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ABSTRACT

Three experiments were conducted to compare the digestible (DE), metabolizable energy (ME), and
standardized ileal digestibility (SID) of amino acids (AA) in fermented corn germ meal (FCGM) and
soybean meal (SBM), and evaluate the effects of FCGM replacing SBM in growing pig diets. In Exp. 1, 18
barrows with initial body weight (BW) of 60.2 + 3.40 kg were randomly allotted to 3 treatments with 6
replicates per treatment. The control diet used corn as the only energy ingredient, and 2 test diets were
made by replacing 25.8% of corn with FCGM or SBM. The DE and ME of FCGM were less (P < 0.01) than
those of SBM. In Exp. 2, 18 barrows (59.3 + 2.52 kg BW) with ileal T-cannulas were randomly allotted to 3
treatments with 6 replicates per treatment. The SID of arginine, tryptophan and proline were greater
(P < 0.05) and the tyrosine was less (P = 0.01) in SBM compared with FCGM. In Exp. 3, 144 growing pigs
(56.1 + 5.22 kg BW) were randomly allotted to 4 treatments with 6 pens per treatment (3 barrows and 3
gilts per pen). Four diets (FCGMO, FCGM10, FCGM20 and FCGM30) were formulated using FCGM to
replace 0%, 10%, 20% and 30% of SBM, respectively. The ME and SID values of AA of SBM and FCGM were
determined by Exp. 1 and 2. Results showed that increasing FCGM inclusion quadratically (P < 0.05)
increased the average daily gain (ADG), average daily feed intake, and the levels of serum immuno-
globulin G (IgG) and urea nitrogen, and linearly (P < 0.05) increased the serum IgM, the propanoic acid,
butyric acid, total volatile fatty acid (VFA) and the Shannon index of microbiota in feces. Besides, the
relative abundance of genus Streptococcus in FCGMO, Lactobacillus in FCGM10 and Lachnospiraceae in
FCGM30 were increased (P < 0.05) compared with other treatments. In conclusion, we recommend
replacing 11.80% of SBM with FCGM to obtain the optimal ADG of growing pigs. Moreover, as the ratio of
FCGM replacing SBM increased in diet, the immunity, intestinal microbiota and total VFA composition of

growing pigs were improved.
© 2022 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

shortage of protein resources highlight an urgent need for suitable
complements or substitutes for SBM (Tang et al., 2012). Corn germ

Soybean meal (SBM) is an important protein feed ingredient in meal (CGM) is a by-product of corn oil production (Estrada-
pig diet (Jezierny et al., 2010). However, the high cost of SBM and Restrepo, 2017), which has been used in pet feed to partly replace
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corn and SBM (Li et al., 2013). Research in our lab have evaluated
the nutritive value of some corn co-products, such as distillers dried
grains with soluble and corn gluten meal in growing pig diet (She
et al., 2015; Li et al., 2017), but there are a few studies about the
CGM in growing pig diet. Corn germ meal contains 20% to 25% of
crude protein (CP) and less than 3% of fat, as well as a comparable

amino acid (AA) composition compared with corn, making it a
potential ingredient in pig diet (NRC, 2012). The main fiber com-
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2015), which apparent total digestive tract digestibility is less than
50% (Urriola et al., 2010). The production of CGM is smaller than
other corn co-products, but CGM is easily available on the market,
and is cost-effective when combined with other ingredients in pig
diets. However, Estrada-Restrepo (2017) reported that increasing
the proportion of CGM in diet linearly decreased the carcass yield of
growing-finishing pigs. Weber et al. (2010) also observed that diet
containing 38.69% CGM significantly reduced feed efficiency in
growing pigs. The negative impacts of CGM on pigs might due to its
high fiber content, several other studies also demonstrated that
high fiber content of CGM restricted its use in animal diets (Lee
et al,, 2012; Zhang et al., 2013).

One of the effective ways to reduce fiber content in ingredient
is fermentation. Supriyati et al. (2015) found that crude fiber
content of rice bran was significantly reduced after fermentation
by Bacillus amyloliquefaciens. Wizna et al. (2009) also observed
that crude fiber content was decreased when cassava waste was
fermented. In addition, previous studies reported that the
ferment bacteria (such as Bacillus and Lactobacillus strains in
feed) could produce dietary enzymes (such as cellulase, amylase,
lipase, phytase and protease) that degraded complex poly-
saccharides and other large nutrients into small and more
digestible particles, which made feed ingredients more valuable
for animals (Ouoba et al., 2003; Hu et al., 2016). However, there
are almost no information about the effects of fermentation on
CGM, and few researches about the application of fermented
corn germ meal (FCGM) in growing pigs. Therefore, the aim of
this study was to: 1) determine and compare the digestible (DE)
and metabolizable energy (ME) as well as the standardized ileal
digestibility (SID) of AA in FCGM and SBM; 2) evaluate the effects
of partial replacement of SBM by FCGM on growth performance,
serum parameters and the intestinal health of growing pigs, and
obtain the appropriate ratio of FCGM to replace SBM in growing
pig diet.

2. Materials and methods

The protocols of these 3 experiments were approved by the
Institutional Animal Care and Use Committee of China Agricultural
University (No. AW62701202-1-2, Beijing, China). The SBM and
FCGM were sourced by China Oil and Foodstuffs Corporation (Bei-
jing, China). The analyzed nutrient composition of FCGM and SBM
are presented in Table 1.

2.1. Experimental design and sample collection

Exp. 1. Eighteen crossbred barrows (BW = 60.2 + 3.40 kg) were
randomly divided into 3 treatments equally, and the DE and ME
contents of FCGM and SBM were determined by the difference
method. The control diet included 97.0% of corn as the energy
ingredient, and the other 2 diets were made by replacing 25.8% of
corn in the control diet with FCGM or SBM (Table 2).

