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ABSTRACT This study aimed to investigate the
effects of dietary supplementation with fermented soy-
bean meal (FSM) or fermented miscellaneous meal
(FMM, cottonseed meal: coconut meal = at a 1:1 ratio)
on the intestinal health, laying performance, egg quality,
and follicle development of laying hens. A total of 1,008
54-wk-old laying hens were randomly divided into 7 treat-
ment groups and fed a corn-soybean base diet in addition
to 2%, 4%, and 8% FSM or FMM. The results showed
that fermentation increased the contents of crude protein,
amino acids (Ser, Gly, Cys, Leu, Lys, His, and Arg), and
organic acids (butyric acid, citric acid, succinic acid) and
decreased the contents of neutral and acid detergent fiber
in the soybean and miscellaneous meals (P < 0.05). Com-
pared with the results found for the control group, feeding
with 4% FSM increased the egg production, egg mass and
average daily feed intake (ADFI), and feeding with 4%
FMM increased the ADFI of laying hens (P < 0.05). Fur-
thermore, feeding with 8% FMM reduced the productive
performance and laying performance, supplementation
with 4% FSM increased the eggshell strength and weight,
and 2 to 4% FSM increased the egg albumen height and
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Haugh unit (P < 0.05). Moreover, 2 to 8% FSM or 2 to
4% FMM enhanced the apparent digestibility of dry mat-
ter, crude protein, and NDF for laying hens (P < 0.05).
The relative weight, villus height, crypt depth, and villus:
crypt ratio of the jejunum were higher in the 4% FSM-
and FMM-fed groups (P < 0.05). Moreover, diamine oxi-
dase (DAO) activity, transepithelial electrical resistance
(TEER), and the expression of tight junction proteins
(ZO-1, Occluding, and Claudin1), the intestinal stem cell
marker Lgr5, and the proliferation cell marker proliferat-
ing cell nuclear antigen (PCNA) was upregulated in the
jejunum of laying hens fed 4% FSM and FMM (P <
0.05). The relative weight of the ovaries, and the number
of small yellow follicles and large white follicles were ele-
vated after 4% FSM or FMM supplementation. Further-
more, the levels of serum follicle-stimulating hormone and
luteinizing hormone were increased in the 4% FSM and
FMM groups (P < 0.05). In conclusion, the supplementa-
tion of laying hen feed with FSM and FMM improved
the laying performance, egg quality, intestinal barrier
function, and follicle development of aged laying hens,
and 4% FSM supplementation was optimal.
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INTRODUCTION

Along with the rapid expansion of poultry produc-
tion, the shortage of conventional feeds and the rapidly
rising prices of feedstuff have become critical factors
restricting the sustainable development of this
industry. Unconventional feedstuffs are the type of feed
ingredients that are used sparingly in feed formulations,
such as cottonseed meal, coconut meal and rapeseed
meal (Duguma and Janssens, 2016). Using unconven-
tional feedstuffs is conducive to alleviating the shortage
of feed resources and reducing feed costs (Khatun and
Khan, 2015). Cottonseed meal is commonly used as an
inexpensive substitute for soybean meal (SBM) in poul-
try feeds (Swiatkiewicz et al., 2016). However, uncon-
ventional feedstuffs have the disadvantages of a low
protein content, a high crude fiber level, and higher
levels of antinutritional factor (ANFs) (Khempaka
et al., 2014; Aristides et al., 2018).
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Studies have shown that microbial fermentation not
only improves the nutritional value and utilization of
feedstuffs but also produces large amounts of organic
acids and various bioactive substances (Shahowna et al.,
2013; Khempaka et al., 2014; Sugiharto et al., 2015),
which can promote the growth of beneficial microorgan-
isms and decrease the incidence of harmful bacteria in
the intestine (Shi et al., 2020). In recent years, fermented
feeds have been widely used in poultry production as a
potential alternative to antibiotics (Kraler et al., 2015).
In addition, some studies have found that fermentation
substantially degrades the ANFs in soybean meal
(SBM) (Mukherjee et al., 2016) and enhances the amino
acid and phosphorus digestibility (Shi et al., 2017). The
cumulative body of evidence demonstrates that microbial
fermentation majorly contributes contribution to improv-
ing the palatability and nutritional value of feed
(Kim et al., 2016; Kim et al., 2018; Hao et al., 2019).

