity;
GSH-Px, Glutathione peroxidase; SOD, Superoxide dismutase; MDA, Malondialdehyde.
3CON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:
basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
bepjfferent superscripts within a row indicate a significant difference (P < 0.05).
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Genotype of Treatment Number of Average birth

piglets groups piglets liveweight of
piglets (kg)
Non- Go 20 1.22
Hoxal~/~
G1-9 89 092°
Hoxal~/~ Go 5 0.80%
G1 3 0.72%
G2 4 0.68°
a3 4 0.85%
a4 3 0.70%
a5 3 074
a6 3 0.89%
a7 5 0.94%
a8 3 0.88
a9 4 0.95%
SEM 0.02
P-value Days of ATRA administration 0.00
Dose of ATRA 0.00
Days x Dosage 0.00

GO:0mg ATRA; GT: 12 dpc + 4 mg ATRA; G2: 12 dpc + 5 mg ATRA; G3: 12dpc + 6mg
ATRA; Gd: 13 dpc + 4mg ATRA; G5: 13 dpc + 5mg ATRA; G6: 13 dpc + 6mg ATRA;
G7: 14 dpc + 4mg ATRA; G8: 14 dpc + 5mg ATRA; G9: 14 dpc + 6 mg ATRA. Means
withina column followed by the same lower case letter do not differ significantly (P > 0.05)
Means within a column followed by the different lower case letter differ significantly (P <
0.05).
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Genotype of  Treatment  Numberof Score ofleft  Score of

piglets groups piglets ear of right ear of
piglets piglets
Non- Go 20 5.00° 5.00°
Hoxal~/~
G1-9 89 5.00° 5.00°
Hoxal~/~ Go 5 1.67° 1.83%
G1 3 3.00%° 3.00%
] 4 3.00% 3500
] 4 2.00° 2,50
a4 3 3.00% 3,000
G5 3 1.50° 1.00°
a6 3 2.33% 2,670
a7 5 3.80% 3.80%
] 3 2.50% 2.00%%
a9 4 2.75% 3,000
SEM 021 0.21
P-value Days of ATRA administration 0.00 0.00
Dose of ATRA 0.46 036
Days x Dosage 019 029

Means within a column followed by the same lower case letter do not differ significantly (P
>0.05). Means within a column followed by the different lower cass letter differ significantly
(P < 0.05).
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Treatment groups Days post coitum  Dose of ATRA  Numbers

for ATRA (mg/kg maternal ~ of sows
administrationto  body weight)
sows
Control group (G0) 0 0 6
Experimental group 1 (G1) 12 4 2
Experimental group 2 (G2) 12 5 2
Experimental group 3 (G3) 12 6 2
Experimental group 4 (Gd4) 13 4 2
Experimental group 5 (GS) 13 5 2
Experimental group 6 (G6) 13 6 2
Experimental group 7 (G7) 14 4 2
Experimental group 8 (G8) 14 5 2
Experimental group 9 (G9) 14 6 2
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Items Content (%)

Ingredients
Com 55.00
Soybean meal 19.00
Full-fat soybean powder 10.00
Fish meal 5.00
Whey powder 6.15
Soybean oil 150
Dicalcium phosphate 090
L-Lysine-HCI 0.48
L-Threonine 005
DL-Methionine 0.10
L-Tryptophan 002
Salt 030
Limestone 050
Premix® 1.00
Total 100.00
Calculated nutrients

Digestible energy (MJ/kg) 14.64
Crude protein 2015
Lysine 138
Methionine 0.82
Methionine + cysteine 1.01
Threonine 097
Tryptophan 025
Calcium 080
Total phosphorus 073

#The premix providedthe following (per kilogram of compound feed): Vitamin A, 12,000 1U;
Vitamin D, 2,500 1U; Vitemin E, 30 1U; Vitamin B12, 12 pg; Vitamin K, 3mg; d-pantothenic
acid, 15mg; nicotinic acid, 40mg; choline chloride, 400mg; Mn, 40mg; Zn, 100mg; Fe,
90mg; Cu, 8.8mg; I, 0.35mg; Se, 0.3 mg.





OPS/images/fvets-08-658956/fvets-08-658956-t009.jpg
Items

Lightweight? pigs
Body weight, kg
d42

a70

dos.

d126

Daily gain, kg/day
429-d42

d42-d70

470-do8
498-dl126
Heavyweight® pigs
Body weight, kg
d42

70

dd2-d70
d70-do8
d98-d126

CON

1834
446
74.4

104.6

0.14
1.00
1.04*
1.03

288
68.3
87.2
121

0.26*
1.04¢
092
0.95

YC

16.17
432
700
100.3

0.12
1.03
0.94°
1.04

284
615
899
1167

0.12°
1200
098
101

Mo

19.1%
45.4
714
101.1

0.09
097
091°
1.02

29.3
61.4
90.5
120.4

0.18%
1164
1.01
1.09

GT

18.8*
46.0
746
106.5

0.18
101
1.02%
1.02

26.2
58.4
89.3
187

0.18%

147
1.07
1.11

SEM

1.60
1.80
2.30
270

0.04
0.05
0.03
0.06

1.84
3.03
3.92
464

0.03
0.08
0.05
0.08

p-value

0.027
0.537
0.238
0177

0.220
0673
0.006
0.979

0532
0.532
0.807
0.276

0.038
0.054
0.128
0.181

"Feed addiives were added to the control (CON) diet in gestetion end lactation. The whole yeast cel, mint oi, and y-tocopherol were top dressed at 50 g/day and supplied 3.1 g whole
yeast cellday, 10 ppm active peppermint oil/day, and 200 ppm y-tocopherol/dey, in YC, MO, and GT, respectively. Pigs were provided common diets in a six-phase feeding progrem

of ~21 days/phase.

2| ightweight pigs represent 5.13kg or less at weaning.

3Heavyweight pigs represent pigs weighing 7.05 kg or more at weaning.
“Values denoted with superscript ™ indicate a tendency (o < 0.10).
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Items Treatments® SEM P-value

Control  AGP ™B
Villus height, pm
Duodenum 305.13°  320.53%  332.27° 4.39 0.087
Jejunum 26580 26745  267.68 3581 0.977
lleum 23368 24079  256.72° 396 0.048
Crypt depth, pm
Duodenum 26416 26020  250.39 477 0.489
Jejunum 23694° 20750 221.70° 252 0.041
lleum 17313 16603 16554 381 0.670
VG, pm: um
Duodenum 1.16° 1.26% 1.36° 003 0.033
Jejunum 113 119 121 002 0.225
lleum 1.39 1.47 157 004 0.130

SEM means standard error of the mean (n = 8). VC, the Villus height to Crypt depth rate.
4CON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:
basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
bepifferent superscripts within a row indicate a significant difference (P <0.05).
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Component Treatments? SEM P-value

(mg/g)

Control AGP MB
lleum
Acetate 0.499° 0.488° 0.583° 0.017 0.023
Propionate 0.097° 0.005° 0.105° 0.002 0.014
Butyrate 0.080° 0.061° 0.067¢ 0.001 0.026
Valerate 0.075 0.002 0.082 0.046 0.323
Isobutyrate 0.015 0.015 0.013 0.001 0.156
Isovalerate 0.013 0.010 0.009 0.001 0.401
Total SCFAs. 0.759° 0.760° 0.859° 0.018 0.022
Cecum
Acetate 3207°  3.255°  3.682°  0.174 0.025
Propionate 2.365° 2.207° 2.872° 0.243 0.020
Butyrate 1.732 1.656 2.084 0.157 0.093
Valerate 0.209 0.172 0177 0.032 0.228
Isobutyrate 0.087 0.106 0.69 0.008 0.302
Isovalerate 0.129 0.149 0.108 0.009 0.180
Total SCFAs. 7.821° 7.832° 8.940° 0.534 p < 0.001

SEM means standard error of the mean (n = 8). SCFAs, Short-chain fatty acids.