Pigs were housed in metabolic cages with an environment
maintained at 24 + 2 °C and had free access to drinking water. The
feed supply was equal to 4% of BW and was divided equally into 2
parts and fed at 08:00 and 17:00 every day. The feed intake was
recorded every feeding time, and the whole experiment period was
divided into 7 d of adaptation to diet and 5 d of feces and urine
collection. The feces were collected by plastic bags when they
appeared and stored at —20 °C. Buckets with 10 mL of 6 mol/L HCI
per 1,000 mL were used to collect urine. The urine volume was
recorded daily and 10% of the urine was stored at —20 °C. Finally,
the feces and urine of each experimental pig were separately mixed
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Table 1
Composition of soybean meal and fermented corn germ meal (as-fed basis).
Item SBM FCGM
Common nutrient components, %
Dry matter 89.10 85.80
Crude protein 46.56 20.40
Organic matter 93.42 90.50
Neutral detergent fiber 10.90 30.55
Acid detergent fiber 5.20 6.43
Essential amino acids, %
Arginine 3.23 0.52
Histidine 1.66 0.69
Isoleucine 1.76 0.79
Leucine 3.18 1.83
Lysine 2.88 0.82
Methionine 0.70 0.40
Phenylalanine 2.06 0.98
Threonine 2.11 0.79
Tryptophan 0.62 0.21
Valine 2.14 1.75
Non-essential amino acids, %
Alanine 193 1.74
Asparagine 4.77 1.60
Cystine 0.77 0.44
Glutamine 6.60 3.47
Glycine 1.89 1.02
Proline 2.37 1.84
Serine 2.10 1.03
Tyrosine 1.46 0.72
Antigenic proteins, mg/g
Glycinin 36.58 -
B-conglycinin 105.34 -
Trypsin inhibitor, TIU/mg 5.76 -
Short-chain fatty acids, mmol/kg
Acetic acid - 110.24
Propionic acid — 74.50
Butyric acid - 4,37
Total — 189.11
Live bacteria, CFU/g —
Lactobacillus - 4.00 x 10°
Bacillus subtilis - 6.00 x 108

SBM = soybean meal; FCGM = fermented corn germ meal; TIU = trypsin inhibitor
units; CFU = colony forming units.

Table 2
Ingredient composition of the diets in Exp. 1 (%, as-fed basis).
Item Corn SBM FCGM
Ingredients
Corn 97.00 72.00 72.00
SBM - 25.00 —
FCGM — — 25.00
Dicalcium phosphate 1.40 1.40 1.40
Limestone 0.75 0.75 0.75
Salt 0.35 035 0.35
Vitamin and trace element premix’ 0.50 0.50 0.50
Analyzed nutrient levels
GE, MJ/kg 15.80 16.05 15.95
DM 88.76 89.05 87.64
CcP 7.72 16.58 10.75
Ca 0.63 0.66 0.62

SBM = soybean meal; FCGM = fermented corn germ meal; GE = gross energy;
DM = dry matter; CP = crude protein.

! Each kilogram of diet provided the following amounts of vitamins and minerals:
Mn, 50 mg (MnO); Fe, 125 mg (FeSO4-H,0); Zn, 125 mg (Zn0); Cu, 150 mg
(CuS04-5H,0); I, 50 mg (Caly); Se, 0.30 mg (Na,SeOs); retinyl acetic acid, 4,500 IU;
cholecalciferol, 1,350 IU; DL-a-tocopheryl acetic acid, 13.5 mg; menadione sodium
bisulfite complex, 2.7 mg; niacin, 18 mg; vitamin By, 27.6 pg; thiamine, 0.6 mg;
pyridoxine, 0.9 mg; riboflavin, 1.8 mg; D-calcium-pantothenate, 10.8 mg; nicotinic
acid, 30.3 mg; choline chloride, 210 mg.

and then 300 g feces and 45 mL urine were taken as subsamples.
Prior to analysis, the subsamples of feces were dried at 65 °C for
72 h and the urine subsamples (4 mL) were dried in a crucible with
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quantitative filter paper (BKMAM, Hunan, China) at 65 °C for 8 h
(Pan et al., 2016).

Exp. 2. Eighteen crossbred barrows (BW = 59.3 + 2.52 kg) fitted
with T-cannulas at the distal ileum as the method of Stein et al.
(1998) were randomly divided into 3 diets equally (Table 3). A ni-
trogen (N)-free diet was made to calculated the endogenous AA
losses, and 62% of FCGM or 27.5% of SBM as the sole AA source were
contained in the other 2 test diets.

The metabolic cages, environment and feeding method were the
same as those in Exp. 1. The whole experimental period was divided
into 14 d of recovery, 5 d of adaptation to diet, and 2 d of ileal
digesta collection. Plastic bags were used to collect the digesta from
08:00 to 17:00 and removed to —20 °C refrigerator whenever the
digesta were full or at least every 30 min. Further processing of the
digesta samples was as described by Pan et al. (2017). At the end of
the experiment, digesta sample per pig was thawed, mixed, sub-
sampled, and then lyophilized in a vacuum freeze-dryer (Tofflon
Freezing Drying systems, Minhang District, Shanghai, China).

Exp. 3. One hundred and forty-four crossbred growing pigs
(BW = 56.1 + 5.22 kg) were allocated to 4 groups in a randomized
complete way with 6 pens per group and 6 pigs per pen (3 barrows
and 3 gilts). Four diets (FCGMO, FCGM10, FCGM20 and FCGM30)
were formulated using FCGM to replace 0%, 10%, 20% and 30% of

Table 3
Ingredient composition of the experimental diets in Exp. 2 (%, as-fed basis).