Although dietary supplementation with 2 to 10% fer-
mented feed improves the performance of broiler chick-
ens (Jazi et al., 2017; Wang et al., 2017), this feed has
rarely been used for laying hens thus far. A previous
study showed that replacing fish meal with 2% fer-
mented SBM (FSM) increases the average daily feed
intake (ADFI) of broilers (Thakshila et al., 2020).
Another study showed that the administration of 10%
fermented rapeseed meal can increase the villus height of
the broiler jejunum and the serum IgM and IgG content
and thus improves the production performance of
broilers; however, the addition of 15% fermented rape-
seed meal to the diet reduces the performance of broilers
(Zeng et al., 2012). Therefore, the proportion of fer-
mented feed to be added to the feed for laying hens needs
to be further investigated. Notably, at the late stage,
laying hens show marked decreases in disease resistance,
nutrient absorption ability, and egg quality (Wistedt
et al., 2014; Hao et al., 2020). Therefore, it is important
to improve the health of laying hens by adjusting feasi-
ble dietary nutrition strategies in the context of protein
feedstuff shortages (Wistedt et al., 2014; Jiao et al.,
2019; Rebollada-Merino et al., 2019).

The purpose of this study was to study the effects of 2
to 8% FSM or fermented miscellaneous meal (FMM)
instead of dietary SBM on the production performance,
egg quality, metabolic rate of nutrients, intestine health,
and follicle development of aged laying hens with the
aim of enhancing the performance of laying hens at the
late laying period and improving the utilization rate of
unconventional feeds.
MATERIALS AND METHODS

Ethical Statement

All methods and management procedures used in this
study complied with the guidelines established by South
China Agricultural University (Guangzhou, China), and
the experiments were approved by the Animal Ethics
Committee of South China Agricultural University
(Guangzhou, China).
Preparation of Fermented Feedstuffs

A seed sourdough was prepared to obtain FSM and FMM
using a fermentation substrate (SBM, corn, bran, coconut
meal, cottonseed meal and dry distiller grains with a soluble
feed mixed at certain proportions) and multistrain cultures
(Bacillus, Saccharomyces, Lactobacillus and Clostridium
butyricum) as substrates. The seed sourdough was used for
the inoculation of feed for fermentation, and the material for
fermentationwas stacked to a height of 60 to 80 cm in the fer-
menter (Baohui, China). During the fermentation process,
the fermentation material needed to be stirred, ventilated,
and refrigerated when the temperature of the fermented
material in the fermenter was higher than 45°C. After 72 to
120 h of fermentation, the pH of the fermentation material
reached 3.8 to 4.2, indicating that fermentation process was
complete. The nutrient content of the feed before and after
fermentation was analyzed (Table 1). The drymatter (DM)
was determined using a draft drying oven (DHG-942,
Yiheng, Shanghai, China). The crude protein (CP) was
determined with an automatic azotometer (Kjeltec 8400,
FOSS, Denmark). The ether extract (EE) was determined
using a fat analyzer (Soxtec 8000, FOSS, Denmark). The
crude ash (Ash) was determined by the muffle furnace burn-
ing method at 550°C (JXR1200-60, Junke, Shanghai,
China). The neutral detergent fiber (NDF) and acid deter-
gent fiber (ADF) were determined using an automatic fiber
analyzer (A200i, ANKOM, New York, NY). The methods
for each abovementioned component were based on GB/T
6435-2006, GB/T 6432-2018, GB/T 6433-2006, GB/T 6438-
2007 and DB37/T 3372-2018, respectively. In addition, the
contents of amino acids, organic acids and the peptide distri-
bution were analyzed using a Hitachi amino acid analyzer
(L-8900,Hitachi, Japan), anAgilent high-performance liquid
chromatograph (1100, Agilent, Palo Alto, CA), and a
Wasters high-performance liquid chromatograph (1525,
Wasters,Milford,MA), respectively.
Animals, Experimental Design, and Diets

