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Simple Summary: The stress after weaning is the critical problem for nursery pigs. Although
antibiotics and zinc oxide (ZnO) could be efficient methods to alleviate weaning stress, the abuse of
them might be harmful for the environment. The current study found that live yeast (LY, Saccharomyces
cerevisiae (strain CNCM 1-4407, 10'° CFU/g)) or S. cerevisiae combined with ZnO replacing antibiotics
and ZnO could enhance performance and reduce the diarrhea rate in nursery pigs via improving their
nutrient utilization, antioxidant capacity, immunoglobulins, fecal volatile fatty acid composition, and
microbiota community. The results of this study could be helpful for finding some novel strategies
replacing in-feed antibiotics and ZnO to alleviate weaning stress in pigs.

Abstract: This study aimed to investigate the effects of dietary LY or LY combined with ZnO
supplementation on performance and gut health in nursery pigs. 192 Duroc x Landrace x Yorkshire
piglets (weaned on d 32 of the age with 9.2 & 1.7 kg BW) were allocated into four treatments with
eight replicate pens, six piglets per pen. The treatments included a basal diet as control (CTR), an
antibiotic plus ZnO diet (CTC-ZnO, basal diet + 75 mg/kg of chlortetracycline + ZnO (2000 mg/kg
from d 1 to 14, 160 mg/kg from d 15 to 28)), a LY diet (LY, basal diet + 2 g/kg LY), and a LY plus
ZnO diet (LY-ZnO, basal diet + 1 g/kg LY + ZnO). The results showed that pigs fed LY or LY-ZnO
had increased (p < 0.05) average daily gain, serum IgA, IgG, superoxide dismutase, fecal butyric
acid, and total volatile fatty acid concentrations, as well as decreased (p < 0.05) feed conversion ratio
and diarrhea rate compared with CTR. In conclusion, pigs fed diets with LY or LY combined with
Zn0O had similar improvement to the use of antibiotics and ZnO in performance, antioxidant status,
immunoglobulins, and gut health in nursery pigs.

Keywords: antioxidant status; growth performance; immunoglobulins; live yeast; nursery pigs

1. Introduction

Weaning is a critical period in commercial pig production systems. Due to the nutri-
tional, immunological, and psychological disruptions, nursery pigs may face with reduced
feed intake, increased incidence of diarrhea, body weight loss, and higher mortality. Nu-
tritional strategies were usually used to improve performance, and gut health in nursery
pigs [1]. The use of different additives such as natural extracts are largely adopted in
swine livestock [2], which have been widely studied for their promising antioxidant, anti-
inflammatory and antibacterial properties [3]. Antibiotics have been used to enhance
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growth performance and to reduce the abundance of harmful bacteria in the intestine of
nursery pigs. However, the overuse of antibiotics might lead to problems related with
the bacterial resistance. Therefore, many countries (including China, European Union,
Philippines, South Korea, United States of America and Vietnam) have banned the use
of antibiotics in animal feeds. Zinc oxide (ZnO) is often used to decrease the occurrence
of diarrhea in nursery pigs, whereas its excretion is a possible threat to the environment.
Many international organizations, such as the European Food Safety Authority and World
Health Organization, have recommended decreasing the use of copper and ZnO due to the
suspected resistance to certain bacteria and risks associated with the impact of these heavy
metals on the environment [2]. Probiotics can be used to replace ZnO [1] and antibiotics [4]
in order to improve the structure and functions of the gastrointestinal tract. Moreover,
probiotics could also be useful to improve intestinal development and immune functions
in nursery pigs [5].

Yeast is one of the most commonly used probiotics replacing the use of antibiotics to
reduce post-weaning diarrhea [6,7]. The yeast additives have been used to improve gut
integrity in nursery pigs [8] and alleviate the negative effects on the growth and health
caused by mycotoxins in nursery pigs [9,10]. Moreover, yeasts, especially live yeast (LY),
could enhance antioxidative capacity and gut immunity by increasing secretory IgA level in
mucosa and reducing harmful microbiota community in the intestine of nursery pigs [11].
Previous studies have shown that LY Saccharomyces cerevisiae (S. cerevisiae) could improve
beneficial gut microbiota community in suckling or nursery piglets [12,13]. The yeast
extract complex derived from the culture of Kluyveromyces maxianus and S. cerevisiae could
also improve nutrient digestibility in nursery pigs [14]. Moreover, S. cerevisiae have been
widely used to reduce diarrhea and to modulate gut health in animals and humans [15,16],
which were also used to improve the immunity, gut development, microbiota community,
and thus alleviate weaning stress in nursery pigs [7,17,18].

Previously, it was found that S. cerevisiae could replace chlortetracycline on improving
immune function, antioxidant capacity, nutrient digestibility, gut morphology and per-
formance in broilers [19]. Supplemental effects of S. cerevisine might be further enhanced
with a combinational use of ZnO. Based on previous findings, it is hypothesized that
dietary supplementation with LY or LY combined with ZnO could improve performance,
nutrient digestibility, antioxidative status, immune function and gut health in nursery pigs.
Therefore, the objective of the current study was to test this hypothesis and find effective
feed additives combination to alleviate weaning stress in pigs.

2. Materials and Methods

The animal procedures in this study were approved by the Institutional Animal Care
and Use Committee of China Agricultural University (Beijing, China) (No. AW52301202-1-
1). The trial was conducted at the Feng Ning Swine Research Unit of China Agricultural
University (Hebei, Chengde, China).

2.1. Experimental Products

The LY (S. cerevisiae (strain CNCM 1-4407), 10!° CFU/g) was obtained from Phileo
by Lesaffre (Marcg-en-Baroeul, France). The ZnO and chlortetracycline were provided by
Beijing Tonglixingke Agricultural Science and Technology Co., Ltd. (Beijing, China).

2.2. Experimental Animals, Management, and Design

A total of 192 piglets (Duroc x (Landrace x Yorkshire), weaned on d 32 of the age,
initial BW was 9.19 £ 1.68 kg) were allocated into 4 dietary treatments with 8 replicate
pens, 6 piglets (3 barrows and 3 gilts) per pen in a complete random design. The trial
was divided into two experimental phases: phase 1 (d 1-14) and phase 2 (d 15-28). The
treatments included a corn-soybean meal basal diet as control (CTR), an antibiotic plus ZnO
diet (CTC-ZnO, basal diet + 75 mg/kg of chlortetracycline + ZnO (2000 mg/kg in phase 1,
160 mg/kg in phase 2)), a LY diet (LY, basal diet + 2 g/kg LY), and a LY plus ZnO diet (LY-
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Zn0O, basal diet + 1 g/kg LY + ZnO (2000 mg/kg in phase 1, 160 mg/kg in phase 2)). All the
treatments were supplemented in both phases 1 and 2. Chromic oxide (2.5 g/kg) was used
as an indigestible marker, which was supplemented for all the experimental treatments.
The nutrient level in basal diet met the requirements recommended by NRC [20] (Table 1).

Table 1. Ingredient composition and nutrient levels of diets (as-fed basis, %).