Item N-free diet SBM FCGM

Ingredients
Corn starch 73.35 57.50 23.00
SBM - 27.50 -
FCGM - - 62.00
Sucrose 15.00 10.00 10.00
Soybean oil 3.00 2.00 2.00
Cellulose acetic acid' 4.00 - -
Dicalcium phosphate 3.00 1.20 1.20
Limestone - 0.70 0.70
Salt 0.45 0.30 0.30
Magnesium oxide 0.10 - -
Potassium carbonate 0.30 - -
Chromic oxide 0.30 0.30 0.30
Vitamin and trace element premix” 0.50 0.50 0.50

Analyzed nutrient levels
DM 90.86 89.25 88.02
CcpP 0.45 12.46 13.66

Essential amino acids
Arginine 0.01 0.85 0.35
Histidine — 0.42 0.41
Isoleucine 0.01 0.50 0.45
Leucine 0.04 0.83 1.10
Lysine 0.01 0.74 0.49
Methionine 0.03 0.16 0.26
Phenylalanine 0.02 0.56 0.58
Threonine 0.01 0.54 0.48
Tryptophan - 0.15 0.15
Valine 0.02 0.60 1.11

Non-essential amino acids
Alanine 0.02 0.53 1.08
Asparagine 0.02 1.38 0.98
Cystine — 0.23 0.26
Glutamine - 2.06 2.16
Glycine 0.02 0.55 0.62
Proline - 0.59 1.12
Serine 0.01 0.61 0.68
Tyrosine 0.02 0.36 0.43

SBM = soybean meal; FCGM = fermented corn germ meal; DM = dry matter;
CP = crude protein.

! Made by Chemical Reagents Company, Beijing, China.

2 The vitamin and trace element premix compositions were the same as those in
Exp. 1.
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SBM in diet. The diets of Exp. 3 (Table 4) were formulated according
to NRC (2012) of growing pigs and the values of ME and SID of AA of
FCGM and SBM were determined in Exp. 1 and 2.

Pigs had free access to diets and water in concrete-floored pens.
The pigs were weighed on d 1 and 30. The feed intake of each pen
during the experiment period was recorded, and the average daily
gain (ADG), average daily feed intake (ADFI) and feed conversion
ratio (F:G) were calculated. About 1 kg fresh feces each pen was
collected during d 28 to 30, mixed, and dried at 65 °C for 72 h. Diet
samples (500 g) and 5 mL fresh feces (on d 28) were taken and kept
at —20 °C until analysis. At 06:00 on d 30, a blood sample was
collected through the jugular vein from a pig whose weight was
close to the average weight per pen. The blood sample was
centrifuged at 3,000 x g for 10 min at 4 °C to obtain the serum
sample and was kept at —80 °C until analysis.

2.2. Chemical analysis

The dry matter (DM), CP, ether extract (EE), calcium, phosphorus
or ash contents of FCGM, SBM, diets and feces samples were
analyzed according to the Association of Official Analytical Chem-
ists (AOAC, 2012). The gross energy (GE) of diets, feces and urine
were measured by an automatic isoperibol oxygen bomb calorim-
eter (Parr 6300 calorimeter; Parr Instrument Company, Moline, IL).
The detailed analysis process of AA and chromium content were
described by Pan et al. (2017) and Williams et al. (1962),

Table 4
Ingredient composition and nutrient levels of the experimental diets in Exp. 3 (%, as-
fed basis).

Item Dietary treatments’
FCGMO FCGM10 FCGM20 FCGM30
Ingredients
Corn 64.16 64.71 64.84 64.01
Soybean meal 20.00 18.00 16.00 14.00
FCGM 0.00 5.00 10.00 15.00
Wheat bran 10.00 6.50 3.40 1.30
Soybean oil 2.20 2.20 2.20 220
Dicalcium phosphate 1.20 0.90 0.60 0.40
Limestone 0.90 1.10 1.30 141
Sodium chloride 0.30 0.30 0.30 0.30
L-Lysine HCl 0.30 0.34 038 0.40
DL-Methionine 0.05 0.05 0.05 0.05
L-Threonine 0.08 0.08 0.10 0.10
L-Tryptophan 0.06 0.07 0.08 0.08
Vitamin and mineral premix®>  0.50 0.50 0.50 0.50
Chromic oxide 0.25 0.25 0.25 0.25
Analyzed nutrient levels
GE, MJ/kg 16.89 16.84 16.81 16.77
CcP 16.10 15.96 15.93 15.87
CF 2.81 2.88 3.00 341
NDF 14.76 14.87 15.03 15.39
ADF 3.87 4.02 4.16 4.32
Calculated nutrient levels®
Metabolizable energy, MJ/kg 13.94 13.94 13.94 13.94
SID lysine 0.88 0.88 0.88 0.88
SID methionine 0.27 0.27 0.27 0.27
SID threonine 0.54 0.54 0.54 0.54
SID tryptophan 0.21 0.21 0.21 0.21

FCGM = fermented corn germ meal; GE = gross energy; CP = crude protein;
CF = crude fiber; NDF = neutral detergent fiber; ADF = acid detergent fiber;
SID = standard ileal digestible.

1 FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting fer-
mented corn germ meal for 0%, 10%, 20% and 30% soybean meal.

2 The vitamin and trace element premix compositions were the same as those in
Exp. 1.

3 The values were calculated according to feed composition and NRC (2012).
Metabolizable energy and digestible amino acids of soybean meal and FCGM were
obtained in Exp. 1 and 2.
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respectively. The neutral detergent fiber (NDF) and acid detergent
fiber (ADF) content were determined by the procedures of Van
Soest et al. (1991). In addition, the level of immunoglobulin A
(IgA), IgG and IgM in serum were analyzed as the operation steps of
the kit (Nanjing Jiancheng Institute of Bioengineering, Nanjing).
And the serum urea nitrogen (UN), total cholesterol (TC) and tri-
glycerides (TG) were analyzed by automatic biochemical analyzer
(CX9, Beckman, California, USA).