A total of 1,008 54-wk-old Hy-Line brown laying hens
with similar laying performances and body weights
obtained from a laying hen farm (Wens, Jiangmen, China)
were randomly divided into 7 treatment groups, with 6 rep-
licates per treatment group. Each replicate consisted of 6
cages with 4 hens per cage (cage dimensions = 184 cm £
53 cm£ 58 cm). Seven experimental diets were formulated:
corn-soybean-base diet (CON), 2% FSM, 4% FSM, 8%
FSM, 2% FMM, 4% FMM, and 8% FMM. The diets were
adjusted to ensure they proved similar protein and metabo-
lizable energy levels. The compositions and nutrient levels
of the experimental diets are shown in Table 2. The control
(CON) group was fed the base diet, and the other 6 groups
were fed the same base diet plus 2%, 4%, or 8% FSM or
FMM. The ambient temperature and humidity in the lay-
ing hen house were maintained at 22§2 °C and 50% to
approximately 65%, respectively. The photoperiod was set
to 16L:8D throughout the study, and all the hens were
allowed ad libitum access to water and feed. Prior to the



Table 1. The chemical composition of feedstuffs was changed after microbial fermentation.1

Items SBM FSM MLM FMM

Conventional nutrients (%)2

CP 17.14 § 0.18c 19.60 § 0.14a 17.03 § 0.02c 17.82 § 0.23b

EE 4.92 § 0.01a 4.88 § 0.01a 4.82 § 0.03b 4.80 § 0.01b

Ash 4.79 § 0.01 4.78 § 0.03 4.77 § 0.02 4.78 § 0.01
NDF 7.33 § 0.13c 5.66 § 0.08d 13.35 § 0.40a 12.29 § 0.27b

ADF 3.66 § 0.04c 2.83 § 0.06d 6.67 § 0.20a 6.15 § 0.14b

Amino acids (%)3

Asp 0.55 § 0.02b 0.66 § 0.01a 0.45 § 0.01cd 0.48 § 0.01c

Thr 0.37 § 0.01b 0.45§0.01a 0.35 § 0.02b 0.38 § 0.01b

Ser 0.35 § 0.01b 0.49 § 0.01a 0.33 § 0.01c 0.37 § 0.01b

Glu 0.73 § 0.03c 0.91 § 0.01a 0.80 § 0.01b 0.85 § 0.04ab

Gly 0.26 § 0.01b 0.31 § 0.01a 0.23 § 0.01c 0.26 § 0.01b

Ala 0.37 § 0.01b 0.45 § 0.01a 0.34 § 0.01b 0.37 § 0.01b

Cys 0.56 § 0.03b 0.81 § 0.03a 0.36 § 0.01d 0.44 § 0.01c

Val 0.44 § 0.02b 0.52 § 0.01a 0.45 § 0.02b 0.48 § 0.02ab

Met 1.73 § 0.38 1.81 § 0.41 1.83 § 0.06 1.60 § 0.15
Ile 0.47 § 0.02b 0.59 § 0.02a 0.44 § 0.01b 0.47 § 0.01b

Leu 0.52 § 0.02b 0.65 § 0.01a 0.45 § 0.01c 0.50 § 0.01b

Tyr 0.53 § 0.05ab 0.66 § 0.07a 0.36 § 0.01c 0.46 § 0.01bc

Phe 0.72 § 0.03b 0.82 § 0.01a 0.75 § 0.02ab 0.75 § 0.04ab

Lys 0.36 § 0.01b 0.47 § 0.01a 0.22 § 0.01c 0.32 § 0.02b

His 0.58 § 0.02c 0.88 § 0.01a 0.47 § 0.01d 0.64 § 0.09b

Arg 0.36 § 0.03d 0.62 § 0.01c 0.73 § 0.010b 0.93 § 0.01a

Pro 0.80 § 0.03 0.93 § 0.01 0.87 § 0.08 0.89 § 0.06
Organic acids (mg/mL)
Malic acid 0.47 § 0.02c 1.24 § 0.05a 0.46 § 0.01c 0.88 § 0.01b