Ingredients Phase 1(d 1to 14) Phase 2 (d 15 to 28)
Corn 58.52 63.22
Soybean meal 14.16 15.28
Extruded soybean 10.00 8.00
Whey powder, 3.8% 4.00 4.00
Prosaf ! 4.00 4.00
Soy oil 3.00 2.28
Fish meal 3.00 0.00
Limestone 1.00 0.80
Dicalcium phosphate 0.75 0.65
L-lysine HC1 0.34 0.45
Salt 0.30 0.30
DL-Methionine 0.09 0.08
L-Threonine 0.07 0.15
L-Tryptophan 0.02 0.04
Chromic oxide 0.25 0.25
Vitamin-mineral premix 2 0.50 0.50

Calculated nutrient level
Digestible energy, kcal/kg 3542 3490
Crude protein 20.00 18.00
Calcium 0.80 0.70
Digestible phosphorus 0.40 0.33
Standard ileal digestible lysine 1.35 1.23
Standard ileal digestible methionine 0.39 0.36
Standard ileal digestible threonine 0.79 0.73
Standard ileal digestible tryptophan 0.22 0.20
Analyzed nutrient level

Crude protein 20.26 18.29
Calcium 0.82 0.73
Phosphorus 0.71 0.62
Lysine 1.37 1.24
Methionine 0.42 0.37
Threonine 0.82 0.77

Note: ! Prosaf was provided by Phileo Lesaffre Animal Care. The product “Prosaf” is a yeast extract obtained by
autolysis of proprietary Saccharomyces cerevisiae baker’s yeast strains. The product is a sustainable source of highly
digestible and palatable protein and peptides rich in essential amino acids and glutamate. 2 Premix provided the
following per kg of feed: vitamin A, 12,000 IU; vitamin D3, 2500 IU; vitamin E, 30 IU; vitamin K3, 30 mg; vitamin
B12, 12 ug; riboflavin, 4 mg; pantothenic acid, 15 mg; niacin, 40 mg; choline chloride, 400 mg; folic acid, 0.7 mg;
vitamin By, 1.5 mg; vitamin Bg, 3 mg; biotin, 0.1 mg; Mn, 40 mg; Fe, 90 mg; Zn, 100 mg; Cu, 8.8 mg; I, 0.35 mg; Se,
0.3 mg.

2.3. Data Recording, Sample Collection and Analysis

The relative humidity in the nursery room was maintained at 60-70%, while the
temperature was maintained at 24 + 2 °C. Pigs were raised in 1.5 x 1.5 m? pens equipped
with adjustable feeders, duckbill drinkers and plastic slatted floors. Pigs had free access
to water and feed (in a mash form). All the feed and pigs were weighed ond 1, 7, 14
and 28 to calculate the average daily gain (ADG), average daily feed intake (ADFI) and
feed conversation ratio (FCR, ADFI/ADG), respectively. A scoring system was applied
to indicate the presence and severity of diarrhea as follows: 1 = hard feces; 2 = slightly
soft feces; 3 = soft, partially formed feces; 4 = loose, semiliquid feces; and 5 = watery,
mucous-like feces. When the average score was over 3, pigs were identified as having
diarrhea. Diarrhea rate was calculated as following: diarrhea rate (%) = (the diarrhea days
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x the number of diarrhea pigs)/(the total experiment days x the total number of pigs)
x 100 [21].

About 1 kg fresh fecal samples from all piglets in each pen (n = 8) were collected
using the grab sample technique according to Long et al. [21] from d 12 to 14 and d 26
to 28, and these fresh fecal samples were dried for 3 days in a 65 °C oven. The dried
fecal samples and feed were ground and passed through a 1-mm sieve to measure gross
energy (GE), dry matter (DM), ash, organic matter (DM-ash, OM), crude protein (CP), ether
extract (EE) and chromium (Cr) following the methods of AOAC [22]. The GE content in
the dried fecal samples and feed was measure by an automatic isoperibolic oxygen bomb
calorimeter (Parr 1281 Automatic Energy Analyzer, Moline, IL, USA). According to Van
Soest et al. [23], the fiber analyzer (Ankom Technology, Macedon, NY, USA) was used to
measure the level of acid detergent fiber (ADF) and neutral detergent fiber (NDF). The
Gr content of the dried fecal samples and feed was measured by the atomic absorption
spectrophotometer (Z-5000; Hitachi, Tokyo, Japan). The apparent total tract digestibility
(ATTD) of nutrients was measured following the formula: ATTDyytrient = 1 — (nutrientseces
X Crgjet)/ (nutrientger X Crfeces) [21].

On the morning of d 7, 14, 21, and 28, barrows weighing near the average BW in each
pen (n = 8) was used for the collection of blood samples (about 8 mL) via the jugular vein
into vacutainer (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ, USA). The blood
samples were centrifuged at 3000 x g and 4 °C for 15 min to get the serum samples and
stored at —20 °C until analysis. An ELISA kit (IgG, IgM and IgA quantitation kit; Bethyl
Laboratories, Inc., Montgomery, TX, USA) was used for the measurement of the serum
immunoglobulins levels. The malondialdehyde (MDA), superoxide dismutase (SOD), total
antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px) and catalase (CAT) levels
in serum were measured by a spectrophotometer (LengGuang SFZ1606017568, Shanghai,
China) according to the instructions of the corresponding reagent kits (Nanjing Jiancheng
Institute of Bioengineering, Nanjing, China).

The fresh fecal samples of barrows weighing near the average BW in each pen (n = 8) on
d 28 were used for the measurement of volatile fatty acids (VFA) contents and microbiota
community. The VFA contents in fecal samples were measured by a Hewlett Packard
5890 gas chromatograph (HP, Avondale, PA, USA) following the procedure mentioned
by Long et al. [21]. About 1.5 g fresh fecal sample was weighed into a centrifuge tube,
mixed with 1.5 mL sterile water, and centrifuged at 15,000x g and 4 °C for 15 min. The
supernatant (1 mL) was transferred into a Gas Chromatograph sample bottle and 200 uL
meta-phosphoric acid was used to mix the samples. Then, the samples were placed for
30 min in ice, and centrifuged at 15,000x g and 4 °C for 15 min.

The total genomic DNA of bacteria from fecal samples was determined by DNA
Kit (omega bio TEK, Norcross, GA, USA). The concentration and purity of DNA were
detected by NanoDrop 2000 Spectrophotometer (Thermo Scientific, DE, Wilmington, USA).
The 165 rRNA gene of the V3-V4 region was amplified by using a pair of primers (338F
ACTCCTACGGGAGGCAGCAG and 806R GGACTACHVGGGTWTCTAAT). The ampli-
fied product was recovered and purified by axyprep DNA gel extraction kit (Axygen
Biosciences, Union City, CA, USA), and the amplified product was purified by qubit 2.0
fluorescence meter (Thermo Fisher Scientific, Waltham, MA, USA) to be quantified to a
uniform concentration. The amplified fragment was established and sequenced on the
Numina hiseq pe300 platform (Illumina, San Diego, CA, USA). The matched terminal
reading code was 300 base pair (BP). The original sequencing sequence was quality con-
trolled by Trimmomatic (version 3.29). Flash (version 1.2.7) software was spliced, and
UPARSE (version 7.1) software was used to cluster operational taxonomic unit (OTU). The
similarity threshold was 0.97, and OTU was classified and analyzed by Ribosomal Database
Project (RDP) database (https:/ /rdp.cme.msu.edu/) [24]. The Quantitative Insights Into
Microbial Ecology (QIIME) was used for the analysis of to the a-diversity [25]. The relative
abundance of bacteria is expressed as a percentage.
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2.4. Statistical Analysis

A randomized complete block design was used in this study with sex and initial BW
as blocking criteria. Mixed procedure of SAS (version 9.2, 2008) [26] was used for statistical
analysis. Dietary treatment was the fixed effect, while the block was the random effect. For
performance, diarrhea rate and nutrient digestibility, individual pen was used as statistical
unit, while for other data, the individual pig was used as statistical unit. The difference of
diarrhea rate was analyzed by chi-square contingency test, while the statistical differences
of other data except for the microbiota were analyzed via the Student-Neuman-Keul’s
multiple range tests. Differences of microbiota abundance in feces were analyzed using a
Kruskal-Wallis rank sum test. Significant difference was defined as p < 0.05, and a trend of
difference was determined as 0.05 < p < 0.10.