The quantification of volatile fatty acid (VFA) in fecal samples
were detected. Approximately 1.5 g of fresh fecal sample was placed
in a centrifuge tube, mixed with 1.5 mL of sterile water, and
centrifuged at 15,000 x g for 15 min at 4 °C. The supernatant was
transferred with a gas chromatography vial, mixed with 200 mL
metaphosphoric acid, placed in ice for 30 min, and centrifuge at
15,000 x g for 15 min at 4 °C. The VFA content in the fecal sample
was measured by a Hewlett Packard 5890 gas chromatograph (HP,
Pennsylvania, USA) according to the procedure mentioned by Long
et al. (2018).

The microbiota community in feces was also analyzed according
Ma et al. (2021). Briefly, after genomic DNA extraction, 1% agarose
gel (Thermo Scientific, MA, USA) was used to detect the extracted
genomic DNA. The primers, V338F (5'-ACTCCTACGGGAGGCAGCAG-
3’) and V806R (5'-GGACTACHVGGGTWTCTAAT-3'), targeting vari-
able region V3 to V4 were put into use (Munyaka et al., 2015).
Mastercycler Gradient (Eppendorf, Germany) was used to do PCR
and Miseq platform (Allwegene, Beijing, China) was used to do
deep sequencing, and Illumina Analysis Pipeline Version 2.6 (Illu-
mina, San Diego, USA) was used to do image analysis, base calling as
well as error estimation. Firstly, the raw data was screened, and the
data, which the sequences less than 230 bp in length, with quality
score less than 20, ambiguous bases, or do not match primer
sequence and barcode label well, were eliminated. All qualified
reads are clustered into operational taxonomic units (OTU) with a
similarity threshold of 97% (Edgar, 2013). Sparse curves are gener-
ated, and richness and diversity indexes are calculated. Alpha and
beta diversity were tested by QIIME (University of California, San
Diego, USA).

2.3. Calculations

In Exp. 1, the method of Adeola (2001) was used to determine
the DE and ME of SBM or FCGM as follows:

DEq = (GE; — GEp) x F;

DE; = [DEq — (100% — X%) x DE4/0.97]/X%
MEq = (GE; — GEf — GEy)/F;

MEf = [MEq — (100% — X%) x ME4/0.97]/X%

in which the GE;, GEf, GE, and F; represent the total GE intake, the
total GE content in feces and urine, and the total feed intake over
the 5-d collection period, respectively. The DEq and DEf represent
the DE values in diet and SBM or FCGM, ME4 and ME¢ represent the
ME values in diet and SBM or FCGM, respectively. The X% is the
percentage of energy supplied by SBM or FCGM in the basal diet.
In Exp. 2, the method of Stein et al. (2007) was used to
determine the SID of AA: AID (%) = [1 — (AAg/AAf) x (Cr¢
Crq)] x 100%, in which the subscripts “d” and “f’ represent the
concentrations (g/kg DM) of the substance in ileal digesta and test
diet, respectively. The endogenous loss of AA was calculated as:
1AAcnq = [AAg x (Crg/Crq)], in which the subscript “d” represented
the concentrations (g/kg DM) of the substance in ileal digesta
of pigs fed N-free diet, and the subscript “f” represented the
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concentrations (g/kg DM) of Cr in N-free diet. Finally, the SID was
calculated as follows: SID (%) = AID + (IAAend/AAr) x 100%.

2.4. Statistical analysis

The data of Exp. 1 and 2 were analyzed using SAS (version 9.2,
2008) with a Student's t-test for unpaired data with each pig as an
experimental unit. The data except for the microbiota in Exp. 3
were analyzed using the MIXED procedure of SAS with pen as the
experimental unit. The linear and quadratic effects caused by the
different ratio of FCGM replacing SBM in diets were calculated by
polynomial contrasts. A nonlinear regression (NLIN) model,
ADG = a x (Ratio of FCGM replacing SBM)? + b x (Ratio of FCGM
replacing SBM) + ¢, was used to evaluate the optimal ratio of FCGM
replacing SBM in diet to the ADG of growing pigs, and the a, b, c are
constants (Robbins et al., 2006). Linear discriminant analysis effect
size (LEfSe) used the KruskalWallis rank sum test to analyze the
difference in the abundance of the microbiota in feces. The linear
discriminant analysis (LDA) scores (threshold = >3) were used to
indicate the size of the effect. Significant differences among groups
were defined as P < 0.05, and the highly significant difference
among groups was defined as P < 0.01.

3. Results
3.1. Chemical composition of SBM and FCGM

The concentration of CP, OM and the AA in SBM are higher than
that in FCGM, whereas the NDF and ADF in SBM are lower than
those in FCGM (Table 1). However, SBM contained glycinin
(36.58 mg/g), B-conglycinin (105.34 mg/g) and trypsin inhibitor
(5.76 TIU/mg), which were not found in FCGM. The fermentation
process resulted in an increase of Lactobacillus and Bacillus subtilis
counts in FCGM which maintained at about 4.00 x 10° and
6.00 x 10% CFU/g. In addition, the total amount of acetic acid,
propionic acid and butyric acid contained in FCGM reached
189.11 mmol/kg.

3.2. Energy concentration in Exp. 1

The contents of DE and ME in diet of SBM group were greater
than those of FCGM group (P < 0.01; Table 5). Besides, the DE and
ME of FCGM or SBM were 13.75 and 12.13 MJ/kg, or 15.43 and
14.76 MJ/kg, respectively. Both DE and ME of SBM were higher than
those of FCGM (P < 0.01).

