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Simple Summary: The prospective ban on zinc oxide in pig feed in Europe is a major challenge
facing the swine industry to maintain piglet health and performance during the weaning period.
Weaning is a particularly difficult period for the young pig that is associated with abrupt dietary,
environmental and social changes that cause significant levels of stress and disrupt gut development
in the pig. Mushrooms are a rich natural source of bio-actives and have long been regarded as
a health-promoting food due to their immunomodulatory and antioxidant effects and their ability to
modulate the gut microbiota. Mushrooms contain high levels of ergosterol, which allows them to
naturally produce vitamin D when they are exposed to light. The present study aimed to compare
the effects of mushroom and vitamin D,-enriched mushroom powders to zinc oxide on the molecular,
physiological and microbial changes that influence performance during the post-weaning period.
Our study showed that vitamin D,-enriched mushrooms were equally as effective as zinc oxide in
improving gastrointestinal health parameters. However, both mushroom powders reduced feed
intake in pigs and negatively affected animal performance. For this reason, mushroom powders have
limited use as a commercial feed additive in replacing zinc oxide in pig diets.

Abstract: The objective of this study was to compare the molecular, physiological and microbial
effects of mushroom powder (MP), vitamin D, enriched mushroom powder (MPD,) and zinc oxide
(Zn0O) in pigs post-weaning. Pigs (four pigs/pen; 12 pens/treatment) were assigned to: (1) basal
diet (control), (2) basal diet + ZnO, (3) basal diet + MP (2 g/kg feed) and (4) basal diet + MPD,
(2 g/kg feed). Zinc oxide supplementation improved the feed intake (p < 0.001); increased the caecal
abundance of Lactobacillus (p < 0.05); increased the villus height (p < 0.05) in the duodenum, jejunum
and ileum; increased the expression of chemokine interleukin 8 (CXCLS; p < 0.05); and decreased
the expression of pro-inflammatory cytokine gene interleukin 6 (IL6; p < 0.05), tumour necrosis
factor (TNF; p < 0.05), nutrient transporters peptide transporter 1 (SLC15A1; p < 0.05) and fatty
acid binding protein 2 (FABP2; (p < 0.05) in the duodenum. Whereas dietary supplementation with
MPD, improved the gastrointestinal morphology (p < 0.05); increased the total volatile fatty acid
concentrations (p < 0.05); increased the expression of anti-inflammatory cytokine gene interleukin
10 (IL10; p < 0.05) and nutrient transporters SLC15A1 (p < 0.05), FABP2 (p < 0.05) and vitamin
D receptor (VDR; p < 0.05); and reduced the expression of pro-inflammatory cytokine gene IL6
(p < 0.05), it adversely affected average daily feed intake (ADFI; p < 0.001) and average daily gain
(ADG; p < 0.05). Mushroom powder supplementation had a positive impact on gastrointestinal
morphology (p < 0.05) and upregulated the expression of nutrient transporters SLC15A1 (p < 0.05)
and FABP2 (p < 0.05) and tight junction claudin 1 (CLDN1) (p < 0.05) compared to the controls but
had no effect on the expression of inflammatory markers (p > 0.05). Furthermore, MP reduced ADFI
(p < 0.01); however, this did not negatively impact the ADG (p > 0.05). In conclusion, MP and MPD,
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have limited use as commercial feed additives in replacing ZnO in pig diets as feed intake was
reduced post-weaning.

Keywords: pigs; mushroom; vitamin D; inflammation; microbiota; 3-glucan; zinc oxide; Agaricus
bisporus; gut health

1. Introduction

Pharmacological doses (2000-3100 mg/kg feed) of zinc oxide (ZnO) are often in-
cluded in the post-weaning pig diet to alleviate the negative impacts of weaning on pig
performance [1] and gastrointestinal health [2—4]. Common protocols employed on com-
mercial farms include feeding 3100 mg/kg ZnO for 2 weeks post-weaning, followed by
1550 mg/kg for 3 additional weeks. However, high levels of ZnO supplementation have
been associated with lasting changes in the composition of the gastrointestinal microbiota,
such as a decreased abundance of the genus Lactobacillus [5] and increased selection for
antimicrobial resistant bacteria [6].

Thus, the European Union (EU) have begun the phasing out of pharmacological doses of
Zn0O alongside further restrictions on the use of infeed medication in weaner pig diets by 2022
(Commission Implementing Decision of 26 June 2017, C(2017) 4529 Final) (Regulation (EU)
June 2019). Therefore, there is increasing pressure in identifying natural bioactive compounds
that may effectively reduce gastrointestinal inflammation and dysbiosis similar to that of
ZnO whilst maintaining profitability and animal performance. Two bioactives of interest are
B-glucans and Vitamin D, due to their well-recognized immunomodulatory properties.

Beta-glucans with 3-(1 — 3, 1 — 6) linkages are the major structural components of
fungal and yeast cell walls [7]. The key biological activities of fungal and yeast (3-glucans
include anti-inflammatory, antioxidant and immunomodulatory effects [8-10], and as
they are a non-digestible polysaccharide, they can positively influence the gut microbiota
through increased Lactobacillus and Bifidobacteria populations [11,12].

Vitamin D has conventionally been associated with bone mineralisation and calcium
homeostasis; however, more recent research has demonstrated vitamin D to play an impor-
tant role in the modulation of inflammation by stimulating the expression of antimicrobial
peptides, reducing the production of inflammatory cytokines, such as tumour necrosis
factor (TNF) and interleukin 6 (IL-6) and increasing the production of anti-inflammatory
cytokine interleukin 10 (IL-10) [13].

Vitamin D plays an essential role in maintaining a healthy epithelial barrier and gut
microbiota, through the reduction of pathogenic bacterial species, including Escherichia
coli [14]. Vitamin D can be synthesised in the body upon exposure to ultraviolet B (UVB)
light [15]; however, in a typical commercial setting, pigs are raised indoors and, therefore,
must obtain vitamin D from their diet.

Mushrooms offer a unique opportunity to naturally incorporate 3-glucans and vita-
min D into the diet of the pig and are a natural, cost-effective and sustainable source of
vitamin D and 3-glucans. Mushrooms, such as white button mushrooms (Agaricus bisporus)
are also a rich natural source of biologically active metabolites, such as phenolics, lectins,
terpenoids and ergosterols [16,17]. Mushrooms can naturally produce vitamin D as they
contain high levels of the vitamin D precursor ergosterol, which has the potential to form a
bioavailable dietary source of vitamin D when exposed to UVB light post-harvest [18].

Dietary supplementation with vitamin D;-enriched mushroom powder improved
ADG and FCR in 150-day old finisher pigs [19]; however, the same effect was not observed
in younger pigs [20]. Therefore, the objective of this study was to compare the molecular,
physiological, and microbial effects of mushroom powder (MP), vitamin D,-enriched
mushroom powder (MPD;) and zinc oxide (ZnO) in these younger pigs.
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2. Materials and Methods

In this study, all procedures were approved under the University College Dublin
Animal Research Ethics Committee, Ireland (AREC-18-27-O’Doherty) and were conducted
in accordance with Irish legislation (SI no. 543/2012) and the EU directive 2010/63/EU
for animal experimentation. All efforts were taken to minimize pain and discomfort to the
animals while conducting these experiments.

2.1. Experimental Design, Animal Management and Diets

At weaning (28 days), 192 pigs (progeny of Meatline boars x (Large White x Landrace
sows)) with an average weight of 7.8 kg (SD 1.07) were selected from a commercial pig
farm. The pigs were blocked by weaning weight, sex and litter of origin and, within each
block, assigned to one of four treatment groups. The dietary treatments were as follows:
(1) Basal diet (control); (2) basal diet + ZnO; (3) basal diet + unenriched mushroom powder
(MP) containing a 3-glucan content of 200 mg/kg feed; and (4) basal diet + vitamin D,
enriched mushroom powder (MPD;) containing a 3-glucan content of 200 mg/kg feed and
an additional vitamin D, content of 100 ug/kg feed.

The ZnO was included at 3100 mg ZnO/kg feed and contained 80% zinc, resulting in
an inclusion level of 2500 mg Zn/kg feed. After 15 days the inclusion level of ZnO was
halved to 1550 mg ZnO/kg feed and then completely removed from the diet on day 35
for a period of 10 days pre-slaughter. The concentration of 3-glucans (200 mg/kg) was
selected based on previous studies [21,22]. The dried mushroom powder (Agaricus bisporus)
was sourced from Monaghan Mushrooms, Ireland, and 2 g/kg was included to achieve the
-glucan inclusion level of 200 mg/kg.

The mushroom powder contained 305 g/kg of crude protein, 34 g/kg of total fat,
100 mg/g of 3-glucan and 4 pg/g of vitamin D prior to UVB exposure. The vitamin D
mushroom powder contained a vitamin D concentration of 50 ug/g mushroom powder.
The mushroom vitamin D content was naturally enhanced following UVB exposure, as
previously described [23]. The ZnO was sourced from Cargill (Naas, Kildare, Ireland). The
diets were formulated to have equivalent net energy (10.6 MJ/kg), crude protein (208 g/kg)
and standardised ileal digestible lysine (13.0 g/kg). All diets contained a vitamin D3 content
of 50 ng/kg feed. All amino acid requirements were calculated relative to lysine [24]. The
compositions of the diets are presented in Table 1.

Table 1. Ingredients and chemical compositions of the diets.

Treatments 1

Ingredients (g/kg unless Otherwise Stated) Basal Zinc Oxide Mushroom Vit D, Mushroom
Ground wheat 355.4 352.3 353.4 353.4

Full-fat soya bean 170 170 170 170

Soya bean meal (48% CP) 105 105 105 105
Whey powder (900 g CP/kg) 50 50 50 50
Mushroom Powder 0 0 2 2
0 3.1 0 0

30 30 30 30

Soybean concentrate 65 65 65 65

Flaked wheat 130 130 130 130

Flaked maize 70 70 70 70
L-Lysine-HCl 4 4 4 4
DI-Methionine 2 2 2 2

L-Threonine 1.8 1.8 1.8 1.8

L-Tryptophan 0.3 0.3 0.3 0.3
Sodium bicarbonate 2 2 2 2
Monocalcium phosphate 4 4 4 4

Vitamin and mineral premix 2 2.5 2.5 2.5 2.5
Calcium carbonate (limestone) 6 6 6 6
2 2 2 2

Analysed chemical analysis
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Table 1. Cont.