3. Results
3.1. Performance and Diarrhea Rate

Pigs fed LY or LY-ZnO showed increased (p < 0.05) ADG fromd 1to7,d8to14,d 1 to
14 and d 1 to 28 compared with CTR, and enhanced (p < 0.05) ADG from d 1 to 7 compared
with CTC-ZnO. Pigs fed LY-ZnO had increased (p < 0.05) ADFI from d 1 to 7 compared
with CTR and CTC-ZnO. Pigs fed LY-ZnO also had decreased (p < 0.05) FCR from d 8 to
14 and d 1 to 14 compared with CTR. Pigs fed LY had decreased (p < 0.05) FCR from d 1
to7,d 1to 14, and d 1 to 28 compared with CTR, and lower (p < 0.05) FCR from d 1 to 7
compared with CTC-ZnO (Table 2).

Table 2. Effects of live yeast or live yeast combined with zinc oxide on performance and diarrhea
rate of nursery pigs.

Items CTR! CTC-ZnO! Ly?! LY-ZnO! SEM  p-Value
d 1BW, kg 9.17 9.20 9.14 9.19 0.183 0.99
ADG2,g
dlto7 425b 435P 5102 502 2 14.723 <0.01
d8to 14 469 b 5482 5392 565 @ 19.558 0.01
d15to21 555 544 605 573 23.311 0.30
d22t028 585 585 620 613 12.230 0.11
dlto14 447b 491 ab 5252 5342 15.078 <0.01
d15t028 570 564 612 593 15.548 0.14
d1to28 508 b 528 ab 569 a 563 2 14.320 0.02
ADFI2, g
dlto? 724 b 711°P 772 ab 8052 22.312 0.03
d 8to 14 795 852 843 858 34.364 0.57
d15t021 931 914 1013 995 37.361 0.21
d22t028 1085 1062 1153 1116 30.790 0.21
d1to14 760 781 807 831 22.938 0.17
d15t028 1008 988 1083 1055 26.816 0.08
d1to28 884 885 945 943 20.862 0.07
FCR2,g/g
dlto7 1.70 2 1.652 1.52b 1.602 0.030 <0.01
d8to 14 1.692 1.563b 1.574b 1.52P 0.036 0.02
d15t021 1.68 1.69 1.67 1.74 0.040 0.68
d22to028 1.86 1.82 1.86 1.82 0.037 0.81
d1to14 1.702 1.602b 1.54P 1.56P 0.025 <0.01
d15t0 28 1.77 1.76 1.77 1.78 0.026 0.94

d1to28 1.742 1.68 b 1.66 P 1.68 ab 0.020 <0.01
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Table 2. Cont.
Items CTR! CTC-ZnO! Ly?! LY-ZnO! SEM  p-Value
Diarrhea rate, %

dlto?7 14.32 36P 7.1ab 6.5 P 2.406 0.03
d8to 14 29.02 15.0° 17.9P 5.8 1.443 <0.01
d15to 21 12.12 9.34b 22D 53ab 2.342 0.03
d22t028 2.3 1.5 0.0 0.0 0.645 0.06
dlto14 21.74 9.3bc 125b 6.1¢ 1.511 <0.01
d15t028 724 5.4 ab 1.1b 2.64ab 1.370 0.02
d1to28 14.42 7.3b 6.8P 44P 1.237 <0.01

Note: SEM is standard error of mean. # = 8 indicating the data was analyzed in 8 pens per treatment. * Within a
row, different superscripts mean significant difference (p < 0.05). ! CTR: control; CTC-ZnO: chlortetracycline +
zinc oxide; LY: live yeast; LY-ZnO: live yeast + zinc oxide. 2 ADG, average daily gain; ADFI, average daily feed
intake; FCR, feed conversion ratio.

Pigs fed CTR showed a higher (p < 0.05) diarrhea rate from d 8 to 14, d 1 to 14 and
d 1 to 28 compared with other treatments. From d 8 to 14, the diarrhea rate was decreased
(p < 0.05) in pigs fed LY-ZnO compared with CTC-ZnO and LY (Table 2).

3.2. The ATTD of Nutrients

In phase 1, pigs fed LY or LY-ZnO had increased (p < 0.05) ATTD of GE, CP and EE
compared with CTR. In phase 2, pigs fed LY showed increased (p < 0.05) ATTD of CP, while
pigs fed LY or LY-ZnO also had higher (p < 0.05) ATTD of OM and NDF compared with
CTR (Table 3).

Table 3. Effects of live yeast or live yeast combined with zinc oxide on apparent total tract digestibility
of nutrient in nursery pigs.

Items (%) CTR! CTC-ZnO! Ly! LY-ZnO! SEM p-Value
Gross energy
d14 81.27b 82.28 2b 83.55 2 83.282 0.407 <0.01
d28 83.39 83.17 84.21 83.61 0.406 0.33
Dry matter
d14 82.30 82.42 82.88 82.52 0.472 0.84
d28 84.06 84.51 85.00 84.61 0.391 0.44
Organic matter
d14 83.53 83.70 84.10 84.84 0.560 0.38
d28 83.31P 84.10° 86.43 86.132 0.370 <0.01
Crude protein
d14 76.48 b 77.28 ab 78.55 2 78.16 2 0.390 0.01
d2s 77.31" 78.12 2b 79.39 2 79.06 2b 0.419 0.01
Ether extract
d14 64.27 0 65.28 2b 66.55 2 66.16 2 0.475 0.01
d28 66.22 66.00 67.30 66.73 0.675 0.54
Neutral
detergent fiber
d14 48.42 49.28 49.91 49.56 0.479 0.18
d28 48.18 49.84 2 51.222 51.222 0.453 <0.01
Acid detergent
fiber
d 14 4217 42.28 42.91 42.56 0.364 0.49
d28 43.23 4357 44.10 43.71 0.322 0.34

Note: SEM is standard error of mean. 1 = 8 indicating the data was analyzed in 8 pens per treatment. * Within a
row, different superscripts mean significant difference (p < 0.05). ! CTR: control; CTC-ZnO: chlortetracycline +
zinc oxide; LY: live yeast; LY-ZnO: live yeast + zinc oxide.
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3.3. Immunoglobulins Levels in Serum

On d 7 and 14, the concentration of both IgA and IgG in serum of pigs fed LY or
LY-ZnO were increased (p < 0.05) compared with CTR or CTC-ZnO (Table 4).

Table 4. Effects of live yeast or live yeast combined with zinc oxide on serum immunoglobulins in
nursery pigs.