2CON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:
basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
bepifferent superscripts within a row indicate a significant difference (P < 0.05).
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Items. Treatments® SEM  P-value

Control  AGP ™B
19G, gL 790 808 9.13 004 0211
1A, g/l 1.85° 220° 2.19° 0.06 <001
IgM, g/L 096° 1.26% 1.30° 031 0.021
IL-1a, pg/mL 52.11 57.47 61.63 214 0.202
IL-1B, pg/mL 4381 52.45 61.28 452 0.300
IL-2, pg/mL 54.99 61.94 50.38 402 0518
IL-6, pg/mL 6.45 520 3.04 0.80 0.218
IL-10, pg/mL. 878> 1080  1292° 056 0.005
TNF-a, pg/mL. 12.92 13.67 1453 0.43 0.333

SEM means standard error of the mean (n = 8. IgG, Immunogiobulin G; IgA,
Immunoglobulin A; IgM, Immunoglobulin M; IL-1a, interleukin Ta; IL-18, interleukin 18;
IL-2, interleukin 2; IL-6, interleukin 6; IL-10, interleukin 10; TNF-a, tumor necrosis fector a.
SCON: basal dlet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetons; MB:
basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
beDifferent superscripts within a row indicate a significant difference (P <0.05).
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Items.

ALB, gL

AMM, wmolL
AST, UL

BIL, pmol/L.
CHE, UL

GLU, mmolL
HDL-C, mmolL
LDL-C, mmol/L.
TBA, pmoliL
TC, mmol/L

TP, g/l

UN, mmol/L

LBw!

3.400
156.70¢
673"
0.95%
5050
1.58
0.05°
0042
3479
0.18%
228
2449

Day 45 of gestation
MBW2 HBW?
320 3212

165080 21337
878 7.33
1320 1.08%
44,384 53,67
169 1.62
0072 0.08°
0042 0,042
7.78% 7.98°
0.18% 0.19%®
2.28% 230
2534 2.67°

Day 75 of gestation
LBW MBW HBW
2.46° 2.68° 2.48°

17.75% 109349 126.82¢
16.43° 23.47¢ 17.46°
0.70¢ 0,68 053¢

56.25% 40.80° 43.75%4
2.24 1.68 1.66
003 0.04% 0.02%
0.02% 0.02° 0.01%
3979 5.32% 5.92°
0.14¢ 0.170 0.14%¢
1.37° 1.67% 1.22°
4.804 4,609 5.81°

Day 110 of gestation

LBW

2.740
948.56°
40.88°
3.60°
102.25°
1.81
0.003°
0.005°
6.05°
0.19%
4.40°
15.08%

MBW

2.45°
2300.48°
35,670
433
154.75°
220
0.003°
0.005°
4.26%4
0212
3.30°
10.63°

HBW

253
338.67°
30.75°
0.60
64.00°
157
0018
0015
43874
0.16%¢
2.60%
13.68°

SEM

0.21
3.77
0.65
025
1.41
0.26
0.04
0.04
0.44
0.06
0.30
0.49

Gestation period

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.2987
<0.0001
<0.0001
0.0073
<0.0001
<0.0001
<0.0001

P-values

Body weight

0.4932
<0.0001
0.0018
<0.0001
0.0211
0.3432
0.0744
0.468
0.0002
0.2219
0.1238
0.1239

GP*BW

0.5169
<0.0001
0.0001
<0.0001
<0.0001
0.2136
0.0008
0.6474
<0.0001
0.0600
0.0221
0.0536

LB, the lowest body weight; ZMBW, the middle bodly weight; ®HBW, the highest body weight; *~Values within & row without a common superscript letter differ (P < 0.05). Probability values between 0.05 and 0.10 were considered
to be trends. At day 45 and day 75 of gestation, in the LBW, MBW, and HBW groups, n = 8 per group; at day 110 of gestation, in the LBW, MBW, and HBW groups, n = 5. The same as below.
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Items

ALB, gL
ALT, UL

AMM, mmol/L
AST, UL

BIL, pmol/L
CHE, UL

GLU, mmol/L.
HDL-C, pmol/L
LDL-C, pmol/L.
TBA, umol/L
TC, mmol/L
TP gL

UN, mmol/L.

LBw'

357°
3,774
1.44%
130.74%
0.15°
70.00°
0.78¢
28.33%
25.00°
1.20°
047
4.48°
5.88°

Day 45 of gestation
MBW? HBW®
3.02% 3.43%
3.90% 2.98%%
220 2170
89.14% 123.54%
0.28% 0.48%%
58.33° 47.26°
0.70¢ 0.60¢
0.00¢ 58.33°
5007 28.33%

1.28° 132
013 o.16®
3.85 422°
6.20° 6.00°

LBw

3.24%
6.60°
0.78%
83.95°
1.00%
69.00°
179
34.20°
17140
1.98°
021
3.28°
10.80°

Day 75 of gestation
MBW HBW
2.80% 258°
1.28° 2.62%
1.56° 1.24%¢
14.404 38.76¢
119° 0.65°%
60.40° 46.20°
087¢ 1.56°

23.78%  28.75%
13,750 52.50°
1.63° 1.40°
0.11° 0.15%
4120 3.44°
16.472 18.02°

Day 110 of gestation
LBW MBW HBW
3.04% 290% 263°
4.93% 9.84% 2.78%
0.99°% 1.00%4 053¢
45.37¢ 87.63> 25.78°
5.15° 5.20° 420°
27450 228.00° 226. 00°
239 226% 1.91%e
13.33%4 10.00%4 20,000
11,67 16.67° 50,00
9.18° 8.90° 7.35°
0.26° 0.24% 0.22%
698" 855 7.00°
10.70° 18.42% 18.20°

SEM

0.29
0.45
0.16
2.00
0.28
1.96
024
6.37
7.95
0.31
o1
0.49
0.64

Gestation period

0.0569
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.0218

0.3409
<0.0001

0.0237
<0.0001
<0.0001

P-values
Body weight

0.1275
<0.0001
0.0006
0.0167
0.0882
0.0151
0.0245
0.0003
<0.0001
0.0108
0.2667
0.5071
<0.0001

GP*BW

0.6234
<0.0001
0.00058
0.0003
0.1342
0.5965
0.0356
0.0011
02677
0.0238
0.8834
0.6598
00189

1LBW, the lowest body weight; 2MBW, the middle bocy weight; HBIW, the highest body weight; *~° Values within a row without a common superscript letter differ (P < 0.05). Probabilty values between 0.05 and 0.10 were considered

to be trends. At day 45 and day 110 of gestation, in the LBW, MBW, and HBW groups, n

 per group; at day 75 of gestation, in the LBW, MBW, and HBW groups, n = 8. The same as below.
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Items

1-Mehis
3-Mehis
Ala

Asp+Asn

Cysthi
EOHNH2
Glu+Gin
Gly

His
Hylys
Hypro
lle

Leu

Lys

Met

o
PEA
Phe

Pro
P-Ser
sar

Ser

Tau

Thr

4

val
a-AAA
«-ABA
B-ABA
p-Ala
v-ABA

45

7.58°
10.06°
606.00
186.04
23.04°
32.38°
14712
7193
351°
1027°
280.42°
843.50°
47,33
5.32¢
59.69
94.01°
226.20°
104.22°
38.62
88.91°
14.78°
85.89"
304.84°
8512
36.24°
143.16°
110.10°
186.03
100.42°
24099°
24.10°
12.32°
0.43°
7.22°
0.39