3.3. Amino acid digestibility in Exp. 2

The SID of arginine, tryptophan and proline were greater
(P < 0.05) in SBM than in FCGM, whereas the SID of tyrosine was
lower (P = 0.01) in SBM compared with FCGM (Table 6).

Table 5
The digestible and metabolizable energy values in diets and ingredients in Exp. 1 (as-
fed basis).

Item Corn SBM FCGM SEM' P-value
Energy in diets, MJ/kg
Digestible energy 14.19° 14.39? 13.97¢ 0.06 <0.01
Metabolizable energy 13.782 13.97° 13.26° 0.07 <0.01
Energy in ingredients, MJ/kg
Digestible energy 1463 1543 1375 031 0.01
Metabolizable energy 14.20° 14.967 12.13° 0.36 <0.01

SBM = soybean meal; FCGM = fermented corn germ meal.
Values in a row with no common superscripts differ significantly (P < 0.05).
1 SEM stands for the standard error of the mean (n = 6).
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Table 6
The standardized ileal digestibility (SID) of AA in soybean meal (SBM) and fermented
corn germ meal (FCGM) in Exp. 2.

Item SBM FCGM SEM! P-value

Essential amino acids, %
Arginine 89.02? 86.25" 0.39 0.04
Histidine 86.69 87.35 1.35 0.74
Isoleucine 87.22 86.62 0.92 0.67
Leucine 87.06 88.62 1.38 0.46
Lysine 84.59 84.63 2.63 0.99
Methionine 84.09 85.27 3.76 0.83
Phenylalanine 84.47 88.60 1.95 0.19
Threonine 83.55 85.84 1.79 0.41
Tryptophan 86.21° 75.27° 245 0.03
Valine 83.82 88.16 2.56 0.23

Non-essential amino acids, %
Alanine 83.10 85.23 1.54 0.37
Asparagine 84.92 86.67 230 0.61
Cystine 82.16 83.32 2.05 0.70
Glutamine 85.80 88.50 1.20 0.17
Glycine 85.71 82.78 2.52 0.45
Proline 97.39? 93.30° 2.73 <0.01
Serine 83.73 84.22 1.17 0.78
Tyrosine 81.77° 89.92¢ 1.46 0.01

2byalues in a row with no common superscripts differ significantly (P < 0.05).
1 SEM stands for the standard error of the mean (n = 6).

3.4. Growth performance of growing pigs in Exp. 3

The ADG and ADFI of growing pigs showed quadratic (P < 0.05)
effects in response to increasing the ratio of FCGM replacing SBM in
diet (Table 7). Fig. 1 shows the quadratic model of ADG of growing
pigs plotted against the ratio of FCGM replacing SBM in diet. The
quadratic curve equation was: ADG = —0.3075 x (Ratio of FCGM
replacing SBM)? + 7.255 x (Ratio of FCGM replacing SBM) + 657.55,
and the R? was equal to 0.98. When the ratio of FCGM replacing
SBM in diet was equal to 11.80%, the ADG reached the highest point.

3.5. Apparent total tract digestibility of nutrient in growing pigs in
Exp. 3

Table 8 shows the effects of increasing FCGM in diet on the
apparent total tract digestibility (ATTD) of nutrient in growing pigs.
The ATTD of ADF and NDF increased quadratically (P < 0.01) and
linearly (P = 0.02) as the ratio of FCGM replacing SBM increased in
diet, respectively.

3.6. Serum parameters of growing pigs in Exp. 3

Table 9 shows the effects of the increasing ratio of FCGM
replacing SBM in diet on the serum parameters of growing pigs.
Serum IgG and UN concentrations increased quadratically
(P = 0.04), and the concentration of IgM raised linearly (P = 0.03)
with the enhancement of FCGM level in diet.
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Fig. 1. Quadratic model of average daily gain (ADG) of growing pigs plotted against the
ratio of fermented corn germ meal (FCGM) replacing soybean meal (SBM) in diet. The
quadratic curve equation was: ADG —0.3075 x (Ratio of FCGM replacing
SBM)? + 7.255 x (Ratio of FCGM replacing SBM) + 657.55, and the R? was equal to 0.98.
When the ratio of FCGM replacing SBM in diet was equal to 11.80%, the ADG (699.88 g/
d) reached the highest point.

Table 8
Effect of replacing soybean meal with fermented corn germ meal (FCGM) in the diets
on nutrient utilization of growing pigs (%).

Item Dietary treatments’ SEM?  P-value

FCGMO FCGM10 FCGM20 FCGM30 Linear Quadratic
GE 81.7 819 824 80.4 0.54 0.15 0.16
CcP 77.7 79.2 79.8 78.8 0.74 0.27 0.09
oM 824 819 81.7 81.6 0.03 0.14 0.56
ADF 415 40.5 46.2 44.5 1.81 0.08 <0.01
NDF 50.5 45.9 54.8 54.8 191 0.02 0.26

GE = gross energy; CP = crude protein; OM = organic matter; ADF = acid detergent
fiber; NDF = and neutral detergent fiber.

1 FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting fer-
mented corn germ meal for 0%, 10%, 20% and 30% soybean meal.

2 SEM stands for the standard error of the mean (n = 6).

3.7. The VFA in fecal samples of growing pigs in Exp. 3

The results of VFA in feces showed that the propanoic acid,
butyric acid and total VFA increased linearly (P < 0.05) as the ratio
of FCGM replacing SBM increased in diet (Table 10).

3.8. The 16S rRNA gene sequence in feces of growing pigs in Exp. 3

There were 871 common OTU and 21 unique OTU among 4
treatments in Exp. 3 (Fig. 2). Table 11 shows the results of alpha
diversity analysis of which the Shannon index increased linearly
with the ratio of FCGM replacing SBM in diet raised (P < 0.01).