(li;e/‘;i) CTR! CTC-ZnO'! LY?! LY-ZnO ! SEM p-Value

IgA

d7 61.12b 64.05b 9242 91.192 2.664 <0.01
d14 54.08 b 46.47 € 90.312 89.832 1.959 <0.01
d21 90.83 92.32 93.55 92.64 1.522 0.66
d28 86.84 89.46 90.63 97.36 4.634 0.10
IegG

d7 158.63 ¢ 175.04 b 270.97 2 264.02 2 4551 <0.01
d14 188.05P 201.27 269.29 2 266.66 2 5.267 <0.01
d21 275.77 269.72 271.28 276.69 2.984 0.31
d28 264.55 276.22 289.38 282.22 9.812 0.06
IgM

d7 18.60 18.21 20.81 19.60 1.686 0.70
d14 18.09 22.13 22.28 21.32 2.039 0.45
d21 20.76 20.84 20.61 19.59 2.069 0.91
d28 20.21 20.35 20.13 22.63 2312 0.85

Note: SEM is standard error of mean. # = 8 indicating the data was analyzed in 8 pigs per treatment. * Within a
row, different superscripts mean significant difference (p < 0.05). 1 CTR: control; CTC-ZnO: chlortetracycline +
zinc oxide; LY: live yeast; LY-ZnO: live yeast + zinc oxide.

3.4. Antioxidant Status in Serum

On d 28, the serum MDA level in pigs fed CTR was higher (p < 0.05) compared with
other treatments. On d 7, 14, 21, and 28, the serum SOD content in pigs fed LY-ZnO was
increased (p < 0.05) compared with CTR. On d 7, 14, and 28, the serum SOD content in
pigs fed LY was increased (p < 0.05) compared with CTR. On d 7 and 21, the serum SOD
content in pigs fed CTC-ZnO was increased (p < 0.05) compared with CTR. On d 7, the
serum T-AOC level was reduced (p < 0.05) in pigs fed CTC-ZnO compared with CTR and
LY. On d 21, the serum CAT level in pigs fed CTR was lower (p < 0.05) compared with other
treatments (Table 5).

Table 5. Effects of live yeast or live yeast combined with zinc oxide on serum antioxidant status of
nursery pigs.

Items 2 CTR! CTC-ZnO! Ly?! LY-ZnO!  SEM  p-Value
MDA, nmol/mL
d7 2.40 2.23 2.14 2.06 0.256 0.82
d14 2.16 1.91 2.11 2.18 0.211 0.80
d21 2.61 2.95 2.58 2.51 0.208 0.49

d 28 4.36% 3.37b 245¢ 225¢ 0.246 <0.01
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Table 5. Cont.
Items 2 CTR!' CTC-ZnO! Ly?! LY-ZnO!  SEM  p-Value
SOD, U/mL
d7 69.71°¢ 74.92 P 79.16 2 75.71P 1.073 <0.01
d14 72.62b 78.93 ab 77.934 81502 1.177 <0.01
d21 77.68 P 98.912 78.84 P 99.652 0.925 <0.01
d28 82.35¢ 82.41°¢ 88.53b 96.92 2 1.114 <0.01
T-AOC, U/mL

d7 2592 236P 2562 2.413b 0.060 0.04
d14 2.56 2.46 244 245 0.043 0.21
d21 242 2.33 2.48 2.59 0.107 0.38
d28 243 2.40 2.33 2.38 0.027 0.12

GSH-Px,

nmol/L
d7z 20.88 19.22 21.00 19.64 0.560 0.09
d14 20.76 22.00 19.63 19.79 1.070 0.40
d21 20.41 20.19 20.82 20.03 1.417 0.98
d28 19.53 20.23 19.24 19.76 0.711 0.80

CAT, U/mL

d7 8.23 10.47 10.03 10.59 0.693 0.09
d14 8.22 8.54 8.60 8.63 1.615 0.70
d21 11.05b 12,572 12.882 12.672 0.417 0.02
d28 11.29 9.90 11.30 10.87 0.904 0.65

Note: SEM is standard error of mean. # = 8 indicating the data was analyzed in 8 pigs per treatment. *° Within a
row, different superscripts mean significant difference (p < 0.05). 1 CTR: control; CTC-ZnO: chlortetracycline +
zinc oxide; LY: live yeast; LY-ZnO: live yeast + zinc oxide. 2 MDA: malondialdehyde; SOD: superoxide dismutase;
T-AOC: total antioxidant capacity; GSH-Px: glutathione peroxidase; CAT: catalase.

3.5. Concentrations of VFA in Feces

On d 14, the concentration of propionic acid, butyric acid and total VFA in feces of

pigs fed LY or LY-ZnO were increased (p < 0.05) compared with CTR.

On d 28, the concentrations of butyric acid and total VFA in feces of pigs fed LY or

LY-ZnO were increased (p < 0.05) compared with CTR and CTC-ZnO (Table 6).

Table 6. Effects of live yeast or live yeast combined with zinc oxide on volatile fatty acids concentra-

tion in feces on d 28 of nursery pigs.

Items (mg/g) CTR? CTC-ZnO ! LY! LY-ZnO ! SEM p-Value
Acetic acid
d14 1.55 1.51 1.54 1.66 0.109 0.78
d 28 1.62 1.55 1.74 1.97 0.112 0.07
Propionic acid
di14 0.71P 0.82b 0.922 0.992 0.057 0.02
d28 1.00 1.01 1.12 1.20 0.072 0.20
Butyric acid
d14 0.70° 0.77° 0.952 0972 0.046 <0.01
d2s 0.73b 0.81° 0.95P 1.162 0.062 <0.01
Isovaleric acid
d14 0.24 0.26 0.33 0.29 0.024 0.08
d28 0.31 0.31 0.37 0.30 0.024 0.15
Valeric acid
d14 0.27 0.25 0.29 0.29 0.011 0.06
d28 0.26 0.25 0.29 0.29 0.013 0.09
Total volatile
fatty acid
d14 3.62b 3.78 b 4172 4324 0.131 <0.01
d28 405b 407°b 4,64 5.092 0.174 <0.01

Note: SEM is standard error of mean. 1 = 8 indicating the data was analyzed in 8 pigs per treatment. ** Within a
row, different superscripts mean significant difference (p < 0.05). ! CTR: control; CTC-ZnO: chlortetracycline +

zinc oxide; LY: live yeast; LY-ZnO: live yeast + zinc oxide.
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3.6. Fecal Microbiota Composition

There was no significant difference of x-diversity of microbiota in feces among treat-
ment (Table 7. We also found the relative abundance of Firmicutes on phylum level in
feces of pigs fed LY were higher (p < 0.05) than pigs fed LY-ZnO. Moreover, the relative
abundance of Faecalibacterium, Prevotellaceae_ NK3B31_group, norank_f__Prevotellaceae, and
Anaerovibrio at the genus level in feces of pigs fed CTR were reduced (p < 0.05) compared
with pigs fed LY or LY-ZnO (Table 8).

Table 7. Effects of live yeast or live yeast combined with zinc oxide on -diversity of microbiota in
feces on d 28 of nursery pigs.

Items CTR! CTC-ZnO'! Ly! LY-ZnO ! SEM p-Value
Sobs 365.50 288.33 367.00 345.00 29.143 0.26
Shannon 3.68 3.60 4.02 3.95 0.152 0.31
Simpson 0.06 0.07 0.04 0.05 0.012 0.08
Ace 401.57 325.88 414.37 383.42 29.813 0.16
Chao 408.10 325.33 423.61 391.67 28.742 0.10

Note: SEM is standard error of mean. 7 = 8 indicating the data was analyzed in 8 pigs per treatment. ! CTR:
control; CTC-ZnO: chlortetracycline + zinc oxide; LY: live yeast; LY-ZnO: live yeast + zinc oxide. Sobs: diversity
index; Shannon: Shannon diversity index; Simpson: Simpson diversity index; Ace: Ace diversity index; Chao:
bacterial community index.

Table 8. Effects of live yeast or live yeast combined with zinc oxide on relative abundance of
microbiota in feces on d 28 of nursery pigs.