Day of gestation

75

11,040
11.28
57027
178,04
20.58°
36.26%
93.80°
53,52
11.35°
18.00°
286.77°
956.10°
46.25°
65.87%
19.46°
107.24°
203.22°
178.94°
42.29
101.94
13.940
81.21°
41.28°
8.32%
20.50°
126,63
132.87%
181.26
77
285.20°
30,02
11.60°
0.79°
803
0.40

110

8.67°
1596
57090
168.23
16.20°
4210
101.59%
53,68
13.38%
17.58°
217.55°
922.33%
49.50°
59.970
20.48°
112,28
21220°
168.17°
4318
101.50°
10.84°
84.712
38.76°
793
29,61
140.27%
123,64
182.96
126.34%
262.28°
36.72°
19.81°
0.94°
7.18°
037

SEM

025
043
230
1.76
0.51
0.86
153
0.90
024
0.35
168
3.33
057
0.59
0.50
0.71
126
152
0.88
1.10
058
0.59
158
026
0.63
133
126
1.39
1.01
143
0.88
0.52
0.13
0.29
0.14

P-values

<0.0001
<0.0001
0.1871
0.3980
<0.0001
0.0302
0.1015
<0.0001
<0.0001
<0.0001
<0.0001
0.0546
0.0750
<0.0001
<0.0001
<0.0001
0.0062
<0.0001
0.3256
0.0242
0.0246
<0.0001
<0.0001
0.0879
0.0004
0.0869
0.0064
0.8245
<0.0001
<0.0001
0.0035
<0.0001
<0.0001
0.0418
0.9318

#=¢Values within a row without & common superscript letter differ (P < 0.05). Probabilty values between 0.05 and 0.10 were considered to be trends. 1-Mehis, 1-methyl-histidine;
3-Mehis, 3-methyl-histicine; Ale, alanine; Arg, arginine; Asp, aspartate; Asn, asparagine; Ans, anserine; Cer, camosine; Cit, citruline; Cys, cysteine; Cysthi, cystathionine; EOHNHZ,
ethanolamine; Glu, glutemate; Gin, glutamine; Gly, glycine; His, histiclne; Hylys, hycroxy-ysine; Hypro, hydroxy-proline; lle, isoleucine; Lew, leucine; Lys, lysine; Met, methionine; O,
ormithine; Phe, phenylalanine; Pro, proline; P-Ser, O-phosphos-serine; Sar, sarcosine; Ser, serine; Tau, taurine; Thr, threonine; Ty tyrosine; Val, valine; a-AAA, a-aminoadipic acid; o-ABA,

a-amino-n-butyric acid: B-AiBA, -aminoisobutyric acid:

-Ala, B-alanine; and y-ABA, y-amino-n-butyric acid. The same as below.
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Items. Day 45 of gestation Day 75 of gestation Day 110 of gestation SEM P-values

LBw! MBW2 HBW? LBW MBW HBW LBW MBW HBW Gestation period  Body weight ~ GP*BW
Aa 744.06° 631.61° 79836° 48465 483697 53108 384.08¢ 432269 61049 3.45 <0.0001 0.0001 0.0312
Ans 6.83° 7.46° 749 8.45° 12.49° 13.74° 434.422 171.59° 63.00° 288 <0.0001 <0.0001 <0.0001
Arg 167.33° 216.16° 232.98° 78.64% 85.65° 84.85° 53.45¢ 24.00° 58.41%¢ 181 <0.0001 0.0040 0.0012
Asp-+Asn 27.63° 24.65° 24.66° 31.65° 32.95° 27.19° 393.30° 68.01° 45.37° 2.80 <0.0001 <0.0001 <0.0001
Git 4162¢ 47.06°¢ 43.56¢ 99,80 104.372 95.76 57.40° 38.48¢ 82.74 1.05 <0.0001 0.0260 <0.0001
Cys 64.03° 69.17% 64.63% 45.90° 50.19° 49.54° 72.20% 44.72° 78.34 122 <0.0001 0.2169 0.0007
Cysthi 12.12% 13.03% 13.47% 6.42¢ 10.17¢ 9.78° 40.60° 7.92¢ 19.60° 0.93 <0.0001 0.0094 <0.0001
EOHNH2 52.15° 52.64° 51.54° 48.41° 51.18° 46.39° 171,142 100570 104.69° 1.33 <0.0001 <0.0001 <0.0001
Glu+Gln 521.10° 562.39% 65378 373.80° 304.86° 326,73 326.64° 118.22° 145.87° 3.10 <0.0001 0.0034 0.0013
Gly 814269 200609 327.64%  34026%  35260% 34476  150850°  62393° 52442 481 <0.0001 <0.0001 <0.0001
His 869° 10.72¢ 8479 17.62° 16.50° 18.06° 14.14° 13.22° 2387 052 <0.0001 0.0001 <0.0001
Hylys 16.87% 21.15° 18.85% 18.64% 16.00% 10.20° 21.16° 17.83% 37.04% 0.97 0.0002 06125 0.0002
Hypro 18.84° 19.19° 19.35° 59.22% 64.70% 72.33% 53.13¢ 80.66° 78.55° 112 <0.0001 0.0005 0.0042
lle 67.37° 100.30% 90.38° 16.36¢ 22,09 23.26° 17.40% 15.78¢ 22.35¢ 091 <0.0001 <0.0001 <0.0001
Leu 58.99° 76,91 90.98° 47.320 56.370 49.92 27885 81.26° 75.08° 266 <0.0001 00223 <0.0001
Lys 332.53° 382,01 363.28° 167.12¢ 14266%  14286%  134.40% 122,119 162959 181 <0.0001 0.3098 0.0038
Met 50,8624 52.50%¢ 54,520 33.08° 36.92¢ 45.47%% 7413 4021 60.68% 126 <0.0001 00710 0.0028
om 94.67° 113.33° 118.05% 59.89° 63.21° 48,579 36.35° 22.89' 54.47%4 1.08 <0.0001 0.0063 <0.0001
PEA 16.06° 18.18° 2151 17.80° 19.94° 20.56° 247.422 59.56° 51.83 154 <0.0001 <0.0001 <0.0001
Phe 17.35% 23.08% 26.30% 9.90° 12.84% 12.99% 24.35° 21.71% 31.65° 0.80 <0.0001 0.0006 0.0861
Pro 188.32° 157.21° 174.86° 130.39° 187.57° 140.21% 93.94% 80.24° 110,079 143 <0.0001 0.0087 0.0095
P-Ser 6.74° 6.48° 6.95° 8.70° 9.04° 8.29° 501.60° 7053° 42.58% 248 <0.0001 <0.0001 <0.0001
Ser 27519  287.33°  343.20° 150.42° 166.81° 146.07° 82222° 264.48%  287.21° 403 <0.0001 0.0014 <0.0001
Tau 84.69% 93.22% 105.82° 60.85¢ 61.38¢ 72.38% 59.60% 46.83° 83.78% 123 <0.0001 <0.0001 0.0425
Thr 90.86° 100.90% 110.62% 111.47% 127.49° 113,51 177.48° 121.43% 201.01% 1.86 <0.0001 0.0796 0.0009
Ty 23.63% 29725 39.03° 17.16° 22.90° 19.86° 63.59 27.77% 21.31° 1.30 0.0003 0.3672 <0.0001
val 10102 119.94% 154.44 84.00% 87.83% 84.95% 128.11° 70.93° 125.200 1.59 <0.0001 0.0004 <0.0001
a-AAA 6.96% 593° 3.67° 10350 9.98° 6.88% 14.75% 17.19% 14.730 0.62 <0.0001 00119 05148
p-ABA 1.92¢ 2614 2524 5004 059 4914 57.720 19.05° 33.06° 125 <0.0001 00158 0.0022
p-Ala 599% 456 409 3035 23.28% 38.34%4 40230 89.76° 70.08% 2.41 <0.0001 <0.0001 <0.0001
y-ABA 1.46° 1.28° 1.33° 059° 0.65° 0.96° 131.78° 32.68° 41.18° 168 <0.0001 0.0004 <0.0001