Treatments 1

Ingredients (g/kg unless Otherwise Stated) Basal Zinc Oxide Mushroom Vit D, Mushroom

Gross energy (M]/kg) 16.9 16.9 16.8 16.9

Dry matter 899 899.5 897.5 898.1

Crude protein 208 208.3 208.5 208.5
Lysine (%) 3 14 1.4 1.4 14
Threonine (%) 3 0.9 0.9 0.9 0.9
Methionine and cysteine (%) 3 0.8 0.8 0.8 0.8
Tryptophan (%) 3 0.3 0.3 0.3 0.3
Standardised ileal digestible lysine 3 13.0 13.0 13.0 13.0
Crude fat 79.9 80.3 80.1 80

Crude fibre 28 28 28.2 28.3

Neutral detergent fibre 99 98.7 99.5 99.3

Ash 46.2 46.1 46 46.2
Vitamin D3 (ug/kg) 3 50 50 50 50
Additional vitamin D; (ug/kg) 0 0 0 99
B-glucan (mg/kg) 0 0 198 205

1 Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal
diet + mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan; (4) basal diet + Vitamin D?-enriched mushroom powder (2 g/kg
feed) containing 200 mg/kg -glucan with 100 ug/kg additional vitamin D2. 2 Provided (per kg diet): 1.8 mg retinol; 0.025 mg cholecalciferol;
67 mg tocopherol; 4 mg menaquinone; 0.1 mg cyanocobalamin; 2 mg riboflavin; 12 mg nicotinic acid; 10 mg pantothenic acid; 250 mg
choline chloride; 2 mg thiamine; 0.015 mg pyridoxine; 25 mg copper; 140 mg iron; 47 mg Manganese; 120 mg Zinc; 0.6mg iodine; 0.3 mg
sulphur. ® Calculated for the tabulated nutritional composition [25].

2.2. Housing and Animal Management

The pigs were penned in groups of four according to weight and sex and housed on
fully slatted floors (1.68 m x 1.2 m). There were 12 replicate pens used per treatment with
two male and two female pigs in each replicate pen. For the first 7 days, the temperature
within the weaner house was controlled at 30 °C and then reduced by 2 °C per week until
the temperature reached 22 °C.

The humidity was maintained at 65%. The experimental diets were given in meal
form, and the pigs had ad libitum access to these diets immediately after weaning up to
the final weighing. Clean drinking water was available ad libitum from a drinking nipple.
Pigs received no medication throughout the experiment. Body weight (BW) was measured
using a portable electronic scale (Prattley, Temuka, New Zealand) on days 1 and 45 and the
average daily gain (ADG) and average daily feed intake (ADFI) were calculated.

Faecal scores were assessed twice daily for each individual pen to indicate the presence
and severity of diarrhoea. The following scoring system was used to assign faecal scores:
1 =hard, 2 = slightly soft, 3 = soft, partially formed, 4 = loose, semi-liquid and 5 = watery,
mucous like [26]. For diarrhoea incidence, a faecal score of greater than 3 was categorised
as diarrhoea.

2.3. Feed Analysis

All the feed samples were milled through a 1 mm screen (Christy and Norris Hammer
Mill, Chelmsford, UK) and kept for chemical analysis. The gross energy (GE) content was
determined using an adiabatic bomb calorimeter (Parr Instruments, Moline, IL, USA) as
previously described [27]. The feed was dried overnight at 104 °C to determine the dry
matter (DM) content of the feed. Feed samples were analysed for crude ash, nitrogen, crude
fibre, acid detergent fibre (ADF) and ether extract according to the Association of Official
Agricultural Chemists standard procedures [28].

Neutral detergent fibre (NDF) was determined according to the method of Van Soest et al. [29].
The total glucans of the MP were determined using the kit K-YBGL, purchased from
Megazyme (Bray, Ireland), following the manufacturer’s recommendations and as previ-
ously described [30]. The vitamin D content of the vitamin D,-enriched MP was established
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using high performance liquid chromatography, as previously described [31]. All samples
were measured in duplicate.

2.4. Sample Collection

On day 45 of the experiment, one pig/pen that was randomly selected at weaning
time (48 pigs; 24 male and 24 female; 12 pigs/treatment) was euthanized at a rate of
0.71 mL/kg body weight with pentobarbitone sodium (Euthatal Solution, 200 mg/mL;
Meri-al Animal Health, Essex, UK), at a rate of 0.71 mL/kg body weight (BW) injected into
the cranial vena cava. Sections from the duodenum, jejunum and ileum were processed for
gut morphological analysis as previously described [32].

Digesta from the colon and caecum was collected and stored in sterile containers
(Sarstedt, Wexford, Ireland). This was then snap frozen on dry ice and stored at —80 °C for
subsequent 16 s RNA sequencing and volatile fatty acid (VFA) analysis. In addition, tissue
samples were taken from the duodenum, jejunum and ileum to measure the expression
of cytokines, nutrient transporters, mucins, tight junctions and appetite regulators using
quantitative real-time PCR (QPCR).

Tissue sections (1 cm) from the duodenum, jejunum and ileum were cut out, dissected
along the mesentery, emptied and rinsed using sterile phosphate buffered saline (Oxoid,
Hampshire, UK). The tissue sections were stripped of the overlying smooth muscle before
storage in RN Alater® (5 mL) solution (Applied Biosystems, Foster City, CA, USA) overnight
at 4 °C. The RNAlater® was removed before storing the samples at —80 °C.

2.5. Gut Morphological Analysis

Standard paraffin embedding techniques were used to prepare the small intestinal
tissue for gut morphological analysis as previously described [32]. A light microscope with
an image analyser (Image-Pro Plus; Media Cybernetics, Oxon, UK) was used to measure
the villus height and crypt depth. Fifteen measurements of villi and crypt were taken for
each section.

2.6. Gene Expression in the Small Intestine
2.6.1. RNA Extraction and cDNA Synthesis

The total RNA was extracted from duodenal and ileal tissues using TRI Reagent
(Sigma-Aldrich, St. Louis, MO, USA) in accordance with the manufacturer’s guidelines
as previously described [33]. The total RNA (2 ug) was reverse transcribed using a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) and
oligo (dT) primers in a final reaction volume of 40 pL, in accordance with the manufacturer’s
guidelines. The cDNA was then made up to a volume of 360 puL with nuclease-free water.

2.6.2. Quantitative Real-Time Polymerase Chain Reaction (QPCR)

The gPCR reaction mixture (20 pL) consisted of GoTaq qPCR Master Mix (10 pL)
(Promega, Madison, WI, USA), forward and reverse primers (5 uM), (1.2 pL), nuclease-free
water (3.8 uL) and cDNA (5 puL). All the QPCR reactions were conducted in duplicate on
the 7500 ABI Prism Sequence detection System (Applied Biosystems, Foster City, CA, USA).
The cycling conditions consisted of a denaturation step of 95 °C for 10 min, which was
followed by 40 cycles of 95 °C for 15 s and then 60 °C for 1 min. All the primers were
designed using the Primer Express Software (Applied Biosystems, Foster City, CA, USA)
and made by MWG Biotech UK Ltd. (Milton Keynes, UK) and are all described in Table 2.
Dissociation curves were created to verify the specificity of the subsequent PCR products.
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Table 2. Panel of porcine oligonucleotide primers used for real-time PCR.

Forward Primer (5’-3’)

Target Gene Accession No. Reverse Primer (5'-3') Amplicon Length (bp)
IL6 NM_214399.1 R;%S(%réréﬁg%ﬁggégfgg?ﬁrc 69
cxas NM_213867.1 R CAAACTGGCTGTTGECTTCTT 52
g NM_214041.1 R AGAGACCCGGICAGCAACAA 7
i \M_001005729.1 R TCATGATICCCGCCTICAC. 57
e M2 CACAGGATGACAATTA 51
e NM_214022.1 R COGGCTTATCIGAGGTTIGAGA 6
o NM_214015.1 R CGGGTIGIGCTCGTIGIACA 101
i NM_001253317.1 R GATAAATCCAGCACCTGCAGITC 140
et XM_01526880.1 R CCCTGCAGAAACCTGCTCAT 6
e XM_021082584.1 & GCCACACTGGCCCTTTGT | z
7! XM_O05653811.1 'R CTCAGACCCGGOTCICTGTCT. 76
cLND? NM_001160075.1 R GAGICGTACACTTTGCACTGCAT 6

e \ML214257.2 R GCGCCGOCCAAAATC

e NM_001031780.1 R GTGTTCTGGOCTGTGCTCCAAGA 102
e e -
SLCHZGLUT2 — NML00I097417.1 R GCGGGTCCACTIGCTGAATGE o6
wowsouns  imwmi SSRGS :
soswpm wasn L .
L ey .
o NM_213578.1 RTCICCCCGTTTTICAGCAAAT 5
caroH NM_001206359 R ACGATGCCGAAGTIGTCATG 72
e e -
YWZHAZ NM_001315726.1 F: GGACATCGGATACCCAAGGA -

R:AAGTTGGAAGGCCGGTTAATTT
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The QPCR assay efficiencies were determined by plotting the cycling threshold (CT)
values resulting from four-fold serial dilutions of cDNA against their arbitrary quantities,
and only assays demonstrating 90-110% efficiency and single products were accepted
in this analysis. Normalised relative quantities were obtained using the software, gbase
PLUS (Biogazelle, Ghent, Belgium) from stable reference genes; B2M, GAPDH and YWHAZ
(duodenum) and B2M and PPIA (ileum). These genes were selected as reference genes
based on their M value (<1.5) generated by the GeNorm algorithm within GeNorm.

The genes analysed in the current study were as follows: protein transporter SLC15A1
(previously known as PEPT1); fatty acid transporter FABP2; vitamin D receptor VDR;
glucose transporters SLC2A1 (previously known as GLUT1), SLC2A2 (previously known as
GLUT?2) and SLC2A5 (previously known as GLUT)); sodium-glucose transporter SLC5A1
(previously known as SGLT1); appetite regulator CCK; cytokines TNF, IL6, IL10, IFNG,
TGFB1 and IL17; chemokine CXCL8 (previously known as IL8); mucins MUC2 and MUCI;
tight junctions CLDN3, CLDN1 and ZO1; Toll like receptor TLR4; and reference genes B2M,
GAPDH, YWHAZ and PPIA.