Items (%) CTR1 CTC-ZnO! LY! LY-ZnO! SEM p-Value
Phylum level
Firmicutes 58.83 ab 56.11 ab 60.832  47.92b 5672  0.04
Bacteroidetes 21.17 30.37 32.30 45.58 10.074  0.09
Proteobacteria 15.56 11.31 5.34 473 5.164 0.51
Epsilonbacteraeota 2.82 0.46 0.79 0.55 1.123 0.99
Genus level
Prevotella_9 4.73 11.17 13.93 15.94 7.067 0.16
Succinivibrio 14.20 10.93 1.67 3.64 8.354 0.24
Faecalibacterium 2.86P 9222 8.492 5.692 3.163 0.04
Prevotellaceae_NK3B31_group  0.31P 4.86° 2.31% 7.532 3.460 0.04
norank_f__Prevotellaceae 1.63P 2.552b 4214 5.182 1.724  0.04
Anaerovibrio 0.48P 4129 1.082 3.844 1.867 0.03
Prevotella_2 0.92 2.32 4.29 1.54 1.603 0.06

Note: SEM is standard error of mean. 1 = 8 indicating the data was analyzed in 8 pigs per treatment. * Within a
row, different superscripts mean significant difference (p < 0.05). ! CTR: control; CTC: chlortetracycline; LY: live
yeast; LY-ZnO: live yeast + zinc oxide.

4. Discussion

The performance of piglets in the first week after weaning might play an impor-
tant role in the whole production performance. Currently, antibiotics have been widely
used to enhance performance and alleviate weaning stress in pigs, while the abuse of
antibiotics might do harm to the environment and human health [21]. High dose of inor-
ganic Zn (2000-4000 mg/kg of Zn as ZnO) has been widely used in the diets of piglets in
the swine industry, due to its effects on increasing growth performance and alleviating
post-weaning diarrhea [27]. An increased use of zinc oxide at a pharmacological level
(ZnO, 2000-3000 mg/kg) was also observed as an alternative to antibiotics. However, the
widespread use of pharmacological levels of ZnO has raised concerns related to environ-
mental issues and the potential increase in the prevalence of antibiotic resistant bacteria [2].
However, the overuse of ZnO could pollute the environment and could lead to increased
antibiotic resistant bacteria since the zinc could not to be fully utilized by pigs. The current
study aimed to investigate the effect of LY or LY combined with ZnO as antibiotics and ZnO
substitute on performance and gut health in nursery pigs. Mathew et al. [28] reported that
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yeast extract could improve ADG and reduce FCR in nursery pigs, indicating that yeast
could be probiotic for enhancing performance in pigs. According to the current result, we
found pigs fed LY or LY-ZnO had similar effect as antibiotics and ZnO on increasing ADG
and decreasing FCR in the first, second, and fourth weeks compared with CTR. One of the
reason for this finding might be that S. cerevisiae could improve nutrient utilization and gut
morphology [19]. Another possible mechanism of this finding might be that the effect of
-glucan and mannan oligosaccharides in the cell wall of LY (S. cerevisiae) could improve
immunity and small intestinal development in nursery pigs [17,29,30]. In the present study,
we also found pigs fed LY-ZnO had increased ADFI in the first week compared with CTR
and CTC-ZnO, which might be due to that LY could improve the flavor of diet, enhance
intestinal peristalsis, and facilitate digestion and absorption in nursery pigs [31].

The incidence of diarrhea during weaning is a great economic issue in production stage.
Nutritional strategies (such as dietary supplement of probiotics) can be used to promote
intestinal development of nursery pigs and to improve diarrhea caused by dysbacteriosis
of piglets. Pan et al. [5] reported that probiotics had significant effects on the prevention
and treatment of diarrhea in nursery pigs. In the current study, pigs fed a CTR diet showed
higher diarrhea rate in phase 1 and overall compared with other treatments, which agreed
with the study of Shen et al. [6], who reported that yeast could reduce the incidence of
diarrhea in nursery pigs. One of the possible reasons for the current finding might be that
yeast could help to increase beneficial microbial populations and decrease the populations
of pathogens in piglets [32]. Moreover, Kim et al. [33] also reported that the nucleotide-rich
yeast extract could improve gut health, which could reduce the diarrhea in nursery pigs

After weaning, the nutrient utilization was decreased since digestive organs were not
fully developed in nursery pigs. In the current study, we found pigs fed LY or LY-ZnO
showed increased ATTD of GE, CP, and EE compared with CTR in phase 1, indicating
that LY or LY-ZnO could help improve the development of digestive organs and nutrient
utilization. This finding was partly agreed with Shen et al. [6], who reported yeast culture
could enhance the digestibility of DM, CP and GE, and thus decrease the FCR in nursery
pigs. Moreover, the current study showed pigs fed LY had increased ATTD of CP, while
pigs fed LY or LY-ZnO also showed increased ATTD of OM and NDF compared with CTR
in phase 2. The reason for this finding might be that the S. cerevisiae could enhance the
development of small intestine [19].

For nursery pigs, the immunoglobulins are important for the development of immune
system. Shen et al. [34] reported that maternal yeast supplementation could enhance the
IgG contents in sow milk, which could help to increase litter weight and weaning piglet’s
weight [34,35], indicating yeast had positive effects on increasing immunoglobulins levels
in animals. The current study found that the concentration of both IgA and IgG in serum of
pigs fed LY or LY-ZnO were increased compared with CTR and CTC-ZnO ond 7 and d 14.
The mannanoligosaccharides and {3-glucans were the main components of LY cell wall
and LY [19]. The current finding was in agreement with Wang et al. [36] and He et al. [19],
who also reported that the Ig levels were enhanced by S. cerevisiae, which might be due
to the 3-glucan in LY also has anti-inflammatory and immune regulatory functions [37].
Besides, the nucleotide in yeast might also help to enhance immune response via increasing
inflammatory cytokines in ileum and modulate proliferation of beneficial gut bacteria in
nursery pigs [38].

After weaning, pigs were faced with severe oxidative stress, which might cause lipid
peroxidation and disruption of DNA replication and protein synthesis. Lipid peroxidation
transforms reactive oxygen species into active chemicals, which could cause cell metabolism
and dysfunction, or even death. The MDA was a biomarker, reflecting the rate and intensity
of lipid peroxidation in tissue. Therefore, the measurement of MDA could reflect the degree
of lipid peroxidation and indirectly measure the degree of cell damage. In the current
study, the serum MDA level in pigs fed CTR was higher compared with other treatments
on d 28, indicating LY could alleviate the lipid peroxidation in nursery pigs. He et al. [19]
also reported that S. cerevisiae could improve serum SOD level and decrease MDA level
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in broilers, which demonstrated that S. cerevisiae could potentially enhance antioxidant
capacity via improving antioxidant enzyme activities. The SOD was one of the antioxidant
enzymes which help alleviate oxidative stress after weaning. In the current study, the
serum SOD content in pigs fed LY was increased on d 7, 14, and 28 compared with CTR,
which might be the polysaccharide in LY could enhance the antioxidant activity [39].
The mechanism of LY on alleviating oxidative stress (reducing MDA level) might be
related to the beneficial effect of 3-glucan in LY [40]. Moreover, the 3-glucan in LY could
also enhance antioxidant capacity and reduce oxidative damage of lymphocytes through
different enzymatic and non-enzymatic systems [37].