LB, the lowest bodly weight; 2MBW, the midce body weight; *HBW, the highest bodly weight; #~'Values within a row without a common superscript letter iffer (P < 0.05). Probabilty values between 0.05 and 0.10 were considered
to be trends.
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Dietary ingredient ~ Rate (%)  Nutrient Level®

Comn 540 Digestive energy (MJ/Kg) 13.40
Soya meal 120 Crude protein (%) 12,04
Rice bran 300 Ca (%) 078
Premix® 40 P (%) 062
Total 1000 Lysine (%) 053

Arginine (%) 065

Proline (%) 067

aProvided by per kg premix: VA 301,000 U, VD 62,800 IU, VE 742 1U, VKs 71mg, VB;

30mg, VB, 177mg, VBs 32mg, VB1, 0.8mg, nicotinic acid 1,073mg, D-pantothenic
acid 540mg, folic acid 22.0mg, biotin 3.0mg, chorine 8.0g, Fe 2.0g, Cu 1.0g, Zn3.5g,
Mn 1.3g,114mg, Co 35 mg, Se 8.3mg, Ca 200mg, and P 20mg; > The values of nutrient
levels were calculated.
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Items

ALB, gL

ALP, UL

ALT, UL

AMM, pmol/L
AST, UL

BIL, pmolL
CHE, UL
GLU, mmol/L
HDL-C, mmol/L.
LDL-C, mmol/L
TBA, pmolL
TC, mmol/L.
TG, mmol/L.
™oL

UN, mmol/L.

45

40.76°
122.50°
41.50°
301.90
64.17
0720
594,83
6.45
1.05
1.05
677
214
0.61°
75.71
341

Day of gestation

75

46.78°
133.33
54,63
20357
50.87
0.47°
496.67°
583
094
1.04
7.28°
203
0.45°
75.56
3.46

110

54,69
86.20°
62.27
185.20
47.88
0.58%
449.83°
5.03
0.89
0.92
1878
1.94
0.80°
73.41
3.44

SEM

0.64
1.48
0.82
2.96
137
0.16
207
0.52
0.12
0.18
0.63
0.18
0.10
0.72
032

P-values

<0.0001
<0.0001
<0.0001
0.01
0.10
001
<0.0001
0.45
0.05
0.58
<0.0001
037
<0.0001
0.50
0.99

a~CValues within a row without a common superscript letter differ (P < 0.05). At days 45, 75, and 110 of gestation, n = 8, 8, and 7 per group, respectively. ALB, Albumin;
ALR, alkaline phosphatase; ALT, alanine aminotransferase; AMM, ammonia; AST, aspartate transaminase; BIL, bilrubin; CHE, choline esterase; GLU, glucose; HDL-C, high density
lipoprotein-cholesterol; low LDL-C, density lipoprotein-cholesterol; TBA, total bile acid; TC, total cholesterol: TG, triglyceride; TP, total protein; and UN, urea nitrogen. The same as below.
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Gene  Protein

SLC34A1 NaPi-lla
SLC34A2 NaPi-llb
SLC34A3 NaPi-llc

Substrates

HPO42~
HPO,2~
HPO, 2~

Na+: Pi Electrically Main tissue
stoichiometry charged ~ distribution

31 4+ Kidney
31 +  Smallintestine
2:4 - Kidney

“+” means electrically charged, “~" means electrically neutral.
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Items.

Sow per treatment
Litter, average

Bom alive

Stilborn

Mummies

Weaned

% Removed

Piglet BW, kg

Birth®

dé of lactation

d7 of lactation

Wean, suckling

Wean, all

kg weaned/sow, sucking
Piglet ADG, g/day
days 0-4

days 4-7

Wean, all

Wean, suckling

GSH, U/ml

Golostrum

Mik, lactation day 4
Mik, lactation day 14
SOD serum, U/ml
Breeding

D110 of gestation
Weaning

1GF-1, ng/ml

Serum, d110 of gestation
Colostrum

Milk, lactation day 4
Mik, lactation day 14
Colostrum immunocrit
Piglet immunocrit
Piglet immunocrit based on weight distribution
Light (<1.1kg)
Average (1.15-1.65kg)
Heavy (>1.65kg)

CON

15.0
1.00
0.61
128
222

1.34
176
239
5.56
5.41%
67.6

150
2000
200

3.38
7.16
702

9.94
185
9.76

52.9
864.5
208.8
208.2

0.37

0.17

0.18
0.15
017

Yo

142

138
1.00
058
122
218

1.34
1.85
239
5.66
5.347
64.0

0
230
210°%
210

3.01
7.43
1.8

9.83
18.7
11.82

56.8
876.0
306.2
302.6

0.40

0.17

0.14
0.18
017

Mo

14.8
1.60
0.42
125
15.6

1.35
1.83
243
5.69

5.63

708

110
220
210

296
7.38
125

9.79
135
10.69

58.0
8826
303.3
301.8

0.36

0.17

0.16
0.16
0.18

a1

14.4
1.10
1.00
12.4
17.5

1.36

1.83
241
5.90
5.77%
710

100
140
230
220

3.21
7.61
977

972
166
10.09

59.9
934.6
209.4
2082

0.39

0.19

017
0.19
021

SEM

0.93
0.54
033
0.59

003
0.04
0.06
014
0.14
453

1.00
5.00
1.00
1.00

0.85
172
229

1.34
275
1.38

4.60
46.60
3.00
417
0.04
0.02

0.03

p-value

0.855
0.794
0.616
0.927

0.952
0.253
0.945
0313
0.040
0.617

0.711
0.274
0.011
0.262

0.976
0.998
0.464

0.999
0.360
0.504

0624
0723
0078
0666
0896
0283

Chi-sq
0.775

"The whole yeast cel, mint oi, and y-tocopherol were top dressed at 50 g/day and supplied 3.1g whole yeast cellday, 10 ppm active peppermint oiday, and 200 ppr y-tocopherolday,

respectively.

20ne sow from the YC treatment group was euthanized during farrowing due to a twisted uterus.

3Piglets were weighed within 24 h of parturition.

“4Values denoted with superscript *¥ indicate a tendency (p < 0.10).

SValues denoted with superscript *¢4 indicate a significance (p < 0.05).
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Items CON YC Mo GT SEM p-value

Body weight, kg

a4 530 550 539 527 0.36 0916
d14 751 8.10 789 8.19 032 0176
29 12.37% 13.83%% 13.85% 13.65% 054 0.031

Daily gain, kg/day

d0-4 0.04 0.06 001 005 002 o118
dd-14 0.210¥ 0.243% 0.24% 0.24%% 001 0013
d14-29 0.337 0.39% 0.41% 0.37% 002 0.050
d0-29 0.23 024 024 024 002 0.948
Daily feed intake, kg/day

dd-14 0.21%¥ 0.26 0.18° 0.25% 002 0.002
d14-29 0.42b¥ 056 0.45 054+ 005 0019
d0-29 0.28 036 029 034 003 0.050
Gain: feed

da-14 0.900¥ 0.93* 1.28° 0.942 007 0.004
d14-29 085 072 094 0.79 009 0.227
d0-29 088 069 082 0.69 0.13 0279
Distribution of piglets? Chi-sq
Day4

<6.1kg 29.1 276 265 197 0.188
5.16-7.20kg 50.0 448 55.0 513

>7.26kg 210 276 195 289

Day 14

<7.26kg 345 27.9 200 222 0114
7.27-9.90kg 453 48.1 569 51.0

>9.95kg 203 240 24.1 26.9

Day 29

<12.60kg 365 255 174 285 0013
12.65-16.50 419 464 56.3 53.9

21655 216 284 26.4 235

"Feed adultives were added to the control (CON) diet in gestation and lactation. The whole yeast cel, mint oil, and y-tocopherol were top dressed at 50 g/day and supplied 3.1 whole
yeast cellday, 10 ppm active peppermint oilday, and 200 ppm y-tocopherol/day, in YC, MO, and GT, respectively. Piglets were weaned at 20 = 2 days of age to common dets in a
three-phase nursery fecding program (ohase 1, d0-4; phase 2, d4-di14; phase 3, d14-29).