2.7. Volatile Fatty Acid Analysis

Gas liquid chromatography was used to determine the VFA concentrations in the
colonic digesta, as described in detail by Clarke et al. [34]. We diluted 1 g of digesta with
water (2.5x sample weight) and centrifuged (1400x g for 10 min) using a Sorvall GLC-2B
centrifuge (DuPont, Wilmington, DE, USA). We mixed 1 mL of supernatant and 1 mL of
internal standard (0.05% 3-methyl-n-valeric acid in 0.15 M oxalic acid dihydrate) with 3 mL
of distilled water and then centrifuged for 10 min at (500 x g).

The supernatant was then filtered through a syringe filter (0.45 polytetrafluoroethylene
(TFE)) into a chromatographic sample vial. Approximately 1 uL of this mixture was
injected into a Varian 3800 GC (Markham, ON, Canada) with an ECTM 1000 Grace column
(15m x 0.53 mm I.D) with a film thickness of 1.20 um. The temperature program was set
to the range 75-95 °C, which increased by 3 °C/min and 95-200 °C, which increased by
20 °C/min, and this was held for 0.50 min. The detector temperature was 280 °C, and the
injector temperature was 240 °C. The total analysis time was 12.42 min.

2.8. Microbiological Analyses
2.8.1. Microbial DNA Extraction

A QIAamp PowerFecal Pro DNA Kit (Qiagen, West Sussex, UK) was used to extract
microbial genomic DNA in accordance with the manufacturer’s instructions. A Nanodrop
ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) was used to measure
the quantity and quality of the DNA.

2.8.2. Illumina Sequencing

Bacterial DNA was extracted from the caecal digesta samples and high-throughput se-
quencing of the V3-V4 hypervariable region of the bacterial 165 rRNA gene was performed
on an [llumina MiSeq platform according to their standard protocols (Eurofins Genomics,
Ebersberg, Germany).

2.8.3. Bioinformatic and Statistical Analysis

The bioinformatic assessment of the sequences were conducted by Eurofins Genomics
(Ebersberg, Germany) using the package (Version 1.9.1) Quantitative Insights into Microbial
Ecology [35]. All the raw reads passing the standard Illumina chastity filter were demultiplexed
in accordance with their index sequences (read quality score > 30). The primer sequences were
clipped from the beginning of the raw forward/reverse reads. If primer sequences did not
match perfectly, read pairs were eliminated to retain only high-quality reads.

Paired-end reads were then merged, to obtain a single, longer read that covers the
complete target region using the software FLASH 2.2.00 [36]. The pairs were merged with
the lowest overlap size of 10 bp to decrease false-positive merges. The forward read was
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only kept for the subsequent assessment steps when merging was not viable. Merged reads
were quality filtered in accordance with the expected and known length variations of the
V3-V4 region (ca. 445 bp).

The ends of retained forward reads were clipped to a complete read length of 285 bp
to eliminate low quality bases. Merged and retained reads comprising of ambiguous bases
were removed. The filtered reads were then used for profiling of the microbiome. Chimeric
reads were detected and deleted based on the de-novo algorithm of UCHIME [37] as
implemented in the VSEARCH package [38]. The remaining set of high-quality reads
were then processed using minimum entropy decomposition (MED) to partition reads to
operational taxonomic units (OTU) [39,40].

DC-MEGABLAST alignments of cluster representative sequences to the NCBI nu-
cleotide sequence database were conducted for the taxonomic assignment of every OTU.
A sequence identity of 70% across a minimum of 80% of the representative sequence was
the minimal prerequisite for considering reference sequences. The abundances of bacterial
taxonomic units were normalized using lineage-specific copy numbers of the appropriate
marker genes to enhance estimates [41].

The data matrix was made up of the normalized OTU table in combination with the
phenotype metadata and phylogenetic tree. The data matrix was then loaded into the phy-
loseq package in R (http:/ /www.r-project.org; Version 3.5.0, accessed on 2 September 2020).
The dynamics of richness and diversity in the microbiota were computed with the observed,
Chaol, ACE, Shannon, Simpson, inverse Simpson and Fisher indices. The Simpson and
Shannon indices of diversity accounted for richness and evenness parameters. The beta
diversity measurements are a calculation of separation of the phylogenetic structure of the
OTU in one sample compared with all the rest of the samples.

This was estimated by normalizing the data so that taxonomic feature counts were
comparable across all the samples. Numerous distance metrics were considered to calcu-
late the distance matrix of the various multidimensional reduction processes. These in-
cluded weighted and unweighted UniFrac distance/non-phylogenetic distance metrics (i.e.,
Bray—Curtis, Jensen-Shannon divergence and Euclidian) using phyloseq within R [42,43].

Differential abundance analysis was conducted on tables extracted from the phyloseq
object at the phylum, family, genus and species level. The PROC Glimmix procedure
within Statistical Analysis Software (SAS) 9.4 was used to analyse the data. The model
examined the effect of ‘treatment’, with the individual pig being the experimental unit. For
the statistical analysis of the relative bacterial abundances, 12 pigs per treatment were used.
The results are presented using Benjamini-Hochberg (BH) adjusted p-values.

All data on growth performance, gastrointestinal morphology, gene expression and VFA
were checked for normality using the univariate procedure of Statistical Analysis Software
(SAS) 9.4. The general linearized model (GLM) procedure within SAS was used to analyse
the data on growth performance, gastrointestinal morphology, gene expression and VFA. The
model examined the effect of treatment and using weight at weaning as a covariate.

Faecal scores were averaged each week for the first 14 days and analysed using the
PROC MIXED procedure of SAS. The incidence of diarrhoea during the first 14 days post
weaning was analysed using the PROC Genmod procedure of SAS. For the growth perfor-
mance data, the pen was the experimental unit, whilst for the gastrointestinal morphology,
gene expression and VFA data, the pig was the experimental unit. The probability level
that denoted significance was p < 0.05. The data are presented as least-square means and
standard error of the mean.

3. Results
3.1. Growth Performance, Faecal Scores and Mortality Rates

The MPD, supplemented pigs had lower ADG and ADFI (p < 0.05) compared with the
Zn0 and control groups (Table 3). The MP supplemented pigs had a lower ADG (p < 0.05)
compared with the ZnO group and a lower ADFI (p < 0.05) compared with the ZnO and
control groups. The ZnO supplemented pigs had reduced faecal scores (p < 0.05) and
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diarrhoea incidence (p < 0.001) compared with all other groups. There was no difference
(p > 0.05) in the faecal scores or diarrhoea incidence between the MP, MPD, and control
groups. There was an overall 2% mortality rate; however, these deaths were unrelated to
the experimental diets.

Table 3. Effect of dietary treatment on pig growth performance (day 1-45; least square means with their standard errors).

Dietary Treatments ! SEM p Values

Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2 Treatment
Initial body weight (kg) 7.8 7.8 7.7 7.8 0.16 0.824
Final body weight (kg) 31.3b¢ 31.8¢ 30.4 2P 2952 0.49 0.007
ADG (kg/day) 0.56 be 0.57°¢ 0.54 b 0.522 0.012 <0.001
ADFI (kg/day) 0.91b 0.96 ¢ 0.872 0.882 0.009 <0.001
Gain:feed 0.62 0.61 0.62 0.60 0.013 0.723
Faecal score’ 3.00° 2572 3.07° 3.00° 0.067 <0.001
Diarrhoea incidence % (day 1-14) 25.04 2.8P 3894 36.12 0.136 <0.001

ADG, average daily gain; ADFI, average daily feed intake. ! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg
d 15-35 and withdrawn entirely d 36-45); (3) basal diet + mushroom powder (2 g/kg feed) containing 200 mg/kg -glucan; (4) basal
diet + Vitamin D?-enriched mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin Dj.
3 Mean values within a row with unlike superscript letters were significantly different (p < 0.05). 2 A total of twelve replicates were used
per treatment group (experimental unit = pen). * A faecal score of greater than 3 was categorized as diarrhoea. 3 Faecal score range: 1 = hard,
firm faeces; 2 = slightly soft faeces; 3 = soft, partially formed faeces; 4 = loose, semi-liquid faeces; and 5 = watery, mucous like faeces.

3.2. Small Intestinal Morphology

In the duodenum, pigs supplemented with MP, MPD, or ZnO had increased VH
(p < 0.05) compared with the control group (Table 4). In the jejunum, pigs supplemented
with MPD, and ZnO had increased VH (p < 0.05) compared with the control group. Pigs
offered MP had decreased CD (p < 0.05) in the jejunum compared with the ZnO and control
groups. Pigs supplemented with MP and MPD; had increased VH:CD (p < 0.05) in the
jejunum compared with the control group.

Table 4. Effect of dietary treatment on villus height and crypt depth in the small intestine (least square means with their
standard errors).

Intestinal Site Treatments ! SEM p-Values
Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2

VH pm 34252 391.6P 395.8 P 381.4P 14.61 <0.05
Duodenum CD pum 163.6 170.4 169.0 177.2 8.38 0.719
VH:CD 21 24 24 2.2 0.14 0.446
VH pm 288.02 319.6b 302.3ab 3189°b 10.52 0.12
Jejunum CD um 167.3P 159.5b 133.62 149.7 ab 9.02 0.064
VH:CD 1.82 2.12b 23b 22b 0.14 0.068
VH pm 289.7 2 322.1b 306.8 b 3223b 10.14 <0.05
lleum CD um 167.3b 159.5b 133.6 2 149.7 ab 9.01 <0.05
VH:CD 1.82 2.1ab 24P 22b 0.14 0.059

VH, villus height; CD, crypt depth; VH:CD, villus height to crypt depth ratio. ! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg
d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal diet + mushroom powder (2 g/kg feed) containing 200 mg/kg
B-glucan; and (4) basal diet + Vitamin D?-enriched mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg
additional vitamin D,. ®® Mean values within a row with unlike superscript letters were significantly different (p < 0.05). 2 A total of
12 replicates were used per treatment group (experimental unit = pig).

