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ABSTRACT
Background. Antibiotics are the most commonly used growth-promoting additives in
pig feed especially for weaned piglets. But in recent years their use has been restricted
because of bacterial resistance. Phellinus, a genus of medicinal fungi, is widely used in
Asia to treat gastroenteric dysfunction, hemrrhage, and tumors. Phellinus is reported
to improve body weight on mice with colitis. Therefore, we hypothesize that it could
benefit the health and growth of piglets, and could be used as an alternative to antibiotic.
Here, the effect of Phellinus gilvusmycelia (SH) and antibiotic growth promoter (ATB)
were investigated on weaned piglets.
Methods. A total of 72 crossbred piglets were randomly assigned to three dietary
treatment groups (n= 4 pens per treatment group with six piglets per pen). The control
group was fed basal diet; the SH treatment group was fed basal diet containing 5 g/kg
SH; the ATB treatment group was feed basal diet containing 75 mg/kg aureomycin and
20 mg/kg kitasamycin. The experiment period was 28 days. Average daily gain (ADG),
average daily feed intake (ADFI), and feed intake to gain ratio were calculated. The
concentrations of immunoglobulin G (IgG), interleukin-1β (IL-1β), tumor necrosis
factor (TNF)-α and myeloperoxidase (MPO) in serum were assessed. Viable plate
counts of Escherichia coli in feces were measured. Fecal microbiota was analyzed via
the 16S rRNA gene sequencing method.
Results. The ADG (1–28 day) of piglets was significantly higher in SH and ATB
treatment groups (P < 0.05) compared to the control, and the ADG did not show
significant difference between SH and ATB treatment groups (P > 0.05). Both SH and
ATB treatments increased theMPO, IL-1β, and TNF-α levels in serum compared to the
control (P < 0.05), but the levels in SH group were all significantly higher than in the
ATB group (P < 0.05). Fecal microbiological analysis showed that viable E. coli counts
were dramatically decreased by SH and ATB. The 16S rRNA gene sequencing analysis
showed that ATB shifted themicrobiota structure drastically, and significantly increased
the relative abundance of Prevotella,Megasphaera, and Faecalibacterium genera. But SH
slightly influenced the microbiota structure, and only increased the relative abundance
of Alloprevotella genus.
Conclusion. Our work demonstrated that though SH slightly influenced themicrobiota
structure, it markedly reduced the fecal E. coli population, and improved growth and
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innate immunity in piglets. Our finding suggested that SH could be an alternative to
ATB in piglet feed.

Subjects Agricultural Science, Biotechnology, Microbiology, Veterinary Medicine, Zoology
Keywords Growth promoting, Piglet, Phellinus gilvus, Fecal microbiota, Immunological
parameters, Antibiotic

INTRODUCTION
Antibiotics have been used as feed additives in livestock and poultry for decades, but their
use has been restricted because of the speculated risk of generating antibiotic resistance
in pathogenic bacteria, especially since the European Union banned their use in food-
producing animals in 2006 (Castanon, 2007). Consequently, many alternatives have been
applied to control or prevent clinical diseases and maximize growth performance. For
example, traditional Chinese medicines, which have been widely used in China to treat
various diseases and conditions, became important sources of functional feed additives
(Liu, Tong & Zhou, 2011). Many Chinese medicines are demonstrated to be effective in
promoting health and growth in livestock (Song et al., 2010; Hong et al., 2012).

The Phellinus mushroom, which is called Sanghuang in Chinese, is a genus of
basidiomycetous fungi belonging to Hymenochaetaceae. Phellinus spp. has been widely
used in Asian countries to treat gastroenteric dysfunction, hemorrhage, and tumors
(Song et al., 2008; Chen et al., 2016). The immunity-modulating, anti-inflammatory, and
antitumor effects of Phellinus spp. are well documented (Zhou et al., 2014; Suabjakyong et
al., 2015; Gao et al., 2017;Wang et al., 2017). In our previous study, the extract of Phellinus
ameliorated intestinal injury and improved the body weight of mice with colitis (Sun et al.,
2018). However, little is known about the effect of Phellinus on livestock. Therefore, the
present research aimed to investigate whether Phellinus could promote growth and health
of piglets and be an alternative to antibiotic growth promoter (ATB) in feed.