2Weight distribution categories based on average and standard deviation of allpigs at each weigh period. Categories represent <1 SD of the average, average = 1SD, and >1 SD of
the average.

BValues denoted with superscript XY indicate a tendency (p < 0.10).

4Values denoted with superscript **<9 indicate a significance (o < 0.05).
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Items CON YC Mo GT SEM p-value

Lightweight? pigs
Body weight, kg

d42 16.1° 17.8% 193 205° 0.86 <0.0001
a70 34.1% 36,17 388/ 38.6° 172 0.034

d98 55.8¢ 58,44 62.3% 60,24 254 0.096

d126 85.0 84.2 926 87.6 371 0.178

Daily gain, kg/day

d20-d42 037> 0.325% 057 0.17%¥ 0.05 <0.0001
d42-d70 0.47° 0.39b% 0.75* 0.20%% 0.07 <0.0001
d70-do8 0.49% 0.42° 0.77% 028" 008 0.002

d98-d126 0.67° 052% 1010 0.33° 0.11 0.0001

Heavyweight® pigs
Body weight, kg

d42 26.0 282 273 26.1 1.10 0.132
70 490 506 500 488 1.64 059
498 734 742 748 729 2.46 0870
126 1025 102.4 105.0 1022 324 0.850
Daly gain, kg/day

620-d42 035 067 056 062 021 0.109
d42-d70 0.44 061 065 0.70 0.19 0.163
d70-dto8 0.43Y 069 068 081 023 0078
498126 052/ 079 0.82¢ 0.90% 023 0077

"Feed aduliives were added to the control (CON) dietin gestation andlactation. The whole yeast cel, mint oil, and y-tocopherol were top dressed at 50 g/day and supplied 3.1 g whole
yeast cellday, 10 ppm active peppermint oil/day, and 200 ppm y-tocopherol/day, in YC, MO, and GT, respectively.

Pigs were provided common diets in a six-phase nursery feeding program of ~21 days/phase.

2Lightweight pigs represent pigs weighing 5.13kg or less at weaning.

3Heavyweight pigs represent pigs weighing 7.05 kg or more at weaning.

#Values denoted with superscript ¥ indicate a tendency (o < 0.10).

SValues denoted with superscript #0¢9 indicate a significance (p <0.05).
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Ingredients, % Study 1' Study 226

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Phase 9

Com 30.15 35.72 54.20 69.96 72.96 79.25 83.30 8654 90.15
Spray dried whey 30.00 25.00 10.00 - - - - - -
Soybean meal, 46.5% 1757 19.45 27.71 30.35 2366 17.68 1383 1077 729
HP 300° 8.00 7.00 - - - - - - -
Menhaden fishmeal 8.00 7.00 3.00 - - - - - -
Soy ol 4.30 3.70 2.00 - - - - - -
Monocalcium phosphate 0.44 050 1.10 141 1.21 098 0.85 076 068
Zinc oxide 0.42 0.42 028 - - - - - -
Caloium carbonate 025 032 0.85 102 102 0.97 094 091 088
Lysine-HCI 025 026 0.32 0.40 0.40 0.40 038 036 034
Methionine 0.20 020 0.15 0.15 0.1 0.08 007 004 003
Threonine 0.11 0.11 0.12 0.15 0.14 0.13 0.12 0.1 011
Tryptophan 0.03 003 0.03 - - 0.01 001 001 002
Vitamin premix* 005 005 0.05 005 005 0.05 005 005 005
Mineral premix® 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Selenium 0.05 005 - . - - - - =
Salt 0.03 003 0.03 035 030 0.30 0.30 0.30 0.30
C18ifat base 001 001 0.01 001 - - - - -
Calculated nutrient content, %

DM 91.14 9058 83.78 87.62 89.50 89.50 89.40 89.40 89.30
cP 23.85 2334 2030 19.35 19.60 16.30 3.90 12.70 1130
Lysine, SID 177 1.7 1.46 138 108 0.94 084 075 065
Analyzed nutrient content, %

Dry matter 91.80 9222 83.98 81.35 87.24 87.02 86.40 87.31 86.89
Crude protein 24.33 2364 2132 18.87 17.09 14.02 1200 1086 12.89
Total lysine 1.69 1.74 1.57 1.42 111 0.83 0.66 0.62 0.74

TIn each phase, whole yeast cell component (CitriStim, ADM Animal Nutrition, Quincy, IL) was added to the control diet at 0.2% at the expense of cor to create the YCiean diets;
peppermint oil was added at 0.01% to the control and YCiean diéts to create MOwean and YCMOuean dlists. The C:18 fat base was included in the control and YCicen diets at 0.01%
to balance fat inclusion across al treatments.

2The whole yeast cell, mint oil, and! y-tocopherol were top dressed at 50 g/day and supplied 3.1 whole yeast cell/day, 10 ppm active peppermint oiday, and 200 ppm y-tocopherolday,
respectively.

3HP300, Hamlet Protein, Findlay, OH.

“Provided vitamins A (9,992,000 IU/lb), D3 (1,499,000 IU/lb, E (50,000 IU/b), B12 (40 mg/lb), menadione (4,000 mg/lb, riboflavin (9,000 mg/lb), D-pantothenic acid (55,000 ma/lb),
niacin (50,000 mg/lb), folic acid (1,000 mg/Ib), pyridoxine (3,000 mg/Ib), thiamine (3,000 mg/lb), and biotin (155 mg/lb).

SProvided copper (1.10%), manganese (2.94%), selenium (200 ppm), and zinc (11%).

SPhases 3 and 4 diet formulations were the same as that reported in study 1; thus, they were not reported under study 2 to reduce redundancy.





OPS/images/fvets-08-658956/fvets-08-658956-t003.jpg
Items

No. sows/litter

Sow lactation feed intake, ko/day
Litter, average

Born alive

Stillborn

Mummies

Weaned

9% Removed®

Piglet BW, kg

Birth

Wean

kg weaned/sow

ADG, g/day, suckling
GSH, U/mi

Colostrum

Mik, lactation d4

SOD in sow serum, U/ml
D110 of gestation
Weaning

CON

122
6.41

14.08
0.92
1.1
10.91
189

1.46
6.45°
67.7
230°

26
20.66%Y

18
4.40

YC

1
6.59

13.82
0.72
0.97
10.02
20.4

1.44
6.3
67.7
240°

1.76
2113

10.05
an

Mo

11
6.68

14.82
091
1.32

11.48
16.6

1.39
6.71%
753
230%

1.04
16.16"

10.12
552

YCMO

112
664

13.82
127
093
10.03
243

1.39
6.56%
64.2
240

207
32.05%

5.66
510

SEM

0.42

0.87
033
0.34
0.93

0.05
0.16
4.30
0.01

061
4.93

4.07
0.80

p-value

0.952

0.831
0.706
0.784
0.325

0.729
0.013
0.288
0.041

0.348
0.059

0.751
0.393

"Peppermint oil at 50 g/day was added as a top dress to provide 10 ppm of active peppermint oil/day in a 2 x 2 factorial with or without a whole yeast cell component (0.2% of dief,
GitriStim, ADM Animal Nutriton, Quincy, IL) and with or without MO. Diets were provided to pregnant females from entry to farrowing room through weaning.