In the ileum, pigs supplemented with MPD, and ZnO had increased VH (p < 0.05)
compared with the control group. Pigs offered MP had decreased CD (p < 0.05) in the ileum
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compared with the control and ZnO groups. Pigs supplemented with MP and MPD, had
increased VH:CD (p < 0.05) in the ileum compared with the control group.

3.3. Effects of Mushroom Powder Supplementation on the Caecal Microbiota
3.3.1. Bacterial Richness and Diversity

Dietary supplementation had no effect on the Observed, Chaol, ACE, Shannon,
Simpson, InvSimpson and Fisher index measures of alpha diversity (p > 0.05) in the caecal
digesta (Table 5).

Table 5. The effect of dietary treatment on measures of alpha diversity (least-square means with their standard errors).

Treatments ! SEM p-Values
Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2

Observed 23.00 24.00 25.00 26.00 2.021 0.237
Chaol 55.42 53.5 50.58 52.54 0.888 0.723
ACE 22.37 20.87 24.27 25.72 1.593 0.517
Shannon 6.84 5.89 6.93 6.51 0.208 0.272
Simpson 3.76 3.73 3.61 3.68 0.027 0.479
InvSimpson 0.97 0.97 0.96 0.97 0.001 0.388
Fisher 32.53 31.23 27.73 30.54 1.037 0.301

! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal
diet + mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan; and (4) basal diet + Vitamin D?-enriched mushroom powder
(2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin D,. 2 A total of 12 replicates were used per treatment
group (experimental unit = pig).

3.3.2. Differential Bacterial Abundance Analysis

All data on bacterial abundances at phylum, family and genus level are presented in
Tables 6-8. There were five bacterial phyla identified with Firmicutes being the dominant
phyla (~67.3%) followed by Bacteriodetes (~30.6%), Proteobacteria (~0.73%), Actinobacteria
(~0.59%) and Tenericutes (~0.09%). There was no effect of dietary supplementation on the
measures of relative abundance at the phylum level (p > 0.05; Table 6).

Table 6. The effect of dietary treatment on the % bacterial abundance at phylum level (Least-square means with their
standard errors).

Treatment ! SEM p-Values
Phylum Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2
Bacteroidetes 334 29.07 30.08 29.74 1.596 0.239
Firmicutes 64.72 68.76 67.8 67.84 2.368 0.649
Tenericutes 0.11 0.04 0.17 0.06 0.085 0.763
Actinobacteria 0.51 0.72 0.63 0.5 0.221 0.88
Proteobacteria 0.54 1.03 0.32 1.01 0.24 0.15

! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal
diet + mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan; and (4) basal diet + Vitamin D?-enriched mushroom powder
(2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin Dj. 2 A total of twelve replicates were used per treatment
group (experimental unit = pig).
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Table 7. The effect of dietary treatment on the % bacterial abundance at family level (Least-square means with their standard

errors).
Treatments ! SEM p-Values
Family Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2

Prevotellaceae 33.10° 27.842 29.65 2P 29.30 b 1.58 0.130
Muribaculaceae 0.11 0.46 0.14 0.14 0.126 0.273
Propionibacteriaceae 0.03 0.12 0.01 0.03 0.057 0.728
Burkholderiaceae 0.12 0.28 0.12 0.14 0.115 0.734
Tannerellaceae 0.17 0.3 0.09 0.03 0.103 0.466
Lachnospiaceae 15.87 14.65 13.91 16.47 1.126 0.376
Eubacteriaceae 0.49 0.44 0.48 0.43 0.196 0.995
Ruminococcaceae 23.67 23.61 22.36 23.06 1.390 0.902
Peptostreptococcaceae 0.28 0.31 0.18 0.36 0.152 0.863
VARI15 3.92 5.16 5.39 4.72 0.631 0.388
Hungateiclostridiaceae 0.16 0.27 0.08 0.15 0.114 0.735
Clostridiaceae 3.17 3.66 4.14 3.90 0.556 0.643
Oscillospiraceae 0.05 0.15 0.10 0.04 0.080 0.791
Mycoplasmataceae 0.06 0.02 0.17 0.06 0.075 0.67
Coriobacteriaceae 0.38 0.39 0.53 0.40 0.188 0.93
Enterobacteriaceae 0.03 0.41 0.04 0.33 0.114 0.238
Succinivibrionaceae 0.38 0.19 0.16 0.39 0.149 0.615
Veillonellaceae 0.7 0.39 0.65 0.61 0.220 0.772
Selenomonadaceae 1.1 1.02 1.22 1.27 0.31 0.934
Streptococcaceae 4.41 4.6 5.68 5.94 0.654 0.271
Christensenellaceae 0.02 0.02 0.08 0.03 0.053 0.852
Erysipelotrichaceae 0.04 0.11 0.07 0.23 0.093 0.593
Lactobacillaceae 10.58 2 14.16 P 9924 10.322 1.000 0.022

! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal
diet + mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan; and (4) basal diet + Vitamin D?-enriched mushroom powder
(2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin D,. ab Mean values within a row with unlike superscript
letters were significantly different (p < 0.05). 2 A total of twelve replicates were used per treatment group (experimental unit = pig).

Table 8. The effect of dietary treatment on the % bacterial abundance at genus level (Least-square means with their
standard errors).

Treatments ! SEM p-Values
Genus Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2

Prevotella 29.06 P 23.382 24902 23942 1.451 0.035
Muribaculum 0.11 0.39 0.13 0.12 0.119 0.363
Propionibacterium 0.03 0.12 0.01 0.03 0.057 0.728
Ralstonia 0.12 0.28 0.12 0.14 0.115 0.734
Parabacteroides 0.17 0.30 0.09 0.03 0.103 0.466
Alloprevotella 0.94 1.16 1.25 1.15 0.306 0.905
Prevotellamassilia 3.05 3.30 3.51 4.2 0.540 0.482

Oribacterium 0.32 0.30 0.24 0.22 0.149 0.956
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Treatments ! SEM p-Values

Genus Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2
Anaerobutyricum 0.79 0.78 0.61 0.79 0.248 0.942
Dorea 1.75 1.70 1.86 1.85 0.386 0.988
Coprococcus 2.7 2.65 292 3.89 0.502 0.282
Lachnoclostridium 0.35 0.09 0.06 0.24 0.117 0.395
Anaerostipes 0.21 0.12 0.08 0.09 0.100 0.782
Blautia 1.39 1.74 1.53 1.52 0.358 0.919
Lachnobacterium 0.07 0.04 0.02 0.06 0.060 0.95
Roseburia 3.29 2.79 3.01 3.42 0.510 0.817
Pseudobutyrivibrio 2.89 2.20 1.91 2.99 0.454 0.284
Eubacterium 0.49 0.44 0.48 0.43 0.196 0.995
Kineothrix 0.14 0.31 0.15 0.09 0.117 0.642
Murimonas 0.38 0.38 0.38 0.38 0.172 0.744
Gemmiger 5.58 5.29 5.17 6.92 0.690 0.271
Faecalibacterium 15.80 15.40 15.33 13.29 1.116 0.392
Peptoclostridium 0.27 0.31 0.15 0.32 0.146 0.856
Clostridium 1.24 1.35 2.04 1.87 0.366 0.356
Anaerobacterium 0.15 0.26 0.08 0.12 0.110 0.703
Ruminococcus 1.31 1.52 1.06 1.42 0.332 0.783
Neglecta 0.03 0.04 0.02 0.07 0.056 0.946
Agathobaculum 0.39 0.50 0.28 0.55 0.188 0.764
Butyricicoccus 1.93 231 2.11 2.03 0.417 0.932
Oscillibacter 0.05 0.15 0.10 0.04 0.112 0.791
Sporobacter 0.20 0.43 0.19 0.43 0.158 0.589
Intestinimonas 0.09 0.13 0.26 0.18 0.115 0.784
Mycoplasma 0.06 0.02 0.17 0.06 0.075 0.670
Succinivibrio 0.38 0.19 0.16 0.39 0.149 0.615
Megasphaera 0.15 0.17 0.19 0.13 0.114 0.984
Dialister 0.55 0.22 0.46 0.48 0.187 0.657
Mitsuokella 0.04 0.03 0.03 0.01 0.047 0.983
Anaerovibrio 1.06 0.99 1.19 1.26 0.306 0.920
Lactococcus 0.01 0.01 0.03 0.02 0.038 0.968
Streptococcus 4.40 4.59 5.64 5.92 0.653 0.282
Beduinibacterium 0.02 0.02 0.08 0.03 0.053 0.852
Turicibacter 0.04 0.11 0.07 0.23 0.093 0.593
Lactobacillus 10.58 2 14.16 P 9924 10.322 1.000 0.022

! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal
diet + mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan; and (4) basal diet + Vitamin D?-enriched mushroom powder
(2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin D;. *® Mean values within a row with unlike superscript
letters were significantly different (p < 0.05). 2 A total of twelve replicates were used per treatment group (experimental unit = pig).

At family level, dietary supplementation with MP and MPD, decreased (9.92 and 10.32
vs. 14.16, SEM 1.000, p < 0.05) the relative abundance of Lactobacillaceae within the Firmicutes
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phylum compared with the ZnO group (p < 0.05; Table 7). Dietary supplementation with
ZnO decreased (27.84 vs. 33.10, SEM 0.074, p < 0.05) the relative abundance of Prevotellaceae
within the Bacteroidetes phylum (p < 0.05) compared with the control group.

At the genus level, dietary supplementation with MP and MPD; decreased (9.92
and 10.32 vs. 14.16, SEM 1.000, p < 0.05) the relative abundance of Lactobacillus within
the family Lactobacillaceae (p < 0.05) compared with the ZnO group (Table 8). Dietary
supplementation with ZnO, MP and MPD; decreased (23.38, 24.90 and 23.94 vs. 29.06
SEM 1.451, p < 0.05) the relative abundance of Prevotella within the family Prevotellaceae
(p < 0.05) compared with the control group. Of the taxa attributed to the families Lacto-
bacillaceae, Propionibacteriaceae and Burkholderiaceae, Lactobacillus, Propionibacterium
and Ralstonia, respectively, were the only genus identified.