Gut microbiota plays an important role in the digestion, fermentation, and metabolism
of many chemical compounds in food (Feng, Chen & Wang, 2018). The bioactivities of
functional foods and drugs, such as cranberry (Anhe et al., 2015), ganoderma (Chang et al.,
2015), and metformin (Shin et al., 2014), are also actively mediated by the gut microbiota.
Therefore, the gut microbiota is a potential target for nutrition intervention to maintain
animal health.

In this study, the effect of Phellinus gilvus mycelia (SH) on the growth parameters and
immunological parameters of weaned piglets was compared with that of ATB. The effects
of SH and ATB on the fecal microbiota were also investigated. Our work demonstrated
that SH was comparable to ATB in promoting growth of piglets, and it was more effective
than ATB in enhancing innate immunity. SH markedly decreased fecal viable Escherichia
coli counts as ATB did. But unlike ATB, which altered microbiota structure greatly, SH
slightly influenced the structure of microbiota.
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MATERIALS & METHODS
Preparation of P. gilvus mycelia (SH)
P. gilvus strain (preserved at the Sericultural Research Institute, Zhejiang Academy of
Agricultural Science, Hangzhou, China) was incubated in sterile liquid culture medium
(ingredients are provided in Table S1) in a fermentation tank at 25 ◦C with stirring speed
of 100 r/min. The entire culture process was sterile. After 2 weeks, the mycelia of P. gilvus
growing in the fermentation tank was separated from the liquid culture medium with a
filter and dried at 65 ◦C. The dried mycelia were then ground into fine powder and stored
at −20 ◦C before use. The SH was tested to have 39.8% crude protein, 15.2% crude fiber,
11.1% crude fat, 4.3% ash, 7.5% water-soluble polysaccharide, and 2.5% polyphenol.

Experimental design
The experiment was conducted in Hangzhou Zhengxing Animal Husbandry co. LTD
(Linan, Zhejiang, China), and all the piglets used in this experiment were from this
company. The trial was approved by the farm’s veterinary consultant, and all procedures
were compliant with Chinese regulations and were approved by the Medical Ethics
Committee of Zhejiang Academy of Agricultural Sciences (No. 2017-050).

A total of 72 crossbred piglets [Duroc× (Landrace× Large White), 7.51± 0.88 kg BW,
36 barrows and 36 gilts] weaned at 28 d of age were used in a 28-day feeding trial. The piglets
were assigned to three dietary treatment groups with four replicate pens per treatment and
six piglets (three barrows and three gilts) per pen. Each pen was equipped with a self-feeder
and a nipple waterer. Piglets had free access to water and diets. A combination of daylight
and artificial light was used, and room temperature was controlled at 24−26 ◦C. The
treatments included basal diet without antibiotics or SH (C group), basal diet with 5 g/kg
SH (SH group), and basal diet with antibiotics (ATB group). The antibiotic contents were
75 mg/kg aureomycin and 20 mg/kg kitasamycin. The composition and nutrient levels of
the basal diet are shown in Table 1. On day 28, blood of eight pigs per treatment (two
pigs per pen) was collected from the anterior vena cava using disposable syringes. Rectal
fecal samples of ten pigs per treatment (two or three pigs per pen) were obtained. The
sampling progress was performed by an experienced veterinary assistant, and no analgesia
or anesthetic was given. None of the piglet died all through the experiment period. After
the experiment was over, the piglets continued to be kept by Hangzhou Zhengxing Animal
Husbandry co. LTD till they were marketed. Fecal samples were divided immediately into
two aliquots; one aliquot was stored at−80 ◦C formicrobial 16S rDNA sequencing analysis,
and the other aliquot was stored on ice for plate count analysis of E. coli.

Growth performance measurement
The piglets were individually weighed on days 0, 14, and 28 of the experiment. Feed intake
per pen was documented weekly, and the residual feed was measured at the end of the
experiment. Average daily gain (ADG), average daily feed intake (ADFI), and feed intake
to gain ratio (F/G) were calculated based on these parameters (n= 4, a pen was considered
as an experimental unit).
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Table 1 Composition and nutritional characteristics of the basal diet.