Table 7

Effect of replacing soybean meal with fermented corn germ meal (FCGM) in the diets on growth performance of growing pigs.
Item Dietary treatments’ SEM? P-value

FCGMO FCGM10 FCGM20 FCGM30 Linear Quadratic

Initial BW, kg 56.0 56.0 56.0 56.1 3.93 0.96 0.93
Final BW, kg 75.8 76.8 76.6 74.0 432 0.11 0.06
ADG, g/d 660 693 687 597 21.30 0.06 0.01
ADFI, g/d 2036 2090 2148 2017 56.50 0.46 0.03
F:G 3.08 3.01 3.13 3.38 0.09 0.11 0.57

BW = body weight; ADG = average daily gain; ADFI = average daily feed intake; F:G = feed conversion ratio.
T FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting fermented corn germ meal for 0%, 10%, 20% and 30% soybean meal.

2 SEM stands for the standard error of the mean (n = 6).
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Table 9
Effect of replacing soybean meal with fermented corn germ meal (FCGM) in the diets on serum parameters of growing pigs.
Item Dietary treatments’ SEM? P-value
FCGMO FCGM10 FCGM20 FCGM30 Linear Quadratic
IgA, g/L 0.90 111 1.04 0.91 0.08 0.92 0.16
IgG, g/L 8.41 9.26 9.12 8.28 0.37 0.74 0.04
IgM, g/L 0.74 0.80 0.76 0.94 0.05 0.03 0.24
UN, mmol/L 3.28 2.84 2.14 2.79 0.23 0.06 0.04
TC, mmol/L 2.34 2.18 2.46 2.23 0.09 0.90 0.70
TG, mmol/L 0.39 0.43 0.52 0.47 0.04 0.13 0.32

IgA = immunoglobulin A; IgG = immunoglobulin G; IgM = immunoglobulin M; UN = urea nitrogen; TC = total cholesterol; TG = total triglycerides.
! FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting fermented corn germ meal for 0%, 10%, 20% and 30% soybean meal.
2 SEM stands for the standard error of the mean (n = 6).

Table 10

Effect of replacing soybean meal with fermented corn germ meal (FCGM) in the diets on fecal volatile fatty acids of growing pigs (mmol/kg).
Item Dietary treatments’ SEM? P-value

FCGMO FCGM10 FCGM20 FCGM30 Linear Quadratic

Acetic acid 68.41 76.26 79.52 84.68 5.95 0.08 0.83
Propionic acid 24.15 29.45 30.00 32.27 235 0.04 0.53
Isobutyric acid 1.56 1.62 1.92 1.60 0.18 0.65 0.33
Butyric acid 9.36 13.01 16.30 17.74 1.85 <0.01 0.57
Isovaleric acid 4.55 5.03 5.78 5.03 0.49 0.34 0.24
Valeric acid 1.44 2.66 2.54 2.63 0.54 0.19 0.32
Total volatile fatty acid 109 128 136 144 8.23 0.01 0.53

! FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting fermented corn germ meal for 0%, 10%, 20% and 30% soybean meal.
2 SEM stands for the standard error of the mean (n = 6).

Venn

FCGM10 FCGM20 @ FCGMO
@ FCGM10
@ FCGM20

FCGM30 FCGM30

979

Fig. 2. Microbial OTU Venn diagram in fecal samples of growing pigs as affected by different ratio of fermented corn germ meal (FCGM) replacing soybean meal in diet. FCGMO,
FCGM10, FCGM20 and FCGM30 diets were made by substituting FCGM for 0%, 10%, 20% and 30% soybean meal (n = 6). OUT = operational taxonomic units.
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Table 11
Effect of replacing soybean meal with fermented corn germ meal (FCGM) in the diets
on the diversity of bacterial community in feces of growing pigs.

Item Dietary treatments’ SEM? P-value

FCGMO FCGM10 FCGM20 FCGM30 Linear Quadratic
Sobs 676 702 709 700 29.8 0.56 0.57
Shannon 4.41 4.57 4.80 4.93 0.12 <0.01 0.94
Simpson 0.04 0.04 0.05 0.06 0.01 0.16 0.98
Ace 811 733 793 807 312 074 0.17
Chao 820 735 803 820 32.1 0.64 0.14

T FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting fer-
mented corn germ meal for 0%, 10%, 20% and 30% soybean meal.
2 SEM stands for the standard error of the mean (n = 6).

The relative abundances of the 4 most common taxa in different
treatments at the phylum level are shown in Fig. 3. Firmicutes and
Bacteroidetes were the most abundant, followed by Spirochaetes
and Proteobacteria, and no significant difference was found at the
phylum level among treatments. Figs. 4 and 5 show the top 10
genus-level bacterial communities in relative abundance and the
dominant microorganisms with taxa LDA value higher than 3.0
analyzed by LEfSe, respectively. The FCGMO group had abundant
Streptococcus (P < 0.05) genus, the FCGM10 group was abundant in
Lactobacillus (P < 0.05) genus, group FCGM20 had high Clostridium_
sensu_ stricto (P < 0.05) and group FCGM30 had high Lachnospir-
aceae, Ruminiclostridium and Ruminococcus genus (P < 0.05).