3.4. Volatile Fatty Acids

Pigs supplemented with MPD; had increased total colonic VFA’s compared with all
other groups (p < 0.05; Table 9). Supplementation with MPD, reduced the molar propor-
tions of isobutyrate compared with the control group and reduced the molar proportions
of isobutyrate, butyrate and isovaline compared with the ZnO supplemented pigs.

Table 9. The effect of dietary treatment on the total concentrations and molar proportions of VFA in the colon (least-square

means with their standard errors).

Treatments ! SEM p-Value
Control 2 ZnO 2 Mushroom 2 Vit D, Mushroom 2
Total VFA (mmol/g digesta) 185.252 172.102 194.00 2 231.73b 12.684 0.014
Molar proportions (%)

Acetate 68.40 71.39 69.43 71.28 1.244 0.262
Propionate 21.54 19.80 20.83 20.11 0.763 0.390
Butyrate 7.49 &b 7.75b 7.71b 6.47 2 0.405 0.145
Isovalerate 0.58 &b 0.702 0.632 041° 0.076 0.069
Isobutyrate 0.36 P 0.37b 0.322b 0.242 0.039 0.116
Valerate 1.62 1.63 1.68 1.22 0.183 0.270

1 Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg d 15-35 and withdrawn entirely d 36-45); (3) basal
diet + mushroom powder (2 g/kg feed) containing 200 mg/kg -glucan; and (4) basal diet + Vitamin Dj-enriched mushroom powder
(2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin D,. *® Mean values within a row with unlike superscript
letters were significantly different (p < 0.05). 2A total of 12 replicates were used per treatment group (experimental unit = pig).

3.5. Gene Expression in the Small Intestine

The complete gene expression data is presented in Table 10. Genes that are differen-
tially expressed in the small intestine are highlighted in this section:

3.5.1. Nutrient Transporter Gene Expression

In the duodenum, pigs supplemented with MP and ZnO had increased expression of
peptide transporter SLC15A1, (p < 0.05) and fatty acid transporter FABP2, (p < 0.05) compared
with the control group. Pigs supplemented with MPD; had increased expression of SLC15A1,
(p < 0.05) and FABP2, (p < 0.05) in the duodenum compared with the control group and
an increased expression of vitamin D receptor VDR, (p < 0.05) in the duodenum compared
with the control and ZnO group. In the ileum, pigs supplemented with ZnO had reduced
expression of glucose transporter 2 (SLC2A2, p < 0.05) compared with the control group.

3.5.2. Expression of Genes Involved in Inflammation and the Epithelial Barrier

In the duodenum, pigs supplemented with MPD, had reduced expression of chemokine
CXCLS, (p < 0.05) compared with the ZnO group and reduced expression of cytokine gene IL6,
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(p < 0.05) in the duodenum compared with the control group. Pigs supplemented with ZnO
had reduced expression of cytokine genes TNF, (p < 0.05) and IL6, (p < 0.05) and increased
expression of CXCLS, (p < 0.05) in the duodenum compared with the control group.

In the ileum, pigs supplemented with MPD, had increased expression of cytokine
gene IL10, (p < 0.05) compared with the control and ZnO group. Pigs supplemented with
MP had reduced expression of CXCLS, (p < 0.05) in the ileum compared with the MPD,
group. Pigs supplemented with MP had increased expression of tight junction gene CLDN1,
(p < 0.05) in the ileum compared with all other groups.

Table 10. The effects of dietary treatment on the expression of nutrient transporters, immune markers and tight junction

genes in the duodenum and ileum; the expression of appetite regulators in the duodenum and ileum (least square means

with their standard errors).

Treatments ! SEM p-Value
Gene Control 2 ZnO 2 Mushroom 2 Mu\slli:roDozm 2
Duodenum
Nutrient transporters ~ SLC15A1/PEPT1 0.812 1.22°b 1.20° 1.10° 0.090 0.012
EABP2 0.792 1.31b 1.13b 1.19b 0.119 0.026
VDR 0.942 0.942 1.11ab 1.22b 0.095 0.122
SLC2A1/GLUTI 1.16 0.98 1.08 1.10 0.117 0.766
Tight junctions and TNF 1162 0.78 1.03b 0.99 ab 0.119 0.174
immune markers
CXCL8 0.902 1.21b 1.05 2P 0.972 0.099 0.163
IL6 1.222 0.72b 1.05 2P 0.78® 0.153 0.098
IL10 1.15 1.01 0.92 1.04 0.120 0.629
IFNG 1.13 0.99 1.06 0.98 0.112 0.807
Z01 1.02 1.02 1.09 0.95 0.062 0.465
MUC2 1.19 1.00 1.22 0.97 0.144 0.497
Ileum
Nutrient transporters FABP2? 1.40 1.00 1.35 1.16 0.235 0.611
SLC15A1/PEPT1 1.36 0.81 1.23 1.19 0.205 0.276
VDR 1.39 1.09 1.12 1.10 0.241 0.804
SLC5A1/SGLT1 1.33 0.87 1.28 1.43 0.192 0.189
SLC2A1/GLUT1 1.36 0.90 0.92 1.03 0.136 0.087
SLC2A2/GLUT2 1.802 0.71b 1.312b 1.372b 0.273 0.06
SLC2A5/GLUT5 1.61 1.03 1.14 1.17 0.276 0.517
Tight junctions and TNF 2.98 121 1.09 113 0.126 0.652
immune markers

CXCLS/IL8 0.98 &b 1.122b 0.862 1.19b 0.114 0.191
L6 0.97 1.24 1.16 1.32 0.170 0.532
IL10 0.892 0.96 2 1.172b 1.34b 0.131 0.078
TGFB 0.98 1.12 1.06 1.13 0.109 0.772
IL17 0.90 1.43 1.05 1.23 0.197 0.274

TLR4 1.02 0.95 1.14 1.21 0.110 0.337
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Table 10. Cont.
Treatments ! SEM p-Value
Gene Control 2 ZnO2?  Mushroom 2 Vit D, P
Mushroom
CLDN3 1.82 1.11 1.19 1.35 0.292 0.341
CLDN1 1.03° 1.00% 1.40° 0.862 0.129 0.032
MUC1 1.4 1.03 0.91 1.26 0.195 0.298
MUC2 1.36 1.04 1.3 1.56 0.261 0.578
Appetite regulators CCK 0.95 1.07 0.79 1.02 0.127 0.389

SLC15A1/PEPTI, peptide transporter 1; FABP2, fatty acid binding protein 2; VDR, vitamin d receptor; SLC2A1/GLUT1, glucose transporter
1; SLC5A1/SGLT1, sodium glucose linked transporter 1; SLC2A2/GLUT2, glucose transporter 2; SLC2A5/GLUTS5, glucose transporter 5;
CCK, cholecystokinin; TNF, tumour necrosis factor alpha; CXCLS, interleukin 8; IL6, interleukin 6; IL10, interleukin 10; IFNG, interferon
gamma; ZO1, zonulin; MUC2, mucin 2; TGF-f, transforming growth factor beta; IL17, interleukin 17; TLR4, toll like receptor 4; CLDN3,
claudin 3; CLDN1, claudin 1; MUCI, mucin 1. ! Treatments: (1) basal diet; (2) basal diet + ZnO (3100 mg/kg d 1-14, 1550 mg/kg
d 15-35 and withdrawn entirely d 36-45); (3) basal diet + mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan; and (4) basal
diet + Vitamin D?-enriched mushroom powder (2 g/kg feed) containing 200 mg/kg B-glucan with 100 ug/kg additional vitamin D,.
ab Mean values within a row with unlike superscript letters were significantly different (p < 0.05). 2 A total of 12 replicates were used per
treatment (experimental unit = pig).

4. Discussion

The positive response observed with ZnO supplementation, including improved feed
intake; increased villus height in the duodenum, jejunum and ileum; and positive effects
on immune markers, nutrient transporters, faecal and diarrhoea incidence; and a higher
abundance of Lactobacillus in the caecal microbiota, supports the credible role of ZnO in
maintaining gastrointestinal homeostasis.

The MP enhanced gastrointestinal morphology and integrity and increased the expres-
sion of nutrient transporters in the duodenum, while MPD, supplementation improved
the gastrointestinal morphology, increased the expression of nutrient transporters and
exhibited anti-inflammatory effects. Despite the beneficial effects of MP and MPD, on the
markers of gut health, supplemented pigs had reduced ADFI and ADG.

Maximizing the feed intake in newly weaned pigs is critical, as low feed intake im-
mediately post-weaning negatively impacts nutrient uptake and utilization, subsequently
leading to impaired gut structure and function and reduced performance [44]. The MP
and MPD, supplementation reduced the feed intake compared with the control and ZnQO,
as reported by Conway et al. [20]. Furthermore, MP reduced ADG compared to the ZnO
group, and MPD, supplementation reduced ADG compared with the control and ZnO
group. In contrast, dietary supplementation with MPD2 (Agaricus bisporus) improved ADG
and FCR in 150-day old finisher pigs [19] and mushroom vitamin D, was 77% as effective
in raising serum total 25-OH-D concentration as vitamin D3,

It is important to note that the study by Duffy et al. [19] was conducted in the same
unit as the current study, using a similar genotype pig, and thus we hypothesized that the
discrepancy in results is due to the difference in the age and maturity of the pigs used in
each study. Zinc oxide supplementation had no effect on the growth performance of the
pigs compared to the control. However, this effect of ZnO may have been more pronounced
in a commercial farm setting.

The negative effect of MP and MPD, on feed intake and performance in the weaned pigs
was considered a negative outcome in this study. The mechanism behind the reduced feed
intake was not explored in this study but is worthy of further consideration. It is well known
that mushrooms contain a spectrum of compounds that have biological activity and could
influence feed intake either through a satiety effect and/or a reduced palatability effect.

These bioactive compounds include polyphenols and phytochemicals, such as tannins,
saponins and phytates [45], which can affect the palatability of feed due to their astringent
taste, consequently depressing feed intake. Furthermore, the non-digestible polysaccharides
present in mushrooms, including chitin [46], have been associated with increased satiety.
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Agaricus bisporus mushrooms contain chitin concentrations of approximately 7.8% DM [47],
and supplementation of this mushroom variety reduced feed intake in broilers [48].