20ne sow in each of CON and YCMO and their litters were removed from the tral cue to sow feed consumption issues in lactation and refusal to nurse pigiets.
2Calculated as allpigs removed (pigs that died and fallbacks/starveouts moved to birth decks) from a treatment group divided by total pigs born.

“Values denoted with superscript *¥ indicate a tendency (p < 0.10).

SValues denoted with superscript *¢4 indicate a significance (p < 0.05).
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Items.

Body weight, kg
Wean

d6

a3

d19

35

Daily gain, kg/cd?
do-d6

d6-d13
d13-d19
d19-d3s
do-d13

d0-d35

Daily feed intake, kg/d?
do-d6

de-d13
d13-d19
d19-d3s
do-d13

d0-d35

Gain: feed?
do-de*

d6-d13
d13-d19
d19-dss
do-d13

d0-d35

CONyean

6.45°
6.68°
897

11.19
19.78

0.13*
031

0.38
053
0.23*
0.40*

0.13
0.29%¢
0.39°
1.08*
0.22%
0.65%

091
1,072
0.98*
05
1.08*
0.63*

YCuean

6.932
7122
9.07
11.31
19.8

0.12%2
0.28
0.35
053

0.20%

0.39%

0.13
0.30°
0.45°
1.06%
0.22*
0.66%

094
091
0.79%

05
0.92%
0.59%

MOuean

6.71%
7.0102
9.26
1.5
19.17

0.11%¢
0.29
0.37
05

0.21%

0.38%

013
027°
0.45%®
099
0.20°
061

080
1112
0.82%
0.51
1.08*
0.62°

YCMOuean

6.56%
6.75%
9.02
11.32
19.96

0.00°
028
034
05
0.19>
037°

0.12
0.30%
053
1.08%
0.22%
0.69°

0.76
092°
0.63°

0.46
0.88°
0.54°

SEM

0.16
0.12
0.16
0.19
0.35

0.01
001
0.02
0.02
0.01
0.01

0.01
0.01
0.02
0.04
0.005
0.02

0.07
0.08
0.06
0.02
0.03
0.02

p-value

0.013
0.015
0.478
0.636
0.303

0.01
0.199
0.282
0.431
0.012
0.035

023
0.002
0.0001
0.082
0.026
0.005

0.056
0.005
0.0006
0.448
0.003
0018

"Weaned pigs were provided the same dietary treatment that had been applied to their respective dams during lectation. To differentiate the pre- and post-weaning period, treatments
were defined as (CONwean, YCaan, MOucan, and YCMOuean, respectively). Phase 1 ran from dO to 6 after weaning, phase 2 from d6 to 13, phase 3 from d13 to 19, and phase
4 from d19 to d35. Pigs were weaned at 21 : 2 days of age. In each phase, a whole yeast cell component (GitriStim, ADM Animal Nutrtion, Quincy, IL) was added to the control
(CON) diet at 0.2% at the expense of com to create the YCean diets; peppermint oil was added at 0.01% to the CONyaan and YCiean diets {0 create MOuaan and YCMOuaan diets,

respectively. The C:18 fat base was included in the CONwean and YCuean diets at 0.01% to balance fat inclusion across all treatments.
2Calculated on a pen basis.
SValues denoted with superscript #» indicate a significance (o < 0.05).

“Values presented appear to be incorrect; however, this may be in part due to the size of the feeders relative to weaned pig size. Feeders used for the study are designed to hold
sufficient feectfor finishing pigs, which is as much feed on a daly basis (ie., 6 Ib/finisher pig) as is budgeted for the entire first 7-10 days after weaning. Because of the size of the
feeders, newly weaned pigs often use the feed pan area for sleeping or climb into the feeder to eat, which increases the risk of feed spilage into the pit. While all efforts are made to
accurately account for feed disappearance in the first few days after weaning, what appears to be an error is a reflection of the mismatch between feed volume and feeder size.
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CON Yo Chisq CON Mo Chisq
Lightweight

Day6

<6.06kg 64.0 65.0 0980 500 80.9 0072
6.06-7.60kg 320 300 458 143

>7.65kg 50 40 42 48

Day 13

<8.00kg 56.0 700 0570 542 71.4 0.446
8.05-10.00kg 2.0 400 416 238

>10.05kg 4.0 5.0 42 48

Day 19

<9.96kg 64.0 647 0965 609 68.4 0513
9.96-12.50kg 280 29.4 348 211

>12.65kg 80 59 43 105

Day35

<17.05kg 458 50.0 0.443 384 588 0.443
17.05-22.00kg 375 357 429 204

>22.05kg 16.7 143 190 18

Heavyweight

Day6

<6.06kg 70 57 0014 50 79 0922
6.06-7.60kg 562 302 415 302

27.65kg 36.8 64.1 475 529

Day 13

<8.00kg 105 58 0302 85 80 0994
8.05-10.00kg 42.4 327 373 380

= 1005kg 474 615 542 540

Day 19

<9.96kg 10.7 58 0341 103 60 0504
9.96-12.50kg 429 346 345 440

>12.55kg 46.4 596 552 50.0

Day35

<17.05kg 148 784 0.112 10.71 12.24 0.491
17.05-22.00kg 5185 3922 41.07 51.02

222.05kg 33.33 52.94 4821 36.73

"Weaned pigs were provided the same dietary treatment that had been applied to their respective dams during lactation. In each phase, a whole yeast cell component (CitriStim, ADM
Animal Nutition, Quincy IL) was added to the control (CON) diet at 0.2% at the expense of com to create the YCyean diets; peppermint oil was added at 0.01% to the control and
YCuean diets to create MOwsan and YCMOwean diets. The C:18 fat base was included in the control and YCiean diets at 0.01% to balance fat inclusion across all treatments. Interaction
effect was not significant; therefore, only main effects are reported.
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Items. Day 45 of gestation Day 75 of gestation Day 110 of gestation SEM P-values