In order to figure out the possible mechanism of LY on modulating gut health in
nursery pigs, we investigated the fecal microbiota community and fecal VFA contents. The
VFA produced by microbial fermentation of non-digestible carbohydrates in large intestine
is beneficial to animals [41]. The addition of yeast extract to diet could utilize carbohydrate
to produce VFA, which had a positive effect on the growth epithelial cells in pigs [42]. In
the current study, we found that the concentration of propionic acid, butyric acid and TVFA
in feces of pigs fed LY or LY-ZnO were increased on d 14 compared with CTR. On d 28, the
concentrations of butyric acid and TVFA in feces of pigs fed LY or LY-ZnO were increased
compared with CTR and CTC-ZnO. These results are in agreement with a previous study
which reported that fecal samples from yeast fed sows increase fermentation and VFA
production when incubated in vitro with different sources of fiber [43]. The VFA are the
gut microbiota metabolites, which play an important role on solving gut diseases. The VFA
produced by bacterial fermentation was an important component of colonic contents, which
could be rapidly absorbed by colonic epithelial cells, participate in metabolism and supply
energy [41], while the organic acids in large intestine could also enhance the immunity
and regulate the micro-ecological environment in the digestive tract of piglets [21,44].
Therefore, the trend for the increased TVFA content in the large intestine was beneficial for
the immunity and gut health of nursery pigs in the current study.

In this study, we found the relative abundance of Firmicutes on phylum level in feces
of pigs fed LY were higher than pigs fed LY-ZnO. While Kiros et al. [13] reported that the en-
hanced Firmicutes family by S. cerevisize might contribute to regulate intestinal homeostasis
and to improve the performance of piglets. Therefore, LY alone might be more effective
in regulate intestinal homeostasis than LY combined with ZnO, but its mechanism still
remained to be investigated. It has been reported that the LY S. cerevisiae was effective in
alleviating the negative effect by E. coli on jejunal mucosa, which indicated that S. cerevisiae
could modulate the gut microbiota community in pigs [45]. In this study, we found the rel-
ative abundances of Faecalibacterium, Prevotellaceae_ NK3B31_group, norank_f__Prevotellaceae,
and Anaerovibrio at the genus level were higher in feces of pigs LY or LY-ZnO compared
with CTR. Villot et al. [46] reported that S. cerevisiae could increase the level Lactobacillus
and tended to have higher Faecalibacterium prausnitzii content in the jejunum, which might
help stimulate IgA in the gut of newborn calves. Besides, dietary supplementation with
LY S. cerevisiae could also improve the relative abundance of Prevotella in cecum, which
was positively correlated with the increased ADG in piglets [12]. The positive correlation
between Prevotella abundancy and the piglets” growth performance has been attributed
to its ability to process complex dietary saccharides of the diet and favoring monosaccha-
ride uptake by the host [47]. The Prevotella could also use monosaccharide to produce
VEFA [48], which was conducive to the digestion and absorption of nutrients in nursery
pigs. The production of VFA was one of the mechanisms by which intestinal microbiota
could influence and promote the host metabolism and physiology [49] and might explain
the positive correlation between Prevotellaceae. NK3B31_group, norank_f__Prevotellaceae, and
performance by LY or LY-ZnO observed in our study.

5. Conclusions

The current study demonstrated that LY (S. cerevisiae (strain CNCM 1-4407)) or LY
combined with ZnO as feed additives could be used to alleviate weaning stress in nursery
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pigs. Moreover, LY or LY combined with ZnO also had positive effects on growth perfor-
mance via improving nutrient digestibility, serum immunoglobulin, antioxidant status,
and intestinal health (fecal VFA contents and microbiota community) in nursery pigs.

Author Contributions: Conceptualization, X.P., TK. and S.L.; data curation, Q.S. and C.W.; formal
analysis, Q.S.; funding acquisition, X.P,; investigation, T.H.; methodology, T.H.; project administration,
X.P,; resources, S.L.; software, S.U.M.; validation, X.P; visualization, X.P.; writing—original draft
preparation, S.L. and T.H.; writing—review & editing, S.U.M., SW.K,, and TK.; supervision: X.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by the National Natural Science Foundation of China (31772612),
CARS 35 and Beijing Municipal Natural Science Foundation (6202019).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data is contained within the article.

Acknowledgments: This research is supported by the National Natural Science Foundation of China
(81772612), CARS 35 and Beijing Municipal Natural Science Foundation (6202019). We would also
thank for the support by Phileo Lesaffre Animal Care.

Conflicts of Interest: There is no conflict of interest related to this publication.

References

1.

10.

11.

12.

13.

14.

Heo, ].M.; Opapeju, F.O.; Pluske, ].R.; Kim, J.C.; Hampson, D.J.; Nyachoti, C.M. Gastrointestinal health and function in weaned
pigs: A review of feeding strategies to control post-weaning diarrhoea without using in-feed antimicrobial compounds. |. Anim.
Physiol. Anim. Nutr. 2013, 97, 207-237. [CrossRef] [PubMed]

Caprarulo, V.; Hejna, M.; Giromini, C.; Liu, Y.; Rossi, L. Evaluation of dietary administration of chestnut and quebracho tannins
on growth, serum metabolites and fecal parameters of weaned piglets. Animals 2020, 10, 1945. [CrossRef] [PubMed]

Caprarulo, V.; Giromini, C.; Rossi, L. Review: Chestnut and quebracho tannins in pig nutrition: The effects on performance and
intestinal health. Animal 2020, 15, 100064. [CrossRef] [PubMed]

He, T.; Long, S.; Mahfuz, S.; Wu, D.; Wang, X.; Wei, X.; Piao, X.S. Effects of probiotics as antibiotics substitutes on growth
performance, serum biochemical parameters, intestinal morphology, and barrier function of broilers. Animals 2019, 9, 985.
[CrossRef] [PubMed]

Pan, L.; Zhao, PF,; Ma, X K.; Shang, Q.H.; Xu, Y.T.; Long, S.F.; Wu, Y; Yuan, M.F,; Piao, X.S. Probiotic supplementation protects
weaned pigs against enterotoxigenic Escherichia coli K88 challenge and improves performance similar to antibiotics. J. Anim. Sci.
2017, 95, 2627-2639.

Shen, Y.B.; Piao, X.S.; Kim, S.W.; Wang, L.; Liu, P.; Yoon, I.; Zhen, Y.G. Effects of yeast culture supplementation on growth
performance, intestinal health, and immune response of nursery pigs. J. Anim. Sci. 2009, 87, 2614-2624. [CrossRef]

Trckova, M.; Faldyna, M.; Alexa, P.; Zajacova, Z.S.; Gopfert, E.; Kumprechtova, D.; Auclair, E.; D’Inca, R. The effects of live yeast
Saccharomyces cerevisiae on postweaning diarrhea, immune response, and growth performance in weaned piglets. J. Anim. Sci.
2014, 92, 767-774. [CrossRef]

Van Der Peet-Schwering, C.M.; Jansman, A.J.; Smidt, H.; Yoon, 1. Effects of yeast culture on performance, gut integrity, and blood
cell composition of weanling pigs. J. Anim. Sci. 2007, 85, 3099-3109. [CrossRef]

Weaver, A.C.; See, T.M.; Kim, S.W. Protective effect of two yeast based feed additives on pigs chronically exposed to deoxynivalenol
and zearalenone. Toxins 2014, 6, 3336-3353. [CrossRef]