Items Content

Ingredients (g/kg of diet)
Corn 510
Extruded soybean 130
Soybean meal 180
Whey powder 100
Fish meal 50
Monocalcium phosphate 8
Limestone 5
Salt 3
Choline chloride 1
L-lysine·HCl 2
DL-methionine 0.8
L-threonine 0.8
Vitamin and medicine Premixa 4.4
Trace mineral Premixb 5
Analytical composition (g/kg of DM)
Crude protein 200
Digestible energy (MJ/kg) 142
Crude fiber 28.3
Crude fat 49.6
Digestible lysine 11.4
Digestible methionine 3.3
Digestible threonine 7.4
Digestible tryptophan 2.2
Calcium 7.5
Total phosphorus 6.6

Notes.
aProvided per kg of complete diet: 7,500 IU vitamin A; 750 IU vitamin D3; 25 IU vitamin E; 2.0 mg vitamin K3; 1.875 mg vi-
tamin B1; 3.75 mg vitamin B2; 2.19 mg vitamin B6; 0.025 mg vitamin B12; 25 mg niacin; 15.6 mg D-pantothenic acid; 2.0 mg
folic acid; 0.1875 mg biotin; 100 g phytase.

bProvided per kg of complete diet: 25 mg Cu (as CuSO4·5H2O); 100 mg Zn (as ZnSO4); 30 mg Mn (as MnO2); 100 mg Fe (as
FeSO4·H2O); 0.3 mg Se (as Na2SeO3·5H2O); 0.4 mg I (as Ca(IO3)2).

Assay of immunological parameters in serum
Blood samples (n= 8 per group, two pigs per pen) were centrifuged at speed of 3,500 rpm
for 10 min to obtain serum. The concentrations of immunoglobulin G (IgG), interleukin-
1β (IL-1β), tumor necrosis factor (TNF)-α and myeloperoxidase (MPO) in serum were
assessed using commercially available enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.
The colorimetric reaction was read in an automated ELISA microplate reader (Versamax,
Molecular Devices).

Viable plate counts of E. coli
Rectal fecal samples of ten pigs per treatment (two or three pigs per pen) were obtained and
feces from two or three pigs in the same pen were mixed into one sample. The mixed fecal
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samples (n= 4 per group) were serially diluted (10−1–10−7) in sterilized saline solution.
An aliquot of 100 µL of the sample was plated onto MacConkey agar plates and spread
evenly by using an L-shaped spreader. Three parallel plates were prepared for each sample
dilution. The plates were then inverted and incubated at 37 ◦C for 24 h. The number of
colonies in the plates with 30–300 available isolated colonies was used to calculate E. coli
population in feces. The calculated equation is as follows:

Viable E. coli population in feces, colony-forming unit (CFU)/g = Number of E. coli
colonies on the plate × dilution ratio of fecal sample/fecal weight.

Microbiota analysis of fecal samples via 16S rRNA gene sequencing
Microbial genome DNA of fecal samples (n= 10 per group, two or three pigs per pen)
was isolated and purified using the QIAamp DNA Stool Mini Kit (Qiagen, GmbH
Hilden, Germany) in accordance with the manufacturer’s instructions. The V3-V4
hypervariable regions of the 16S rRNA genes were PCR amplified from the microbial
genomic DNA by using primers B341F–B785R (B341F: CCTACGGGNGGCWGCAG,
B785R: GACTACHVGGGTATCTAATCC). PCR was performed in 25 µL of the reaction
mixture with 12.5 µL of 2 × KAPA HiFi HotStart Ready Mix (KAPA Biosystems), 0.25
µL of 25 µM forward and reverse primers, and approximately 10 ng of template DNA.
Thermal cycling involved initial denaturation at 95 ◦C for 3 min, followed by 25 cycles
of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and elongation at 72 ◦C
for 30 s and 72 ◦C for 5 min. The resulting amplicons were gel purified, quantified,
pooled, and sequenced. Sequencing libraries were generated using a NEB Next R© UltraTM
DNA Library Prep Kit for Illumina (NEB, USA) in accordance with the manufacturer’s
recommendations. The quality of the library was assessed with a Qubit@ 2.0 Fluorometer
(Thermo Scientific) and an Agilent Bioanalyzer 2100 System (Agilent Technologies, Inc.).
The library was sequenced on an Illumina Miseq platform, and 2 × 300 bp paired end
reads were generated.