4. Discussion

As expected, Exp. 1 showed that the DE and ME were significantly
lower in FCGM than in SBM, which might be related to the difference
in chemical composition of SBM and FCGM. From Table 1, we could
find that the CP content of SBM higher than that of FCGM, and the
content of NDF and ADF of SBM were lower than that of FCGM,
respectively. Noblet and Goff (2001) summarized the factors
affecting the energy value of pig diets, they found that the DE and ME
in ingredient were negatively correlated with the content of ADF and
NDF, but positively correlated with the CP content of ingredient.
Besides, previous research also reported the content of ADF in CGM
was negatively correlated with its DE and ME (Shi et al, 2019).
Therefore, the higher NDF and ADF as well as lower CP content in
FCGM might be the main reason that caused the energy value of
FCGM significantly lower than that of SBM. Besides, the available
energy content of FCGM in this study can be used as a reference for

Phyla

1.0+

Relative abundance

0.2

0.0~
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pig diet formulations in production because these values were ab-
sent in NRC (2012). Although the content of AA in FCGM was lower
than that in SBM, the SID values of most AA (except arginine, tryp-
tophan, and proline) of FCGM were not significantly different from
those of SBM in Exp. 2, which indicated that FCGM had a certain
similarity with SBM in terms of the digestibility of AA. Besides,
compared with SBM, FCGM did not contain antigen proteins (such as
glycinin and B-conglycinin) or trypsin inhibitors which were harmful
to the nutrient utilization and intestinal health of pigs (Dunsoford
et al,, 1989; Li et al.,, 1991). Furthermore, FCGM contains probiotics
(Lactobacillus and B. subtilis) and total VFA which were beneficial to
animals (Scholten et al,, 1999). Therefore, although the available
energy value of FCGM was lower than that of SBM, FCGM has the
potential to partially replace SBM in a traditional corn—soybean meal
diets and may have better feeding effects for pigs.

The effects of fermented feed in pigs have been studied for de-
cades, however, almost no research on the effects of FCGM in diet of
growing pigs. The results of Exp. 3 showed that the ADG and ADFI
were increased quadratically with the ratio of FCGM replacing SBM
raised in diet, which indicated that a suitable ratio of FCGM
replacing SBM provided a better growth performance of growing
pigs. The increased ADFI and ADG were observed when the ratio of
FCGM replacing SBM was less than 20%, which might be associated
with the increased levels of fiber content in diets. From the
analyzed diet nutrient levels of Exp. 3, we found that the CF, NDF
and ADF of diet all increased as the ratio of FCGM replacing SBM
increased. Supriyati et al. (2015) found that the feed intake of ani-
mals would improve as the crude fiber raised in diet, and another
research also reported that appropriate amount of fiber (below 5%)
addition was beneficial for the growth performance of animals
(Mateos et al., 2002). Interestingly, the ADG and ADFI of growing
pigs dropped sharply when the ratio of FCGM replacing SBM in diet
reached 30%, which might be related to the poor palatability of the
FCGM30 diet. The palatability of fermented feed ingredients was
affected by the pH value and the concentration of organic acids
produced during the fermentation process (Le et al., 2016). The high
concentrations of acetic acid, butyric acid and biogenic amines
produced by fermentation would reduce the palatability of the diet
(Missotten et al., 2015). Thus, the FCGM used in the current study
contained acetic acid (110.24 mmol/kg) and butyric acid
(4.37 mmol/kg), which might reduce the palatability of the diet of
FCGM30 as the FCGM replacing SBM reached a large proportion
(30%), and further caused a decrease in the ADFI and ADG of
growing pigs.

Others
Il Proteobacteria
I Spirochaetes
Il Bacteroidetes
I Firmicutes

FCGM0 FCGM10 FCGM20 FCGM30

Fig. 3. Fecal microbial community at the phylum level of growing pigs as affected by different ratio of fermented corn germ meal (FCGM) replacing soybean meal in diet (relative
abundances below 0.05% were grouped as “others”). FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting FCGM for 0%, 10%, 20% and 30% soybean meal (n = 6).
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others

g__Lactobacillus
g__Ruminococcaceae_NK4A214_group
g__unclassified_f__Lachnospiraceae
g__Ruminococcaceae_UCG-005
g__Clostridium_sensu_stricto_1
g__Prevotella_9

g__Streptococcus

g__Megasphaera
g__Prevotellaceae_NK3B31_group
norank_f_Bacteroidales_S24-7_group

Fig. 4. Fecal microbial community at the genus level of growing pigs as affected by different ratio of fermented corn germ meal (FCGM) replacing soybean meal in diet (relative
abundances below 0.05% were grouped as “others”). FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting FCGM for 0%, 10%, 20% and 30% soybean meal (n = 6).

g__Lachnospiraceae_NK4B4_group
g__Ruminiclostridium_9
g__Ruminococcus_1
g__Prevotellaceae_UCG-001
g__Lachnospiraceae_NK4A136_group
g__unclassified_f__Lachnospiraceae
g__Clostridium_sensu_stricto_1
g__unclassified_o__Lactobacillales
g__Lactobacillus
g__Bifidobacterium

g__Sharpea

Bl FCGM30
Bl FCGM20
Il FCGM10
Il FCGMO

g__Streptococcus

0.0051.01

5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
LDA SCORE (log 10)

Fig. 5. Fecal microbial community at the genus level of growing pigs as affected by different ratio of fermented corn germ meal (FCGM) replacing soybean meal in diet using LEfSe
analyses (linear discriminant analysis score above 3, P < 0.05). FCGMO, FCGM10, FCGM20 and FCGM30 diets were made by substituting FCGM for 0%, 10%, 20% and 30% soybean meal

(n=6).