Dietary chitosan, the deacetylated form of chitin, influences feed intake and the expres-
sion of associated adipokines and genes in pigs [49-51]. Thus, the reduction in feed intake
in this study may be attributed to the mushrooms having a satiety effect and/or reduced
palatability and could be a valuable mechanism of reducing feed intake in other scenarios.

A lack of enteral nutrition leads to adverse morphological changes, such as villous
atrophy and crypt hyperplasia, occurring in the gastrointestinal tract [52]. It is interesting
to note that, in this study, while there is evidence to suggest that the MP and MPD, supple-
mented animals had improved morphological characteristics and increased expression of
the peptide transporter SLC15A1 and fatty acid binding protein FABP2 in the duodenum,
feed intake was reduced compared with the control group.

In a previous study, chicks supplemented with mushrooms had increased VH in the
ileum despite an overall reduction in FI and performance [53]. Furthermore, 3-glucan
supplementation enhanced the villus height in chickens, as well as restored some of the
villus damage caused by a Salmonella challenge [54].

The observed improvement in gastrointestinal health consequently enhanced the
digestive and absorptive capacity of the gastrointestinal epithelium resulting in an up-
regulation of nutrient transporters in the duodenum. These results indicate that MP and
MPD, supplementation has the potential to support gastrointestinal health through the
improvement of small intestinal architecture in the post-weaning period.

Gastrointestinal homeostasis is of utmost importance to the health of the weaned pig
and disruption to this gives rise to intestinal inflammation. Inflammation is associated with
elevated levels of inflammatory cytokines, such as TNF-«, IL-6, IL-1§3 and IL-8, throughout
the intestine, as observed during the immediate post-weaning period [55]. In the present
study, pigs offered the MPD; diet had increased expression of vitamin D receptor VDR in
the duodenum compared with pigs offered the control and ZnO diets.

Thus, although not measured, the increased expression of VDR in the duodenum is
likely a result of higher serum total 25-OH-D concentration in the mushroom supplemented
pigs. Furthermore, MPD, decreased the expression of IL6 and increased the expression of
IL10; indicating its immunomodulatory potential and ability to resolve inflammation. In the
duodenum, MPD,; decreased the expression of IL6 compared with pigs offered the control diet.
IL-6 is a pro-inflammatory cytokine, expressed during states of inflammation and infection.

Itis involved in the production of acute phase proteins and is associated with increased
epithelial permeability [2,56]. In the ileum, the expression of IL10 was increased when
pigs were offered MPD, compared with pigs offered the control and ZnO diets. IL-10 is
considered a potent anti-inflammatory cytokine due to its ability to reduce Th-1 and Th-2
cytokine production and its potential to promote the resolution of inflammation [57].

The microbial composition in the large intestine of pigs can be positively influenced via
dietary interventions to improve animal productivity and health and to inhibit colonization by
enteric pathogens. Bacterial members of the genus Lactobacillus can enhance host gastrointesti-
nal health through the competitive exclusion of pathogenic bacteria, producing antimicrobial
peptides, such as bacteriocins, and aiding regulation of the immune system [58,59].

Zinc oxide supplementation resulted in an increase in the relative abundance of
Lactobacillus (Firmicutes phylum, Lactobacillaceae family) compared with the control, MP
and MPD, groups. Interestingly, ZnO (2500 mg/kg) supplementation had no effect on
Lactobacillus counts at week 1 and 3 of supplementation; however, Lactobacillus counts were
increased at week 6 [60].

Furthermore, ZnO (2000 mg Zn/kg feed) supplementation enhanced the relative
abundance of Lactobacillus; however, supplementing ZnO at levels exceeding this inclusion
rate had detrimental effects on the relative abundance of Lactobacillus [3]. It may be possible
that the removal of ZnO from the diet for a period of 10 days enabled the recovery of these
bacteria, and thus an increased abundance of Lactobacillus was observed in the ZnO group.
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It was anticipated that MP and MPD, supplementation would increase beneficial
microbial populations based on previous studies with A. bisporus mushroom and Vita-
min D [11,61,62]. However, based on the 165 rRNA gene sequencing, MP and MPD,
supplementation did not positively influence the lactobacilli counts compared with the
control or that of ZnO supplemented pigs. In previous studies, Agaricus bisporus mushroom
supplementation increased lactobacilli counts in the ileum and caecum of chickens [11]
and turkeys [12].

The discrepancy between studies may be attributed to the reduced feed intake ob-
served in the present study. Bacteria in the large intestine are dependent on dietary
substrates for energy and survival and thus, the observed reduced feed intake may have
disrupted the continuous delivery of substrate, resulting in decreased energy sources for
the host animal and its microbiota. A higher abundance of Prevotella has been positively cor-
related with feed intake [63,64] and body weight [65] as well as acetic, butyric, propionate
and total VFA production [66].

In the present study, the supplementation of MP, MPD; and ZnO resulted in a de-
crease in the relative abundance of Prevotella (Bacteroidetes phylum, Prevotellaceae family)
compared with the control group. The concentrations of acetate, butyrate and propionate
were unaffected in our study; however, the concentration of total VFAs in the colon was
increased by MPD, supplementation but unaffected by MP and ZnO supplementation.

5. Conclusions

Dietary supplementation with vitamin Dj-enriched mushroom powder improved
gastrointestinal morphology, increased total volatile fatty acid concentrations, increased
expression of anti-inflammatory cytokine and nutrient transporter genes and reduced the
expression of pro-inflammatory cytokine genes. The mushroom powder supplementation
had a positive impact on the gastrointestinal morphology and upregulated the expression of
genes associated with nutrient transport and gastrointestinal integrity but had no effect on
the expression of inflammatory markers, suggesting that vitamin D,-enriched mushroom
powder and mushroom powder have differing modes of action.

It is noteworthy that vitamin D;-enriched mushroom powder was equally as effective
as zinc oxide in improving gastrointestinal health parameters; however, its negative effects
on feed intake translated to a reduction in animal performance. As mushroom powder
and vitamin Dj-enriched mushroom powder have a negative effect on feed intake and
performance, they have limited use as a commercial feed additive in replacing zinc oxide
in post-weaned pig diets.

Author Contributions: Conceptualization, ].V.O., T.S., A.D. and ].W.; methodology, A.D.,].V.O., T.S.
and W.G.; formal analysis, A.D., ].V.O. and S.V,; investigation, A.D.; resources, T.S., ].V.O., S.Y., ] W.
and W.G.; data curation, A.D., E.C. and S.V.; writing—original draft preparation, A.D.; writing—
review and editing, A.D.,].V.O., T.S,, S.Y. and ].W.; funding acquisition, ].V.O. and T.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Foundation Ireland (Dublin, Ireland) and Mon-
aghan Mushrooms (Tyholland, Monaghan, Ireland) [grant number: 16/RC/3889].

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of University College Dublin
(AREC-18-27-O’Doherty).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors have read the journal guidelines and have the following competing
interests: the co-authors (S.Y., ] W. and W.G.) are employees of a company that partially financed the
project and participated in the design of the study, in the analysis of mushroom supplements and in
the final review of the manuscript. The other authors have no competing interests.



Animals 2021, 11, 3603 18 of 20

References

1. Sales, J. Effects of pharmacological concentrations of dietary zinc oxide on growth of post-weaning pigs: A meta-analysis. Biol.
Trace Elem. Res. 2013, 152, 343-349. [CrossRef]

2. Hu,CH,; Xiao, K.; Luan, Z.S.; Song, ]. Early weaning increases intestinal permeability, alters expression of cytokine and tight
junction proteins, and activates mitogen-activated protein kinases in pigs. J. Anim. Sci. 2013, 91, 1094-1101. [CrossRef] [PubMed]

3. Xia, T; Lai, W.; Han, M.; Han, M.; Ma, X.; Zhang, L. Dietary ZnO nanoparticles alters intestinal microbiota and inflammation
response in weaned piglets. Oncotarget 2017, 8, 64878-64891. [CrossRef]

4. Zhu,C,;Lv, H,; Chen, Z; Wang, L.; Wu, X,; Chen, Z,; Jiang, Z. Dietary zinc oxide modulates antioxidant capacity, small intestine
development, and jejunal gene expression in weaned piglets. Biol. Trace Elem. Res. 2017, 175, 331-338. [CrossRef] [PubMed]

5. Starke, I.C,; Pieper, R.; Neumann, K.; Zentek, J.; Vahjen, W. The impact of high dietary zinc oxide on the development of the
intestinal microbiota in weaned piglets. FEMS Microbiol. Ecol. 2014, 87, 416-427. [CrossRef] [PubMed]

6. Dickinson, A.W.; Power, A.; Hansen, M.; Brandt, K.; Piliposian, G.; Appleby, P.; Koskella, B. Heavy metal pollution and
co-selection for antibiotic resistance: A microbial palaeontology approach. Environ. Int. 2019, 132, 105117. [CrossRef]

7. Ren, L, Perera, C.; Hemar, Y. Antitumor activity of mushroom polysaccharides: A review. Food Funct. 2012, 3, 1118-1130. [CrossRef]

8.  Lindequist, U.; Niedermeyer, T.H.].; Jiilich, W.D. The pharmacological potential of mushrooms. Evidence-based complementary
and alternative medicine. Evid. Based Complement. Altern. Med. 2005, 2, 285-299. [CrossRef]

9. Deng, C,; Hu, Z; Fu, H.,; Hu, M,; Xu, X.; Chen, ]. Chemical analysis and antioxidant activity in vitro of a 3-D-glucan isolated from
Dictyophora indusiata. Int. |. Biol. Macromol. 2012, 51, 70-75. [CrossRef]

10. Du, B,; Lin, C,; Bian, Z.; Xu, B. An insight into anti-inflammatory effects of fungal beta-glucans. Trends Food Sci. Technol. 2015,
41, 49-59. [CrossRef]

11. Giannenas, I.; Tontis, D.; Tsalie, E.; Chronis, E.F; Doukas, D.; Kyriazakis, I. Influence of dietary mushroom Agaricus bisporus on
intestinal morphology and microflora composition in broiler chickens. Res. Vet. Sci. 2010, 89, 78-84. [CrossRef]