Raw sequence reads were filtered and assembled. Sequences with contaminated adapters,
undetermined nucleotide, or low complexity were removed. The resulting sequences were
clustered into operational taxonomic units (OTUs) by using USEARCH drive 7 at 97%
sequence similarity. Chimeric OTUs were removed with UCHIME v4.2. Representative
sequences for each OTU were picked and aligned using QIIME 1.8. The Ribosomal
Database Project Classifier v2.2 was used to assign a taxonomic rank to each sequence
in the representative set. The relative abundance of each OTU was examined at different
taxonomic levels. Genetic diversity calculation and taxonomic community assessment
were performed with QIIME 1.8 scripts. Sequencing and bioinformatics analyses were
conducted by Hangzhou KAITAI Biotechnology Co., Ltd. (Hangzhou, China).

Statistical analysis
Data were expressed as means or means ± SEM. Significant differences in growth
parameters, immunological parameters, viable plate counts of E. coli, and the relative
abundance of the genus were analyzed by one-way ANOVA followed by LSD post hoc
test by using SPSS 12.0 (Chicago, USA) and the significance was considered at P < 0.05.
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Table 2 Effect of Phellinus gilvusmycelium (SH) and antibiotic growth promoter (ATB) on the growth
parameters in piglets.

Item Treatment SEM P-Value

C ATB SH

1–14 days 191± 12.31 228± 7.64 207± 9.09 6.85 0.077
15–28 days 207± 16.78a 252± 18.89ab 277± 10.51b 12.0 0.033ADG

1–28 days 199± 9.03a 240± 8.02b 242± 9.79b 7.57 0.013
1–14 days 309± 7.07 305± 20.90 315± 15.31 8.18 0.913
15–28 days 463± 34.55 556± 9.21 517± 23.75 17.24 0.076ADFI

1–28 days 386± 18.95 430± 14.09 416± 19.23 10.73 0.246
1–14 days 1.63± 0.12 1.34± 0.09 1.52± 0.06 0.060 0.127
15–28 days 2.27± 0.16 2.23± 0.12 1.87± 0.06 0.084 0.088F/G

1–28 days 1.95± 0.09 1.80± 0.02 1.72± 0.06 0.045 0.100

Notes.
ADG, average daily gain; ADFI, average daily feed intake; F/G, feed intake to gain ratio; C, control.
n= 4 (a pen was considered as an experimental unit; six pigs per pen); data are shown as means± SEM.

a,bvalues with different superscripts in the same row differ significantly (P < 0.05).

For phylotype analysis, the alpha diversity of the microbiome was calculated on the basis
of the OTU level by using USEARCH 7.0. Principal coordinate analysis (PCoA) was
performed using R and visualized with the R package ggplot2, and significant differences
were evaluated by Adonis analysis (R package vegan) at P < 0.05. Comparison of OTU
levels between groups were assessed using the edgeR test in R by using the Benjamini and
Hochberg false discovery rate, and the significance was considered at P < 0.05 and FDR <

0.2.

RESULTS
Growth parameters
The ADG of the ATB group and SH group in the entire stage (1–28 days) increased
significantly (P < 0.05) compared with that of the control group (Table 2). SH treatment
increased the ADG greatly at the later stage (15–28 days). The ADFI and F/G throughout the
entire experimental period were not significantly changed in ATB or SH group compared
with those in control group (P > 0.05).

Immunological parameters
We quantified the IgG, the important antibody in adaptive immunity, TNF-α and IL-1β,
cytokines secreted mainly by monocyte-macrophages, and MPO, one biomarker of active
neutrophil in serum. Results (Fig. 1A) show that IgG levels did not varied among groups,
suggesting that ATB and SH did not affected the adaptive immunity. However, the levels
of TNF- α, IL-1β and MPO were both increased by treatment of ATB or SH (Figs. 1B–1D),
and these cytokine levels in SH group were significant higher than in ATB group (P < 0.05).
These results indicated the better innate immune response of pigs in SH group than that
of the control group and ATB group.
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Figure 1 Serum immunological parameters in different treatment groups. (A) Immunoglobulin G
(IgG); (B) myeloperoxidase (MPO); (C) interleukin 1 beta (IL-1β); (D) tumor necroses factor alpha
(TNF-α). n= 8. Data are shown as means± SEM. *P < 0.05.