Holanda, D.M.; Yiannikouris, A.; Kim, S.W. Investigation of the efficacy of a postbiotic yeast cell wall-based blend on newly-
weaned pigs under a dietary challenge of multiple mycotoxins with emphasis on deoxynivalenol. Toxins 2020, 12, 504. [CrossRef]
Zhu, C.; Wang, L.; Wei, S.Y.; Chen, Z.; Ma, X.Y.; Zheng, C.T.; Jiang, Z.Y. Effect of yeast Saccharomyces cerevisiae supplementation on
serum antioxidant capacity, mucosal sIgA secretions and gut microbial populations in weaned piglets. J. Integ. Agri. 2017, 16,
2029-2037. [CrossRef]

Kiros, T.G.; Luise, D.; Derakhshani, H.; Petri, R.; Trevisi, P.; D'Inca, R.; Auclair, E.; van Kessel, A.G. Effect of live yeast
Saccharomyces cerevisiae supplementation on the performance and cecum microbial profile of suckling piglets. PLoS ONE 2019, 14,
€0219557. [CrossRef]

Kiros, T.G.; Derakhshani, H.; Pinloche, E.; D'Inca, R.; Marshall, J.; Auclair, E.; Khafipour, E.; Van Kessel, A. Effect of live yeast
Saccharomyces cerevisiae (Actisaf Sc 47) supplementation on the performance and hindgut microbiota composition of weanling
pigs. Sci. Rep. 2018, 8, 5315. [CrossRef]

Shi, H.; Kim, LH. Dietary yeast extract complex supplementation increases growth performance and nutrient digestibility of
weaning pigs. Livest. Sci. 2019, 230, 103850. [CrossRef]


http://doi.org/10.1111/j.1439-0396.2012.01284.x
http://www.ncbi.nlm.nih.gov/pubmed/22416941
http://doi.org/10.3390/ani10111945
http://www.ncbi.nlm.nih.gov/pubmed/33105748
http://doi.org/10.1016/j.animal.2020.100064
http://www.ncbi.nlm.nih.gov/pubmed/33516022
http://doi.org/10.3390/ani9110985
http://www.ncbi.nlm.nih.gov/pubmed/31752114
http://doi.org/10.2527/jas.2008-1512
http://doi.org/10.2527/jas.2013-6793
http://doi.org/10.2527/jas.2007-0110
http://doi.org/10.3390/toxins6123336
http://doi.org/10.3390/toxins12080504
http://doi.org/10.1016/S2095-3119(16)61581-2
http://doi.org/10.1371/journal.pone.0219557
http://doi.org/10.1038/s41598-018-23373-8
http://doi.org/10.1016/j.livsci.2019.103850

Animals 2021, 11, 1626 13 of 14

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kelesidis, T.; Pothoulakis, C. Efficacy and safety of the probiotic saccharomyces boulardii for the prevention and therapy of
gastrointestinal disorders. Ther. Adv. Gastroenter. 2012, 5, 111-125. [CrossRef]

Zhang, Z.; Cao, L.; Zhou, Y.; Wang, S.; Zhou, L. Analysis of the duodenal microbiotas of weaned piglet fed with epidermal growth
factor-expressed Saccharomyces cerevisiae. BMC Microbiol. 2016, 16, 1-14.

Jiang, Z.; Wei, S.; Wang, Z.; Zhu, C.; Hu, S.; Zheng, C.; Chen, Z.; Hu, Y.; Wang, L.; Ma, X,; et al. Effects of different forms of
yeast Saccharomyces cerevisiae on growth performance, intestinal development, and systemic immunity in early-weaned piglets. J.
Anima. Sci. Biotechno. 2015, 6, 1-9. [CrossRef]

Che, L.; Xu, Q.; Wu, C,; Luo, Y.; Huang, X.; Zhang, B.; Auclair, E.; Kiros, T.; Fang, Z.; Lin, Y.; et al. Effects of dietary live yeast
supplementation on growth performance, diarrhoea severity, intestinal permeability and immunological parameters of weaned
piglets challenged with enterotoxigenic Escherichia coli K88. Brit. ]. Nutr. 2017, 118, 949-958. [CrossRef]

He, T.F; Mahfuz, S.; Piao, X.S.; Wu, D.; Wang, W.T.; Yan, H.B.; Ouyang, T.; Liu, Y.H. Effects of live yeast (Saccharomyces cerevisiae)
as a substitute to antibiotic on growth performance, immune function, serum biochemical parameters and intestinal morphology
of broilers. J. Appl. Anim. Res. 2021, 49, 15-22. [CrossRef]

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

Long, S.F; Xu, Y.T.; Pan, L.; Wang, Q.Q.; Wang, C.L.; Wu, ].Y.; Wu, Y.Y,; Han, YM.; Yun, C.H.; Piao, X.S. Mixed organic acids as
antibiotic substitutes improve performance, serum immunity, intestinal morphology and microbiota for weaned piglets. Anim.
Feed Sci. Technol. 2018, 235, 23-32. [CrossRef]

AOAC. Official Methods of Analysis, 19th ed.; Association of Official Agricultural Chemists: Arlington, VA, USA, 2012.

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

Cole, ].R.; Wang, Q.; Fish, J.A.; Chai, B.; Tiedje, ].M. Ribosomal database project: Tools and data for high throughput rRNA
analysis. Nucleic Acids Res. 2013, 42, 633—642. [CrossRef]

Mahnert, A.; Moissl-Eichinger, C.; Berg, G. Microbiome interplay: Plants alter microbial abundance and diversity within the built
environment. Front. Microbiol. 2015, 6, 887. [CrossRef]

SAS. SAS/STAT Users Guide: Statistics, Version 9.2 ed.; SAS Inc: Cary, NC, USA, 2008.

Hill, G.M.; Mahan, D.C.; Carter, S.D.; Cromwell, G.L.; Ewan, R.C.; Harrold, R.L.; Lewis, A.]J.; Miller, P.S.; Shurson, G.C.; Veum, T.L.
Effect of pharmacological concentrations of zinc oxide with or without the inclusion of an antibacterial agent on nursery pig
performance. J. Anim. Sci. 2001, 79, 934-941. [CrossRef]

Mathew, A.G.; Chattin, S.E.; Robbins, C.M.; Golden, D.A. Effects of a direct fed yeast culture on enteric microbial populations,
fermentation acids, and performance of weanling pigs. J. Anim. Sci. 1998, 76, 2138-2145. [CrossRef]

Van Heugten, E.; Funderburke, D.W.; Dorton, K.L. Growth performance, nutrient digestibility, and fecal microflora in weanling
pigs fed live yeast. J. Anim. Sci. 2003, 81, 1004-1012. [CrossRef]

Ganner, A.; Schatzmayr, G. Capability of yeast derivatives to adhere enteropathogenic bacteria and to modulate cells of the innate
immune system. Appl. Microbiol. Biotechnol. 2012, 95, 289-297. [CrossRef]

Heugten, E.V.; Dorton, K.L. Effects of Live Yeast Supplementation on Weanling Pig Performance; Annual Swine Report, College of
Agricultures and Life Sciences, North Carolina State University: Raleigh, NC, USA, 2001.