12. Giannenas, I; Tsalie, E.; Chronis, E.; Mavridis, S.; Tontis, D.; Kyriazakis, I. Consumption of Agaricus bisporus mushroom affects
the performance, intestinal microbiota composition and morphology, and antioxidant status of turkey poults. J. Anim. Feed Sci.
2011, 165, 218-229. [CrossRef]

13.  Shirvani, S.S.; Nouri, M.; Sakhinia, E.; Babaloo, Z.; Mohammadzaeh, A.; Alipour, S.; Khabbazi, A. The molecular and clinical evidence
of vitamin D signaling as a modulator of the immune system: Role in Behget’s disease. Immunol. Lett. 2019, 210, 10-19. [CrossRef]

14. Bashir, M; Prietl, B.; Tauschmann, M.; Mautner, S.I.; Kump, PK.; Treiber, G.; Pieber, T.R. Effects of high doses of vitamin D3 on
mucosa-associated gut microbiome vary between regions of the human gastrointestinal tract. Eur. . Nutr. 2016, 55, 1479-1489.
[CrossRef] [PubMed]

15. Holick, M.E; Chen, T.C.; Lu, Z.; Sauter, E. Vitamin D and skin physiology: AD-lightful story. J. Bone Miner. Res. 2007, 22,
V28-V33. [CrossRef]

16. Singdevsachan, S.K.; Auroshree, P; Mishra, J.; Baliyarsingh, B.; Tayung, K.; Thatoi, H. Mushroom polysaccharides as potential
prebiotics with their antitumor and immunomodulating properties: A review. Bioact. Carbohydr. Diet. Fibre 2016, 7, 1-14. [CrossRef]

17.  Elsayed, E.A.; El Enshasy, H.; Wadaan, M.A.M.; Aziz, R. Mushrooms: A potential natural source of anti-inflammatory compounds
for medical applications. Mediators Inflamm. 2014, 805841. [CrossRef] [PubMed]

18. Cardwell, G.; Bornman, J.F; James, A.P.; Black, L.]. A review of mushrooms as a potential source of dietary vitamin D. Nutrients
2018, 10, 1498. [CrossRef]

19. Dufty, SK,; Kelly, A K,; Rajauria, G.; Jakobsen, J.; Clarke, L.C.; Monahan, EJ.; O’'Doherty, ].V. The use of synthetic and natural
vitamin D sources in pig diets to improve meat quality and vitamin D content. Meat Sci. 2018, 143, 60-68. [CrossRef]

20. Conway, E.; Sweeney, T.; Dowley, A.; Maher, S.; Rajauria, G.; Yadav, S.; Wilson, J.; Gabrielli, W.; O’'Doherty, J.V. The effects of
mushroom powder and vitamin D2-enriched mushroom powder supplementation on the growth performance and health of
newly weaned pigs. J. Anim. Physiol. Anim. Nutr. 2021, 105, 1-11. [CrossRef]

21. Bouwhuis, M.; Sweeney, T.; Mukhopadhya, A.; Thornton, K.; McAlpine, P.; O’doherty, ]. Zinc methionine and laminarin have
growth-enhancing properties in newly weaned pigs influencing both intestinal health and diarrhoea occurrence. J. Anim. Physiol.
Anim. 2017, 101, 1273-1285. [CrossRef] [PubMed]

22. Chae, B.J.; Lohakare, ].D.; Moon, W.K,; Lee, S.L.; Park, Y.H.; Hahn, T.W. Effects of supplementation of 3-glucan on the growth
performance and immunity in broilers. Res. Vet. Sci. 2006, 80, 291-298. [CrossRef]

23. Stepien, M.; O’'Mahony, L.; O’Sullivan, A.; Collier, J.; Fraser, W.D.; Gibney, M.].; Brennan, L. Effect of supplementation with
vitamin D2-enhanced mushrooms on vitamin D status in healthy adults. J. Nutr. Sci. 2013, 2, €29. [CrossRef]

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

25. Sauvant, D.; Perez, ].-M.; Tran, G. Tables of Composition and Nutritional Value of Feed Materials: Pigs, Poultry, Cattle, Sheep, Goats,
Rabbits, Horses and Fish; Wageningen Academic Publishers: Amstelveen, The Netherlands, 2004.

26. Walsh, A.M.; Sweeney, T.; O’Shea, C.J.; Doyle, D.N.; O'Doherty, ].V. Effect of supplementing varying inclusion levels of laminarin
and fucoidan on growth performance, digestibility of diet components, selected faecal microbial populations and volatile fatty
acid concentrations in weaned pigs. Anim. Feed Sci. Technol. 2013, 183, 151-159. [CrossRef]

27. O’shea, C.; McAlpine, P.; Sweeney, T.; Varley, P.; O’doherty, ]. Effect of the interaction of seaweed extracts containing laminarin

and fucoidan with zinc oxide on the growth performance, digestibility and faecal characteristics of growing piglets. Br. J. Nutr.
2014, 111, 798-807. [CrossRef]


http://doi.org/10.1007/s12011-013-9638-3
http://doi.org/10.2527/jas.2012-5796
http://www.ncbi.nlm.nih.gov/pubmed/23230104
http://doi.org/10.18632/oncotarget.17612
http://doi.org/10.1007/s12011-016-0767-3
http://www.ncbi.nlm.nih.gov/pubmed/27339255
http://doi.org/10.1111/1574-6941.12233
http://www.ncbi.nlm.nih.gov/pubmed/24118028
http://doi.org/10.1016/j.envint.2019.105117
http://doi.org/10.1039/c2fo10279j
http://doi.org/10.1093/ecam/neh107
http://doi.org/10.1016/j.ijbiomac.2012.05.001
http://doi.org/10.1016/j.tifs.2014.09.002
http://doi.org/10.1016/j.rvsc.2010.02.003
http://doi.org/10.1016/j.anifeedsci.2011.03.002
http://doi.org/10.1016/j.imlet.2019.03.017
http://doi.org/10.1007/s00394-015-0966-2
http://www.ncbi.nlm.nih.gov/pubmed/26130323
http://doi.org/10.1359/jbmr.07s211
http://doi.org/10.1016/j.bcdf.2015.11.001
http://doi.org/10.1155/2014/805841
http://www.ncbi.nlm.nih.gov/pubmed/25505823
http://doi.org/10.3390/nu10101498
http://doi.org/10.1016/j.meatsci.2018.04.014
http://doi.org/10.1111/jpn.13614
http://doi.org/10.1111/jpn.12647
http://www.ncbi.nlm.nih.gov/pubmed/27859742
http://doi.org/10.1016/j.rvsc.2005.07.008
http://doi.org/10.1017/jns.2013.22
http://doi.org/10.1016/j.anifeedsci.2013.04.013
http://doi.org/10.1017/S0007114513003280

Animals 2021, 11, 3603 19 of 20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Association of Official Analytical Chemist (AOAC). Official Methods of Analysis, 18th ed.; AOAC International: Gaithersburg, MD,
USA, 2005.

Van Soest, P.V.; Robertson, ].B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583-3597. [CrossRef]

Garcia-Vaquero, M.; O’Doherty, ].V.; Tiwari, B.K.; Sweeney, T.; Rajauria, G. Enhancing the extraction of polysaccharides and
antioxidants from macroalgae using sequential hydrothermal-assisted extraction followed by ultrasound and thermal technologies.
Mar. Drugs 2019, 17, 457. [CrossRef]

Mattila, P.H.; Piironen, V.I; Uusi-Rauva, E.J.; Koivistoinen, P.E. Vitamin D contents in edible mushrooms. J. Agric. Food Chem.
1994, 42, 2449-2453. [CrossRef]

Rattigan, R.; Sweeney, T.; Maher, S.; Thornton, K.; Rajauria, G.; O’Doherty, ]. Laminarin rich extract improves growth performance,
small intestinal morphology, gene expression of nutrient transporters, and the large intestinal microbial composition of piglets
during the critical post-weaning period. Br. J. Nutr. 2019, 123, 1-23. [CrossRef] [PubMed]

Rattigan, R.; O'Doherty, ].V.; Vigors, S.; Ryan, M.T.; Sebastiano, R.S.; Callanan, ].J.; Thornton, K.; Rajauria, G.; Margassery, L.M.;
Dobson, A.D.W. The effects of the marine-derived polysaccharides laminarin and chitosan on aspects of colonic health in pigs
challenged with dextran sodium sulphate. Mar. Drugs 2020, 18, 262. [CrossRef] [PubMed]

Clarke, L.; Sweeney, T.; Curley, E.; Gath, V.; Duffy, S.K.; Vigors, S.; O’'Doherty, J. Effect of 3-glucanase and B-xylanase enzyme
supplemented barley diets on nutrient digestibility, growth performance and expression of intestinal nutrient transporter genes
in finisher pigs. Anim. Feed Sci. Technol. 2018, 238, 98-110. [CrossRef]

Caporaso, ].G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Knight, R. QIIME allows analysis of
high-throughput community sequencing data. Nat. Methods 2010, 7, 335-336. [CrossRef]

Mago¢, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27,
2957-2963. [CrossRef] [PubMed]

Edgar, R.C.; Haas, B.J.; Clemente, ].C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 2011, 27, 2194-2200. [CrossRef]

Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. Peer |. 2016,
4,e2584. [CrossRef]

Eren, A.M.; Maignien, L.; Sul Sul, W.J.; Murphy, L.G.; Grim, S.L.; Morrison, H.G.; Sogin, M.L. Oligotyping: Differentiating
between closely related microbial taxa using 165 rRNA gene data. Methods Ecol. Evol. 2013, 4, 1111-1119. [CrossRef] [PubMed]
Eren, A.M.; Morrison, H.G.; Lescault, PJ.; Reveillaud, J.; Vineis, ]. H.; Sogin, M.L. Minimum entropy decomposition: Unsupervised
oligotyping for sensitive partitioning of high-throughput marker gene sequences. ISME J. 2015, 9, 968-979. [CrossRef]

Angly, EE.; Dennis, P.G.; Skarshewski, A.; Vanwonterghem, I.; Hugenholtz, P.; Tyson, G.W. CopyRighter: A rapid tool for
improving the accuracy of microbial community profiles through lineage-specific gene copy number correction. Microbiome 2014,
2, 1-13. [CrossRef]

Hamady, M.; Lozupone, C.; Knight, R. Fast UniFrac: Facilitating high-throughput phylogenetic analyses of microbial communities
including analysis of pyrosequencing and PhyloChip data. ISME J. 2010, 4, 17-27. [CrossRef] [PubMed]

McMurdie, PJ.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, €61217. [CrossRef]

Dong, G.; Pluske, J. The low feed intake in newly-weaned pigs: Problems and possible solutions. Asian-australas. |. Anim. Sci.
2007, 20, 440-452. [CrossRef]

Majesty, D.; [jeoma, E.; Winner, K.; Prince, O. Nutritional, anti-nutritional and biochemical studies on the oyster mushroom,
Pleurotus ostreatus. EC Nutr. 2019, 14, 36-59.