Full-size DOI: 10.7717/peerj.9067/fig-1

Viable E. coli counts in feces
E. coli is a group opportunistic pathogens that may cause diarrhea in piglets. Figure 2 shows
that both ATB and SH treatments decreased the viable E. coli counts in feces.

Fecal microbiota structure analysis
To further explore the influence of SH and ATB on the gut microbiota, we analyzed the
structure of the fecal microbiota by 16S rRNA pyrosequencing. The diversity of the fecal
microbes as displayed by the Richness, Chao1, Shannon, and Simpson indices (Figs. 3A–3D)
was not significantly changed by SH or ATB treatment (P > 0.05). As displayed by PCoA
on the OTU level (Fig. 3E), the microbiota of the SH group largely overlapped with the
control. The ATB groupwas distinct from the control group in terms of position (P < 0.05),
suggesting the significant ATB-induced change in the gut microbiota structure.
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Figure 2 Effect of Phellinus gilvus.mycelium (SH) and antibiotic growth promoter (ATB) on viable Es-
cherichia coli counts in piglets’feces. n= 4; *P < 0.05; n.s., no significant difference (P > 0.05).

Full-size DOI: 10.7717/peerj.9067/fig-2

We also compared the relative abundance of each OTU in the SH and ATB groups with
those in control group (Fig. 4). It shows that there were 271 OTUs significantly different in
relative abundance between ATB group and control group; of these OTUs, 135 OTUs were
significantly higher in relative abundance in ATB group than the control, and 136 OTUs
were significantly lower in relative abundance in ATB group compared with the control.
There were 68 OTUs significantly different in relative abundance between SH group and
control group; of these OTUs, 30 OTUs were significantly higher in relative abundance
in SH group than the control group, and 38 OTUs were significantly lower in relative
abundance in SH group compared with the control.

Figure 5 displays the changes in the relative abundance of the top 10 phyla, families, and
genera. SH treatment slightly influenced the top 10 phyla, families, and genera compared
with the control group. By contrast, ATB remarkably changed the structures of families and
genera compared with the control group. Figure 6 shows the genera that were significantly
altered in relative abundances by SH or ATB treatment compared with the control. SH
treatment increased the relative abundance of Alloprevotella (P < 0.05). ATB treatment
increased the abundance of Prevotella, Megasphaera and Faecalibacterium significantly
(P < 0.05).

DISCUSSION
As a result of the restriction of antibiotic growth promoters in feed, search for alternatives
to antibiotics has become a hotspot. In the last decade, there has been a noticeable growth
in interest in the potential of mushrooms and their application in animal feed. The growth
promoting effect has been demonstrated in many mushroom strains in Basidiomycota
taxon such as Agaricus bisporus, Hericium caput-medusae (Bull.:Fr.) Pers and Lentinus
edodes (Giannenas et al., 2010; Shang et al., 2015; Guo et al., 2004). It is reported that
dietary inclusion of Agaricus bisporusmushroom at 20 g/kg improved growth performance,
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Figure 3 The diversity and structure of the gut microbiota in different groups. (A–D) Diversity as esti-
mated by the Richness, Chao 1, Shannon, and Simpson indices; (E) Principal coordinate analysis (PCoA)
plots of microbial communities; n= 10.