LBwW! MBW? HBW? LBW MBW HBW LBW MBW HBW Gestation period ~ Body weight ~ GP*BW
3-Mehis 4559 3349 419¢ 18.05% 12,194 11.69¢ 22,940 39.73° 2503 095 <0.0001 0.1053 0.0057
Ala 168.15° 176.20° 263.48° 496.34% 215.46° 525.64% 437.97° 470,99 541.04° 350 <0.0001 <0.0001 0.0006
Ans 21539% 137.96° 149.06° 327.18% 377.02¢ 305.93% 102030°  1640.98%  1277.49°  4.40 <0.0001 0.0002 0.0004
Arg 1145.05% 999.51° 1317.74% 429.22° 425.58° 401.06° 79.63¢ 114.329 117.46° 514 <0.0001 0.4345 0.2762
Asp+Asn  155.40%  145.37% 95.00° 273,574 34401 231.47°% 505.34 848.66° 839.94% 402 <0.0001 00723 0.0346
Car 22.97%° 16.24% 15.18%4 18.4009  21.43%d 13.68¢ 17.63% 26.15% 29.06° 090 0.0032 00147 0.0414
Git 109.11%¢  101.06%¢  119.95% 120812 110.90%¢ 133.06° 7400 88.30%4 82204 1.74 <0.0001 08199 02342
Cys 100.37% 110.50% 136.522 88.59° 105.68% 68.79 95.77% 156.23% 13690 192 <0.0001 0.0393 0.0131
Cysthi 18.72° 18.26° 19.76° 2247° 29,320 20,71 24,95 82.60° 82412 1.20 <0.0001 <0.0001 <0.0001
EOHNH2 141.48° 106.70° 142.55° 114.28° 106.49° 103.58° 90.27° 198.85° 207.24° 224 <0.0001 0.1072 0.0003
Glu+Gln 1039.512 841.32 918.45° 432.96% 283.92° 440.16% 41477 506.41° 48526 456 <0.0001 0.1767 02229
Gly 31093 384.65° 380.47°  208650®  675.18°  1950.33®  1656.28°  2411.81%  206029® 757 <0.0001 00229 <0.0001
His 68.62° 43.61% 31.96° 42.30% 50.76" 41.80% 36.61% 30.28° 35.20% 1.29 0.0069 0.0200 0.0085
Hylys 242.52% 250340 21811 23937 27245°  202.82%° 122.12° 254.28° 13554 196 0.0587 0.0699 0.3265
Hypro 20.38¢ 16.97¢ 19.06¢ 56.99° 17.99¢ 57.59° 73.92° 49.95° 93.122 1.20 <0.0001 <0.0001 0.0001
Leu 45524 55.23¢ 42.62¢ 135.29° 135.20° 90.36% 388.40° 56606 566.39 2,69 <0.0001 00175 0.0002
Lys 1093.14% 113679 950.69° 72752 576479 102431®  205.71° 402.78° 288.70° 404 <0.0001 0.0894 <0.0001
Met 20.70¢ 23.99° 19.50¢ 50.19° 45.55° 49.40° 36.68%¢ 157.382 117.20° 1.40 <0.0001 <0.0001 <0.0001
om 1728790 143824° 158090  725.66° 611.18° 604.45° 41.00¢ 187.58° 62.649 493 <0.0001 0.1230 0.2306
Phe 13.92%¢ 12.16%¢ 9.66° 19.18%¢ 20.11%4 17.21%¢ 28.32° 92.42° 158.95° 1.30 <0.0001 <0.0001 <0.0001
Pro 79.24% 78.65% 4451° 109.77% 56.15% 102.16% 154.70° 143.49 13071% 184 <0.0001 00188 0.0036
P-Ser 71.89° 54.01° 68.29° 176.32% 206.47° 136.41% 730.23° 809.14% 825.88° 350 <0.0001 0.4839 0.4644
Ser 379.49%%  300.83%  323.32% 549.13° 221.81° 45805%  1335.45%  1435.44°  124392° 435 <0.0001 0.0638 0.0038
Tau 349.08° 343.47° 32067° 342.35° 302.00° 556.4% 248.63° 332.91° 345.04° 4.06 0.0998 0.0363 0.0638
Thr 32020%¢  23508%  290.52%4 187.68° 158.76° 197.72¢ 34801 47613 389.49° 301 <0.0001 09574 00113
Ty 35,89 33.74% 24.839 37.55% 48.42%9 24.504 55.79° 123.71° 157.342 1.63 <0.0001 0.0027 <0.0001
val 62.41¢% 67.38% 55.16° 134.66° 9438 102.13%4 13145  287.93° 260.84° 201 <0.0001 0.0083 <0.0001
a-AAA 17.27¢ 17.69° 24.98% 29.92¢ 30.06% 26,89 47670 129.84 33.50%° 1.66 <0.0001 0.0002 <0.0001
p-ABA 27.75° 25.36° 33.00° 30.26° 34.56° 35.26° 17.45° 118.94° 95,510 1.48 <0.0001 <0.0001 <0.0001
p-Ala 41.39° 31.80° 33.77° 184.09° 189.68° 182.14° 38.30° 920.10° 955.60° 2.80 <0.0001 <0.0001 <0.0001
y-ABA 10.13° 851° 6.56° 32.449 57.94° 32614 39.119 309.30° 440.02° 1.26 <0.0001 <0.0001 <0.0001

LB, the lowest body weight; 2MBW, the middle body weight; >HBW, the highest bodly weight; #~*Values within a row without a common superscript letter difer (P < 0.05). Probabilty values between 0.05 and 0.10 were considered
to be trends.
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Ingredients % Study 1' Study 22

Control Yo Gestation Lactation
Com 66.27 66.07 81.61 66.47
Soybean meal, 46.5% 2085 2085 1454 2985
Monocalcium phosphate 1.76 176 184 1.76
Calcium carbonate 1.22 122 1.31 122
Salt 05 05 050 050
Sow vitamin premix® 005 005 005 005
Trace mineral premix* 0.15 015 0.15 0.15
Toxin binder® - . 020 020
Whole yeast cell 00 02 - -
Calculated nutrient content, %
Dry matter 87.61 87.61 89.50 89.60
Crude protein 18.58 18.58 135 19.40
Crude fat 251 251 250 280
ME, keal/kg 32783 3278.3 32849 3276.1
Calcium 092 092 089 089
Phosphorus 0.70 0.70 0.72 0.76
Phos avail-swine 045 045 0.44 0.44
SID lysine 1.06 1.06 055 097
Methionine: lysine 029 029 038 029
Thrionine: lysine 0.64 064 076 064
Tryptophan: lysine 021 021 022 021
Analyzed nutrient content, %
Dry matter 86.73 8657 86.74 86.73
Crude protein 18.66 21.44 12.69 18.33
Crude fat 1.39 144 1.78 1.72
Total Lys 1.10 124 0.73 1.20

"Peppermint ol (MO) at 50 g/day was added as a top dfess to provide 10 ppm of active peppermint oiVday in & 2 2 factorial with or without whole yeast cell (YC, CitriStim, ADM
Animal Nutiition, Quincy, IL) and with or without MO. Diets were provided to pregnant females from entry to farrowing room (d110 of gestation) through weaning.

2Whole yeast cell was included in the diet at 0.20%, and mint oil was added as a top dress at 50 g/day to provide 10 ppm mint oillday in lactation (study 1). In each of gestation and
lactation (study 2), aditives were top dressed at 50 g/day to supply 3.1g whole yeast el 10 ppm mint oi, and 200 ppm x-tocopherol.

SProvided vitamins A (9,992,000 IU/lb), D3 (1,499,000 IU/lb), E (50,000 IU/lb), B12 (40 mg/lb), menadione (4,000 mg/lb), riboflavin (9,000 mg/lb), D-pantothenic acid (55,000 mg/lb),
niacin (50,000 mg/), folic acid (1,000 mg/Ib), pyricioxine (3,000 mg/l), thiamine (3,000 mg/lb), and biotin (155 mg/lb).

“Provided copper (1.10%), manganese (2.94%), selenium (200 ppm), and zinc (11%).