Cheung, P.C.K. Mini-review on edible mushrooms as source of dietary fiber: Preparation and health benefits. Food Sci. Hum.
Wellness 2013, 2, 162-166. [CrossRef]

Vetter, J. Chitin content of cultivated mushrooms Agaricus bisporus, Pleurotus ostreatus and Lentinula edodes. Food Chem. 2007,
102, 6-9. [CrossRef]

Shamsi, S.; Seidavi, A.; Rahati, M.; Nieto, ].A. Edible mushroom powder (Agaricus bisporus) and flavophospholipol improve
performance and blood parameters of broilers. Rev. Colomb. Cienc. Pecu. 2015, 28, 291-302. [CrossRef]

Egan, A.; O’'Doherty, J.; Vigors, S.; Sweeney, T. Prawn shell chitosan exhibits anti-obesogenic potential through alterations to
appetite, affecting feeding behaviour and satiety signals in vivo. PLoS ONE 2016, 11, e0149820. [CrossRef]

Egan, A.M.; Sweeney, T.; Hayes, M.; O'Doherty, ].V. Prawn shell chitosan has anti-obesogenic properties, influencing both nutrient
digestibility and microbial populations in a pig model. PLoS ONE 2015, 10, e0144127. [CrossRef] [PubMed]

Walsh, A.M.; Sweeney, T.; Bahar, B.; O’'Doherty, J.V. Multi-functional roles of chitosan as a potential protective agent against
obesity. PLoS ONE 2013, 8, e53828. [CrossRef]

Lalles, ].P; Boudry, G.; Favier, C.; Floch, N.; Le Huérou-Luron, I.; Montagne, L.; Seve, B. Gut function and dysfunction in young
pigs. Physiology 2004, 53. [CrossRef]

Daneshmand, A.; Sadeghi, G.H.; Karimi, A.; Vaziry, A. Effect of oyster mushroom (Pleurotus ostreatus) with and without
probiotic on growth performance and some blood parameters of male broilers. |. Anim. Feed Sci. 2011, 170, 91-96. [CrossRef]
Shao, Y.; Guo, Y.; Wang, Z. 3-1, 3/1, 6-Glucan alleviated intestinal mucosal barrier impairment of broiler chickens challenged
with Salmonella enterica serovar Typhimurium. Poult. Sci. 2013, 92, 1764-1773. [CrossRef]


http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://doi.org/10.3390/md17080457
http://doi.org/10.1021/jf00047a016
http://doi.org/10.1017/S0007114519002678
http://www.ncbi.nlm.nih.gov/pubmed/31640819
http://doi.org/10.3390/md18050262
http://www.ncbi.nlm.nih.gov/pubmed/32429425
http://doi.org/10.1016/j.anifeedsci.2018.02.006
http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.1093/bioinformatics/btr507
http://www.ncbi.nlm.nih.gov/pubmed/21903629
http://doi.org/10.1093/bioinformatics/btr381
http://doi.org/10.7717/peerj.2584
http://doi.org/10.1111/2041-210X.12114
http://www.ncbi.nlm.nih.gov/pubmed/24358444
http://doi.org/10.1038/ismej.2014.195
http://doi.org/10.1186/2049-2618-2-11
http://doi.org/10.1038/ismej.2009.97
http://www.ncbi.nlm.nih.gov/pubmed/19710709
http://doi.org/10.1371/journal.pone.0061217
http://doi.org/10.5713/ajas.2007.440
http://doi.org/10.1016/j.fshw.2013.08.001
http://doi.org/10.1016/j.foodchem.2006.01.037
http://doi.org/10.17533/udea.rccp.v28n4a01
http://doi.org/10.1371/journal.pone.0149820
http://doi.org/10.1371/journal.pone.0144127
http://www.ncbi.nlm.nih.gov/pubmed/26636332
http://doi.org/10.1371/journal.pone.0053828
http://doi.org/10.1051/animres:2004018
http://doi.org/10.1016/j.anifeedsci.2011.08.008
http://doi.org/10.3382/ps.2013-03029

Animals 2021, 11, 3603 20 of 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Pi¢, S.; Lalles, J.P; Blazy, F; Laffitte, J.; Seve, B.; Oswald, I.P. Weaning is associated with an upregulation of expression of
inflammatory cytokines in the intestine of piglets. J. Nutr. 2004, 134, 641-647. [CrossRef] [PubMed]

Gabay, C. Interleukin-6 and chronic inflammation. Arthritis Res. Ther. 2006, 8, S3. [CrossRef] [PubMed]

Barrat, EJ.; Cua, D.J.; Boonstra, A.; Richards, D.E.; Crain, C.; Savelkoul, H.F; O’Garra, A. In vitro generation of interleukin
10-producing regulatory CD4+ T cells is induced by immunosuppressive drugs and inhibited by T helper type 1 (Th1l)- and
Th2-inducing cytokines. J. Exp. Med. 2002, 195, 603-616. [CrossRef] [PubMed]

Bohle, L.A.; Brede, D.A.; Diep, D.B.; Holo, H.; Nes, LE. Specific degradation of the mucus adhesion-promoting protein (MapA) of
Lactobacillus reuteri to an antimicrobial peptide. Appl. Environ. 2010, 76, 7306-7309. [CrossRef]

Pessione, E. Lactic acid bacteria contribution to gut microbiota complexity: Lights and shadows. Front. Cell. Infect. Microbiol.
2012, 2, 86. [CrossRef]

Upadhaya, S.D.; Kim, YM.; Lee, K.Y.; Kim, I.H. Use of protected zinc oxide in lower doses in weaned pigs in substitution for the
conventional high dose zinc oxide. . Anim. Feed Sci. 2018, 240, 1-10. [CrossRef]

Barbdchano, A.; Fernandez-Barral, A.; Ferrer-Mayorga, G.; Costales-Carrera, A.; Larriba, M.].; Mufioz, A. The endocrine vitamin
D system in the gut. Mol. Cell. Endocrinol. 2017, 453, 79-87. [CrossRef]

Spoljarié, D.; Srecec, S.; Kardum Paro, M.M.; Cop, M.J.; Mrsi¢, G.; éimpraga, B.; Popovi¢, M. The effects of feed supplemented
with Agaricus bisporus on health and performance of fattening broilers. Vet. Arh. 2015, 85, 309-322.

Myer, PR.; Freetly, H.C.; Wells, J.E.; Smith, T.P.L.; Kuehn, L.A. Analysis of the gut bacterial communities in beef cattle and their
association with feed intake, growth, and efficiency. J. Anim. Sci. 2017, 95, 3215-3224. [CrossRef] [PubMed]

Yang, H.; Yang, M.; Fang, S.; Huang, X.; He, M; Ke, S.; Huang, L. Evaluating the profound effect of gut microbiome on host
appetite in pigs. BMC Microbiol. 2018, 18, 215. [CrossRef] [PubMed]

Mach, N.; Berri, M.; Estellé, J.; Levenez, F.; Lemonnier, G.; Denis, C.; Lepage, P. Early-life establishment of the swine gut
microbiome and impact on host phenotypes. Environ. Microbiol. Rep. 2015, 7, 554-569. [CrossRef] [PubMed]

Vigors, S.; O’Doherty, ].V.; Rattigan, R.; McDonnell, M.].; Rajauria, G.; Sweeney, T. Effect of a laminarin rich macroalgal extract on
the caecal and colonic microbiota in the post-weaned pig. Mar. Drugs 2020, 18, 157. [CrossRef] [PubMed]


http://doi.org/10.1093/jn/134.3.641
http://www.ncbi.nlm.nih.gov/pubmed/14988461
http://doi.org/10.1186/ar1917
http://www.ncbi.nlm.nih.gov/pubmed/16899107
http://doi.org/10.1084/jem.20011629
http://www.ncbi.nlm.nih.gov/pubmed/11877483
http://doi.org/10.1128/AEM.01423-10
http://doi.org/10.3389/fcimb.2012.00086
http://doi.org/10.1016/j.anifeedsci.2018.03.012
http://doi.org/10.1016/j.mce.2016.11.028
http://doi.org/10.2527/jas2016.1059
http://www.ncbi.nlm.nih.gov/pubmed/28727105
http://doi.org/10.1186/s12866-018-1364-8
http://www.ncbi.nlm.nih.gov/pubmed/30547751
http://doi.org/10.1111/1758-2229.12285
http://www.ncbi.nlm.nih.gov/pubmed/25727666
http://doi.org/10.3390/md18030157
http://www.ncbi.nlm.nih.gov/pubmed/32168972

	Introduction 
	Materials and Methods 
	Experimental Design, Animal Management and Diets 
	Housing and Animal Management 
	Feed Analysis 
	Sample Collection 
	Gut Morphological Analysis 
	Gene Expression in the Small Intestine 
	RNA Extraction and cDNA Synthesis 
	Quantitative Real-Time Polymerase Chain Reaction (QPCR) 

	Volatile Fatty Acid Analysis 
	Microbiological Analyses 
	Microbial DNA Extraction 
	Illumina Sequencing 
	Bioinformatic and Statistical Analysis 


	Results 
	Growth Performance, Faecal Scores and Mortality Rates 
	Small Intestinal Morphology 
	Effects of Mushroom Powder Supplementation on the Caecal Microbiota 
	Bacterial Richness and Diversity 
	Differential Bacterial Abundance Analysis 

	Volatile Fatty Acids 
	Gene Expression in the Small Intestine 
	Nutrient Transporter Gene Expression 
	Expression of Genes Involved in Inflammation and the Epithelial Barrier 


	Discussion 
	Conclusions 
	References