Full-size DOI: 10.7717/peerj.9067/fig-3

feed efficiency in broiler chickens (Giannenas et al., 2010). Lentinus edodes extract at dose
of 5g/kg in feed showed similar efficiency to antibiotic apramycin in improving body
weight gain of broiler chickens infected with avian Mycoplasma gallisepticum (Guo et
al., 2004). Mushroom Phellinus is also a genus belonged to Basidiomycota. Although
multiple pharmacological activities of Phellinus spp. have been reported in laboratory
animals (Chen et al., 2016; Sun et al., 2018; Wang et al., 2019a; Wang et al., 2019b), its
effect on livestock has not been reported yet. In the present study, dietary inclusion of 5
g/kg SH for 28 days significantly increased the ADG (1–28 days) of weaned piglets, and
the efficiency was similar to ATB. This result indicated the potent growth promoting
effect of SH. Moreover, SH was more potent than ATB in increasing serum IL-1β and
TNF-α, cytokines that are mainly secreted by monocyte-macrophages, and MPO, a
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Figure 4 Comparison of OTUsof piglets’ fecal microbiota sequences between control group and treat-
ment groups. (A) ATB group vs. Control group, (B) SH group vs. Control group.

Full-size DOI: 10.7717/peerj.9067/fig-4

Figure 5 Relative abundance of the top 10 phyla, families, and genera of fecal microbiota in different
groups. (A) Accumulated abundance of the top 10 phyla; (B) accumulated abundance of the top 10 fami-
lies; (C) accumulated abundance of the top 10 genera.

Full-size DOI: 10.7717/peerj.9067/fig-5

heme-containing peroxidase plays important role in microbial killing in neutrophils.
But the IgG level in serum was not affected by any treatment. Monocyte-macrophages
and neutrophils are powerful effector cells of innate immune system. Their microbicidal
capacity, phagocytosis, and secretion of cytokines such as IL-1β and TNF-α are enhanced
when activated (Sun et al., 2017; Aratani, 2018). IgG, antibodies created and released
by plasma B cell, are the most common type of antibody found in blood circulation
which participate predominantly in the adaptive immune response (Gudelj, Lauc & Pezer,
2018). Our results indicated that SH had better stimulation effect on innate immunity
than the adaptive immunity. The immunomodulation effect is frequently reported in
mushrooms, and polysaccharides are deemed to be the major active compounds. Li et
al. (2015) found that Ganoderma-lucidum polysaccharides significantly increased serum
concentrations of IgG and IL-2 in finisher pigs. Dalloul et al. (2006) also reported that
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Figure 6 Relative abundance of the genera significantly changedby SH or ATB. (A) Prevotella; (B)
Megasphaera; (C) Faecalibacterium; (D) Alloprevotella; (E) unassigned genera; (F) other genera. n = 10.
Data are shown as means means± SEM. a,b different superscripts on bars mean significant difference
between groups (P < 0.05).

Full-size DOI: 10.7717/peerj.9067/fig-6

mushroom and mushroom-derived lectin enhance innate immunity in broiler chicken.
ATB also increased MPO, IL-1β and TNF-α in our study. It was reported that the effects on
immunity varied between different ATBs (Cheng et al., 2018). In the light of the different
antimicrobial spectrums and immunomodulatory capacities of different antibiotics, it
is possible that the immunomodulation of ATB is related to the modulation of specific
bacteria. Bacterial metabolites and components such as short chain fatty acids (SCFA)
and lipopolysaccharides have been proved to be effective immunomodulatory compounds
(Inan et al., 2000; Bäckhed et al., 2001). For SH, the immunomodulatory effect might not
fully depend on the microbiota, but also on some components such as polysaccharides,
because polysaccharides in Phellinus spp. has been proved to directly activate immune cells
in vitro (Suabjakyong et al., 2015; Liu et al., 2016;Wang et al., 2019a;Wang et al., 2019b).