5Toxin binder was not added in study 1. Toxin binder that was utiized for study 2 was Ancofit (ADM Animal Nutrition, Quincy, IL, USA).
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FFAR2
SLC5A8
SLC16A1
SLC27A4
GPR109A

Control

1.18
128
1.16
1.03

1.08°

Dietary treatment

Antibiotics Probiotics Synbiotics SEM

1.33
1.27
148
1.32

1.42°

1.50
1.18
0.93
1.07
2812

1.44
206
1.56
113

4.65%

0.12
0.23
0.1
0.05
0.36

P-values

0.685
0.543
0.310
0.180
0.001

Data are expressed as means + SEM (n = §). b represents statisticall significant
differences among the four groups (P < 0.05).
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Ingredients Ratio, % Nutrients Levels, %®

Corn 54.92 DE, MJ/kg 13.50
Soybean meal 22.00 cpP 16.13
Wheat bran 10.13 Ca 0.44
Rice bran 8.95 TP 0.50
Premix® 4.00 Lys 1.40
Total 100.00 Met + Cys 0.69

Thr 0.78

Premix provided the following per kiogram of dles: enzymic preparation 1.2, VA 26 000
1U,VDs 10 000 1U,VE 701U, VK 10 mg,VB; 10mg, Bz 25 mg,VBs 10mg,VByz 0.075 mg,
biotin 0.4 mg, folic acid § mg, nicotinemicee 100mg, pantothenic 50mg, choline 1600mg,
flavoring agent 500mg, edulcorant 300mg, acidulating agent 5, Cu (as CuS04-5+20)
280mg, Mn (as MnSO4-H,0) 97mg, Zn (as ZnSO4-H,0) 218mg, Fe (as FeS04Ho0)
165mg, I (as CaflOg)2) 0.3mg, Se (as NeSeOs) 0.3mg, Co (as CoSO4-xH0) 0.4mg,
glucose 2.1g, antioxidants 0.4g, antimidew agent 1g, Ca (as CaHPO4 and CaCOg)
3.42g, P (as CaHPOy) 1.155 g.

bCalculated nutrient levels using values for feed ingredients from the NRC (2012) (17).
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items Pregnant diet Lactating diet

Ingrediients, %

Com 37.50 66.00
Soybean meal 950 25,00
Wheat bran 14.00 5.00
Barley 2500

Soybean hull 10.00

Pregnant sows’ premix® 400

Lactating sows’ premix® 4.00
Total 100.00 100.00
Nutrient levels®

Digestible energy, MJ/Kg 12.55 1387
Crude protein 12.82 16.30
Crude fiber 456 2.87
SID Lys 0.48 075
SID Met + Cys 043 051
SID Thr 037 053
SID Tip 0.13 0.17
Calium 062 0.65
Phosphorus 047 0.50

*Pregnant sows’ premix provided the following per kg of dlets: CaHPO4-2H;0 10g,
NaCl 4g, CuSO4-5Hz0 80mg, FeSOs-Hz0 360mg, ZnSOs-Hz0 240myg, MnSOs-Hz0
100mg, MgSOs-7HzO 1g, 1% ICI 50mg, 1% NazSeOs 36mg, 1% CoCly 16mg,
NaHCO3 1.49, VA 10 000 1U, VD3 1 800 IU, VE 20mg, VK3 2.4mg, VB; 1.6mg, VB,
6mg, VBs 1.6mg, VB12 0.024mg, folic acid 1.2mg, nicotinamide 20mg, pantothenic
acid 12mg, biotin 0.12mg, femous glycinate 100mg, choline chioride 1g, phytase
200mg, frity 80mg, and limestone 12 g.

Lactating sows' premix provided the following per kg of the diet: CaHPO4-2H20 10g,
NaCl 4g, CuSO4-5H,0 80mg, FeSO4-H,0 360mg, ZnSO4-Hy0 240mg, MnSO4-H,0
100mg, 1% ICI 50mg, 1% Na;SeOs 36mg, 1% CoCly 16mg, NaHCO 1.4, VA 10
000 1U, VD3 1800 1U, VE 20mg, VK3 2.4mg, VB 1.6mg, VB, 6mg, VBs 1.6mg, VBr2
0.024mg, folic acid 1.2mg, nicotinamide 20 mg, pantothenic acid 12mg, biotin 0.12mg,
Lysine 1.5g, ferrous glycinate 100mg, choline chioride 1g, phytase 200mg, fruity 80mg,
and limestone 12 g

¢Calculated nutrient levels using values for feed ingredients from the NRC (2012) (17).
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Gene

uB

ACTB

G6PDH

ABCG8

HINFAA

ACOX2

APBBI1IP

BRSK2

APOAT

IRS2

Gene ID

396190

396526

428188

421402

419198

416068

420492

423008

396536

101749060

Primer sequence

F: GGGATGCAGATCTTCGTGAAA
R: CTTGCCAGCAAAGATCAACCTT
F: CACAGATCATGTTTGAGACCTT
R: CATCACAATACCAGTGGTACG
F: CGGGAACCAAATGCACTTCGT
R: GGCTGCCGTAGAGGTATGGGA
F: TGCTCTGGAACCCAGGAATA
R: CGGGGCTGATGAAGTGAAG
F: TGCTGGGAGGTTCATCAAGT

R: GCATCTGAGGAGGCATTGTG
F: AGACATGGGAAGGTCAGCAA
R: TCCTGCAGTTATACCTGGGC
F: CCTTATCAGCAGGAGCTGTTC
R: AATGACCCGGGGAATCTGTC

: TGAAGTTGGGGGTTCACTGT
R: CGCTCCACCTTCATTAGCAC
F: GGCAAACAGCTTGACCTGAA
R: CCTCCTTGTAGTAGGGAGCC
F: CAGCCAAGGCC ‘CCAAG
R: TGCCACTGACATACGCTATCC

References

(16)

a7

(17

This study

This study

This study

This study

This study

This study

This study
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Items Control group BS-A group BS-B group BS-C group

Day7

Acetate 3.12:£0.17% 3.31:£025 260£021° 278 +£0.08%
Propionate 1.12 £+ 0.03% 1.41 £0.14% 1.09 +0.10° 1.74 +£0.36*
Butyrate 0.80 £0.06 0.80 £0.08 069004 101£021

Isobutyrate 0.07 £0.01 0.07 £0.01 008+ 001 0.09 +002

Valerate 0.18 £0.05 0.16 £0.02 010+ 001 0.16 4004

Isovalerate 0.11:£002 0.12:£002 014002 0.15£0.03
Day 21

Acetate 3.06 +0.05 3254027 264+022 3.06+0.16
Propionate 1.6140.05 1,67 £0.12 1.56 40,08 1.73£0.19
Butyrate 1.13 £ 0.09% 0.9840.10% 0.86 % 0.06° 1.35 £ 0,08
Isobutyrate 0.10£0.01° 0.13 £0.01® 0.11£ 001 0140012
Valerate 021003 024 +£004 024.+006 0.28+0.05
Isovalerate 0.17 £0.01° 0.24 +£0.03% 021+003% 0.25 +0.03"
Day 42

Acetate 2.23+0.20° 261£013% 3.00£0.12% 279 £0.18°
Propionate 1.0940.16 0.99 £0.06 1.27 0,06 1147 £013
Butyrate 0.87 £0.12 073 £0.11 092 +001 0.68:+0.03
Isobutyrate 0.13 £0.03 0.09 £ 0.00 008 +0.00 0.08 £ 0.00
Valerate 022007 0.10 £ 0.00° 0.11:£000° 0.13 £0.01®
Isovalerate 024 +£0.072 0.14 £0.01% 0.12 +0.00° 0.14 £0.01%

Values are expressed as means = SE, n = 5. 5<\Mean values within the seme row with different superscript letters were significantly different (P < 0.05). Control group, a basal diet;
BS-A group, a basal diet supplemented with B. subtils A at 1 x 10° CFU/g feed; BS-B group, a basal diet supplemented with B. subtils B at 1 x 10° CFU/g feed; and BS-C group, a
basal diet supplemented with B. subtilis C at 1 x 106 CFU/g feed.
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In the same row, values with no letter or the same letter superscripts mean no significant difference (o > 0.05), while with different letter superscripts mean significant difference (o <
0.05), n = 5. BC, blank control group, piglets were fed diet without supplements and ETEC challenge; NC, negative control group, piglets were fed diet without supplements and
challenged by ETEC; S50, piglets were fed diet supplemented with 50mg kg~" of GE and challenged by ETEC; $100, piglets were fed diiet supplemented with 100mg kg~" of GE and

challenged by ETEC; S200, piglets were fed dlet supplemented with 200mg kg~ of GE and challenged by ETEC.

4L, linear; Q, quadratic. Linear and quadratic effect of adding GE compared with the NC.
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