Hasan, S.; Junnikkala, S.; Peltoniemi, O.; Paulin, L.; Lyyski, A.; Vuorenmaa, J.; Oliviero, C. Dietary supplementation with yeast
hydrolysate in pregnancy influences colostrum yield and gut microbiota of sows and piglets after birth. PLoS ONE 2018, 13,
e0197586. [CrossRef]

Kim, S.W.; Holanda, D.M.; Gao, X.; Park, I; Yiannikouris, A. Efficacy of a yeast cell wall extract to mitigate the effect of naturally
co-occurring mycotoxins contaminating feed ingredients fed to young pigs: Impact on gut health, microbiome, and growth.
Toxins 2019, 11, 633. [CrossRef]

Shen, Y.B.; Carroll, ].A.; Yoon, I.; Mateo, R.D.; Kim, S.W. Effects of supplementing Saccharomyces cerevisiae fermentation product in
sow diets on performance of sows and nursing piglets. J. Anim. Sci. 2011, 89, 2462-2471. [CrossRef]

Jurgens, M.H.; Rikabi, R.A.; Zimmerman, D.R. The effect of dietary active dry yeast supplement on performance of sows during
gestation-lactation and their pigs. J. Anim. Sci. 1997, 75, 593-597. [CrossRef] [PubMed]

Wang, S.; Guo, C.; Zhou, L.; Zhong, Z.; Zhu, W.; Huang, Y.; Zhang, Z.; Gorgels, T.G.M.E,; Berendschot, T.T.].M. Effects of dietary
supplementation with epidermal growth factor-expressing Saccharomyces cerevisiae on duodenal development in weaned piglets.
Brit. J. Nutr. 2016, 115, 1509-1520. [CrossRef] [PubMed]

Umar, B.; Muhammad, N.; Sanaullah, I.; Ahmad, A.A. Nutraceutical, anti-inflammatory, and immune modulatory effects of
-glucan isolated from yeast. Biomed. Res. Int. 2017, 2017, 1-14. [CrossRef] [PubMed]

Waititu, S.M.; Yin, F; Patterson, R.; Yitbarek, A.; Rodriguez-Lecompte, J.C.; Nyachoti, C.M. Dietary supplementation with a
nucleotide-rich yeast extract modulates gut immune response and microflora in weaned pigs in response to a sanitary challenge.
Animal 2017, 11, 2156-2164. [CrossRef] [PubMed]

Li, S.Q.; Shah, N.P. Antioxidant and antibacterial activities of sulphated polysaccharides from Pleurotus eryngii and Streptococcus
thermophilus ASCC 1275. Food Chem. 2014, 165, 262-270. [CrossRef] [PubMed]

Wang, B.; Yang, C.T.; Diao, Q.Y.; Tu, Y. The influence of mulberry leaf flavonoids and candida tropicalis on antioxidant function
and gastrointestinal development of preweaning calves challenged with Escherichia coli O141:K99. ]. Dairy Sci. 2018, 101,
6098-6108. [CrossRef] [PubMed]


http://doi.org/10.1177/1756283X11428502
http://doi.org/10.1186/s40104-015-0046-8
http://doi.org/10.1017/S0007114517003051
http://doi.org/10.1080/09712119.2021.1876705
http://doi.org/10.1016/j.anifeedsci.2017.08.018
http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://doi.org/10.1093/nar/gkt1244
http://doi.org/10.3389/fmicb.2015.00887
http://doi.org/10.2527/2001.794934x
http://doi.org/10.2527/1998.7682138x
http://doi.org/10.2527/2003.8141004x
http://doi.org/10.1007/s00253-012-4140-y
http://doi.org/10.1371/journal.pone.0197586
http://doi.org/10.3390/toxins11110633
http://doi.org/10.2527/jas.2010-3642
http://doi.org/10.2527/1997.753593x
http://www.ncbi.nlm.nih.gov/pubmed/9078472
http://doi.org/10.1017/S0007114516000738
http://www.ncbi.nlm.nih.gov/pubmed/26983845
http://doi.org/10.1155/2017/2401329
http://www.ncbi.nlm.nih.gov/pubmed/28396864
http://doi.org/10.1017/S1751731117001276
http://www.ncbi.nlm.nih.gov/pubmed/28631587
http://doi.org/10.1016/j.foodchem.2014.05.110
http://www.ncbi.nlm.nih.gov/pubmed/25038675
http://doi.org/10.3168/jds.2017-13957
http://www.ncbi.nlm.nih.gov/pubmed/29680656

Animals 2021, 11, 1626 14 of 14

41.

42.

43.

44.
45.

46.

47.

48.

49.

Bergman, E.N. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species. Physiol. Rev. 1990, 70,
567-590. [CrossRef]

Canani, R.B.; Costanzo, M.D.; Leone, L. The epigenetic effects of butyrate: Potential therapeutic implications for clinical practice.
Clin. Epigenetics 2012, 4, 4. [CrossRef]

Kiros, T.G.; Agyekum, A K.; Wang, J.; D’Inca, R.; Beaulieu, D.A.; Auclair, E.; Van Kessel, A.G. Supplementation with live yeast
increases rate and extent of in vitro fermentation of nondigested feed ingredients by fecal microbiota. |. Anim. Sci. 2019, 97,
1806-1818. [CrossRef]

Partanen, K.H.; Mroz, Z. Organic acids for performance enhancement in pig diets. Nutr. Res. Rev. 1999, 12, 117-145. [CrossRef]
Trevisi, P.; Latorre, R.; Priori, D.; Luise, D.; Archetti, I.; Mazzoni, M.; D'Inca, R.; Bosi, P. Effect of feed supplementation with
live yeast on the intestinal transcriptome profile of weaning pigs orally challenged with Escherichia coli F4. Animal 2017, 11,
33-44. [CrossRef]

Villot, C.; Chen, Y.; Pedgerachny, K.; Chaucheyras-Durand, F.; Chevaux, E.; Skidmore, A.; Guan, L.L.; Steele, M.A. Early
supplementation of Saccharomyces cerevisiae boulardii CNCM I-1079 in newborn dairy calves increases IgA production in the
intestine at 1 week of age. J. Dairy Sci. 2020, 103, 8615-8628. [CrossRef]

Mach, N.; Berri, M.; Estelle’, J.; Levenez, F.; Lemonnier, G.; Denis, C.; Chevaleyre, C.; Bailly, J.; Leplat, ].; Dore, J.; et al. Early-life
establishment of the swine gut microbiome and impact on host phenotypes. Env. Microb. Reports 2015, 7, 554-569. [CrossRef]
Takahashi, N.; Yamada, T. Glucose metabolism by Prevotella intermedia and Prevotella nigrescens. Oral Microbiol. Immunol. 2000,
15,188-195. [CrossRef]

Samuel, B.S.; Shaito, A.; Motoike, T.; Rey, FE.; Backhed, F.; Manchester, ].K.; Hammed, R.E.; Williams, S.C.; Crowley, J.; Yanagisawa,
M. Effects of the gut microbiota on host adiposity are modulated by the short-chain fatty-acid binding G protein-coupled receptor,
Gpr4l. Proc. Natl. Acad. Sci. USA 2008, 105, 16767-16772. [CrossRef]


http://doi.org/10.1152/physrev.1990.70.2.567
http://doi.org/10.1186/1868-7083-4-4
http://doi.org/10.1093/jas/skz073
http://doi.org/10.1079/095442299108728884
http://doi.org/10.1017/S1751731116001178
http://doi.org/10.3168/jds.2020-18274
http://doi.org/10.1111/1758-2229.12285
http://doi.org/10.1034/j.1399-302x.2000.150307.x
http://doi.org/10.1073/pnas.0808567105

	Introduction 
	Materials and Methods 
	Experimental Products 
	Experimental Animals, Management, and Design 
	Data Recording, Sample Collection and Analysis 
	Statistical Analysis 

	Results 
	Performance and Diarrhea Rate 
	The ATTD of Nutrients 
	Immunoglobulins Levels in Serum 
	Antioxidant Status in Serum 
	Concentrations of VFA in Feces 
	Fecal Microbiota Composition 

	Discussion 
	Conclusions 
	References