The gut microbiota is a complex community comprising more than 100 trillion
microbes that reside in the gut of humans and animals, and it is demonstrated to be
important for the health of their host (Bridgewater et al., 2017; Li et al., 2019; Sircana et
al., 2019). Mushrooms are reported to have impact on gut microbiota. In research of
Shang et al. (2015), the polysaccharides of Hericium caput-medusae (Bull.:Fr.) Pers
(HFCP) increased the caecum lactobacilli count, bifidobacteria count, and propionic
acid concentration in broiler chickens but decreased the caecum E. coli count linearly and
quadratically as the HFCP levels increased. Guo et al. (2004) reported that Lentinus edodes
extract and antibiotic apramycin showed different effects on cecal microbial populations:
the antibiotic decreased the cecal bifidobacteria and lactobacilli counts, but Lentinus edodes
extract increased them.Guo et al. (2004) also found that the higher doses of Lentinus edodes
extract the chicken given, the higher body weight gain and total aerobe and anaerobe counts
the chicken had. The effects of SH on microbiota was also investigated in this study. Firstly,
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we tested viable E. coli counts in feces. E. coli is a group of facultative anaerobes in human
and animal gut. Some E. coli serotypes, such as E. coli O157: H7, cause serious diarrhea
in pigs (Xia et al., 2018). Antibiotics are often used to treat E. coli-induced diarrhea, and
the resistance of E. coli to antibiotics is frequently reported (Hammerum et al., 2006). Our
results showed that the viable E. coli counts in feces were dramatically decreased by SH
treatment, which indicated the inhibition effect of SH on E. coli. Pervious study (Reis et al.,
2014) reported that the methanolic extract of Phellinus linteus showed strong antibacterial
activity against several common pathogens including E. coli. Phellinstatin, one polyphenolic
compound in Phellinus spp. that can be extracted by alcohols, can strongly inhibit bacterial
enoyl-ACP reductase and may be one major compound accounting for the antibacterial
activity of Phellinus spp. (Cho et al., 2011).

In the 16S rRNA pyrosequencing analysis, SH treatment did not greatly change the
diversity of the microbiota. SH also affected less OTUs than ATB, indicating the milder
effects of SH on the gut microbiota structure than those of ATB. SH treatment increased
the relative abundance of Alloprevotella genus, a group of SCFA-producing bacteria,
which mainly produces butyric acid and acetic acid by fermentation of dietary fibers
or indigestible carbohydrates (Cheng et al., 2019). Many reports have demonstrated that
polysaccharides can increase the Alloprevotella relative abundant in gut (Chen et al., 2019;
Cheng et al., 2019). Fibers and polysaccharides are not hydrolyzed by digestive enzymes or
absorbed in the upper part of the gastrointestinal tract. These ingredients therefore enter
the large intestine and may serve as substrates for the endogenous colonic bacteria. The
SH contains a high proportion of fibers and polysaccharides, and this may play a role in
the increasing of Alloprevotella relative abundant. It should be noted that the 16S rRNA
pyrosequencing analysis only displayed the relative abundant of the total bacteria, not the
absolute population of the bacteria. Therefore, it cannot be ruled out the possibilities that
SH increased or decreased the population of total bacteria.

ATB treatment increased the abundance of Prevotella,Megasphaera and Faecalibacterium
genera. Prevotella, Megasphaera and Faecalibacterium are all common members of the gut
microbiota in humans and animals (Kim & Isaacson, 2015; Yue et al., 2019; Nuzum et al.,
2020), of which Prevotella is a dominant genus with high abundance (Kim & Isaacson,
2015). Although Prevotella genus takes up a high proportion in the normal flora, its role
in human and animal health is controversial, with both positive and negative associations.
Some researchers report that Prevotella genus play important roles in the utilization of feed
proteins (Xu & Gordon, 2003; Han et al., 2015). While in other reports, many Prevotella
species are linked to inflammation (Bertelsen, Elborn & Schock, 2019; Fteita et al., 2018).
Nevertheless, the consistent finding is that high ratio of species in Prevotella have natural
antibiotic-resistant genes tetQ and ermF (Arzese, Tomasetig & Botta, 2000; Veloo et al.,
2019). Therefore, we speculate that the great increase of Prevotella in relative abundance
might attribute to their relative insensitivity to antibiotics compared to other bacteria. This
sepeculation is consistent with the previous research about carbadox, a broad spectrum
antibiotic, in which research carbadox increased the relative abundance of Prevotella in
swine gut but did not change its absolute abundance (Looft et al., 2014).
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CONCLUSIONS
Ourwork demonstrated for the first time that SH could promote growth and activate innate
immunity in piglets. Unlike ATB, which altered the microbiota structure drastically, SH
slightly influenced the structure of microbiota but only decreased fecal viable Escherichia
coli counts. Our finding suggested that SH could be an alternative to ATB in piglet feed.
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