The ATTD of ADF and NDF were increased quadratically and
linearly, respectively, and the ATTD of CP tended to increase
quadratically with the increase of the ratio of FCGM replacing SBM.
In partial consistent with our results, Xu et al. (2019) found that the
digestibility of DM, CP and GE of growing pigs fed fermented feed
was increased by the method of meta-analysis. Similarly, Lee et al.
(2014) also reported that increasing the content of fermented
biomass of B. subtilis LS 1-2 in diet could linearly increase the di-
gestibility of CP and GE in weaned piglets. Fermented feed could
improve the digestibility of nutrients in animals, possibly because
fermented feed contains the probiotics (such as Bacillus and
Lactobacillus plantarum), which could produce dietary enzymes,
such as cellulase and amylase, which degraded CP and carbohy-
drates into small peptides, free AA and other small molecular nu-
trients (Ouoba et al., 2003; Hu et al., 2016). Besides, fermentation
also produced growth factors which could improve the activity of
protease, amylase, and probiotic (Ouoba et al.,, 2003; Feng et al.,
2007). In the current study, the FCGM analyzed to contain
4.00 x 108 CFU/g Lactobacillus and 6.00 x 108 CFU/g B. subtilis on as-
fed basis, which might be the main reason that the digestibility of
ADF and NDF increased with the levels of FCGM raised in diets. On
the other hand, we also found the abundant Lachnospiraceae genus
in feces of FCGM15 group, which could degrade non-starch poly-
saccharides and improve the utilization of dietary fiber (Reichardt
et al,, 2014). Therefore, the higher digestibility of ADF and NDF in
pigs fed FCGM diets may be due to the live Lactobacillus and B.
subtilis strains contained in FCGM.

It was reported that the composition of microorganisms in the
intestines of animals has a strong correlation with their immune
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systems (Vrese and Marteau, 2007). In this research, the levels of
serum IgG and IgM increased quadratically or linearly with the ratio
of FCGM replacing SBM raised in diet, which might be caused by the
improvement of the pig intestinal microflora. Previous studies
showed that probiotics or organic acids in diet could inhibit
Escherichia coli and Salmonella in the large intestine, and contribute
to improve the concentrations of serum IgM and IgG of pigs (Zhu
et al,, 2017; Long et al.,, 2018). The FCGM used in the present
study contained probiotics and VFA, which could favor the bene-
ficial microorganisms and improve the intestinal balance of pigs
(Peng et al., 2021). Besides, we also found that increasing the level
of FCGM in diet could lead to a significant linear increase in butyric
acid and total VFA in feces, which could reduce the disease sensi-
tivity by lowering intestinal pH and modifying the immune system
of pigs (Dibner and Buttin, 2002). In line with our results,
Mizumachi et al. (2009) found that a fermented liquid diet pre-
pared with L. plantarum LQ80 could improve the IgM and IgG levels
in the serum of piglets. Our results indicated that the probiotics
contained in FCGM as well as the high levels of the VFA in the large
intestine of pigs fed FCGM diets might be the main reasons for the
enhanced immunity of growing pigs.

The VFA are the main products of dietary fiber fermented by
microorganisms in the large intestine, which can be rapidly
absorbed by intestinal cells and have beneficial effects on animals
(Bergman, 1990; Long et al., 2021). We found that increasing the
ratio of FCGM replacing SBM in diet resulted in a significant linear
increase in propionic acid, butyric acid and total VFA contents of
feces, which was consistent with the increase in ATTD of ADF and
NDF, indicating that fermented feed promoted microbial utilization
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of carbohydrates to produce VFA. Interestingly, the relative abun-
dance of Lachnospiraceae was significantly higher in treatment
FCGM30 than in other treatments, which could degrade non-starch
polysaccharides to produce propionic acid and butyric acid
(Reichardt et al.,, 2014; Louis et al., 2004). The VFA, especially
butyric acid, was beneficial on the epithelial absorption function
and cell growth of pigs (Bergman, 1990), which was also consistent
with the highest digestibility of NDF and ADF as well as ADG of
growing pigs appeared in diets with FCGM.

Alpha diversity is the diversity of species richness in a specific
ecosystem (Xu et al.,, 2020). In Exp. 3, the Shannon index was
increased linearly with the ratio of FCGM replacing SBM in diet
raised, which could be explained by the suitable growth environ-
ment for the microorganisms due to the probiotic and organic acid
of FCGM in diet. And our results also showed that FCGM in diet did
not affect the relative abundance of microbiota at the phylum level,
but at the genus level, the relative abundance of Lachnospiraceae in
diet FCGM30 and Lactobacillus in diet FCGM10 were significantly
increased compared with diet FCGMO, and the relative abundance
of Streptococcus in diet FCGMO was significantly higher than other
groups. The increase of Lachnospiraceae in feces might be related to
the increment in dietary fiber content (Jackson and Jewell, 2019).
Biddle et al. (2013) found that Lachnospiraceae specializes in
degrading fiber in the diet, which was also corresponding with the
improvement of VFA content in feces. Additionally, it exhibited a
significant increment in the relative abundance of Lactobacillus in
diet FCGM10. The increasement in Lactobacillus can produce lactic
acid, which could delay the proliferation of potential pathogens
including E. coli by reducing the pH of gastrointestinal and effec-
tively improving the growth performance of pigs (Suiryanrayna and
Ramana, 2015). Streptococcus, one of the major pathogens in swine,
has a strong virulence and drug resistance due to the ability to form
biofilms (Wang et al., 2018). Researches showed that Lactobacillus
and Bacillus can inhibit the growth and activity of intestinal path-
ogens, such as Streptococcus (Lan et al., 2016; Sirichokchatchawan
et al., 2018). Therefore, the microbiological results showed that
appropriate addition of FCGM in diets could inhibit the intestinal
pathogens (such as Lachnospiraceae) and enrich beneficial bacteria
(such as Lactobacillus) and further promote the immunity and
health status of growing pigs.

5. Conclusion

It was concluded that the DE and ME as well as the SID of
arginine, tryptophan and proline were lower in FCGM than in SBM.
A low ratio of FCGM replacing SBM in diet could improve the
growth performance of growing pigs, and we recommend replacing
11.80% of SBM with FCGM to obtain the optimal ADG of growing
pigs. Moreover, as the ratio of FCGM replacing SBM increased in
diet, the immunity, intestinal microbiota and VFA composition of
growing pigs were improved.
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