Lactic acid 23.62 § 2.00b 29.80 § 2.34a 4.37 § 0.30d 9.84 § 0.40c

Acetic acid 6.01 § 0.42b 7.09 § 0.10a 0.44 § 0.01d 2.09 § 0.10c

Citric acid 0.19 § 0.01d 0.51 § 0.01c 3.18 § 0.30b 4.49 § 0.22a

Succinic acid 0.74 § 0.03d 3.92 § 0.24a 1.26 § 0.03c 2.41 § 0.07b

Fumaric acid 0.15 § 0.01a 0.07 § 0.01b 0.07 § 0.01b 0.07 § 0.01b

Propionic acid 0.34 § 0.01b 0.93 § 0.02a 0.87 § 0.03a 0.89 § 0.05a

Butyric acid 1.80 § 0.05b 3.51 § 0.19a 0.75 § 0.02c 3.66 § 0.20a

a−dValues without the same small letters in the same row are significantly different (P < 0.05, n = 3).
1SBM: soybean meal; FSM: fermented soybean meal; MLM: miscellaneous meal; FMM: fermented miscellaneous meal.
2Conventional nutrients, CP: crude protein; EE: ether extract; Ash: crude ash; NDF: neutral detergent fiber; ADF: acid detergent fiber. The nutrient

contents were measured on an absolute dry basis.
3Amino acids, Asp: aspartic acid; Thr: threonine; Ser: serine; Glu: glutamic acid; Gly: glycine; Ala: alanine; Cys: cysteine; Val: valine; Met: methionine;

Ile: isoleucine; Leu: leucine; Tyr: tyrosine; Phe: phenylalanine; Lys: lysine; His: histidine; Arg: arginine; Pro: proline. The data are presented as the
means § standard errors. Values without the same small letters in the same row are significantly different (P < 0.05, n = 3).
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experiment, all the laying hens were fed the basal diet, and
the experiment lasted for 12 wk.
Measurement of the Laying Performance

Throughout the experimental period, the egg number,
and egg weight per replicate were recorded daily, and
feed intake was recorded every week. The average egg
production rate, average egg weight, average egg mass,
ADFI and feed conversion rate (FCR) during the total
experimental period were then calculated using the fol-
lowing formulas:
Eggproduction %ð Þ ¼ number of eggs=number of laying hens� 100%;

Average egg weight gð Þ ¼ total egg weight gð Þ=total egg number;
Average egg mass g=d=henð Þ ¼ total egg weight gð Þ=numbers of laying hens henð Þ½ �=

total experimental period dð Þ;
ADFI g=d=henð Þ ¼ total feed intake gð Þ=numbers of laying hens henð Þ½ �=

total experimental period dð Þ; and
FCR g=gð Þ ¼ total feed intake gð Þ=total egg weight gð Þ
Measurement of the Egg Quality

At the end of the experimental period, five eggs per
replicate were randomly selected for evaluation of egg
quality. The horizontal and vertical diameters of all
selected eggs were measured with a Vernier caliper (530-
101, Mitutoyo, Japan) to calculate the egg shape index.
The eggshell strength was determined using an eggshell
strength tester (ESG-1, Yaoen, Nanjing, China). The
eggshell thickness and weight were then separately mea-
sured with a Vernier caliper and electronic balance
(FB224, Hengping, Shanghai, China), respectively.
Moreover, the egg yolk color, albumen height, and
Haugh unit were determined using an automatic egg
quality tester (EA-01, Orka, Israel).
Analysis of the Apparent Metabolic Rate of
Nutrients and Nitrogen Retention

During the last week of the experimental period, feed
and fecal samples were collected to determine the appar-
ent metabolic rate of nutrients using 0.3% TiO2 as an
indigestible marker. The feed samples were air-dried and
stored. The fecal samples were fixed with 10% hydro-
chloric acid and stored at �20°C until determination.
The feed and fecal samples were used to analyze the

dry matter (DM), CP, ether extract (EE), crude ash
(Ash), NDF, and ADF. All methods used for the analy-
ses were the same as those used for the preparation of
fermented feedstuffs.

Apparent nutrient digestibility %ð Þ

¼ 1� A� Cð Þ=B�D½ Þ� � 100%



Table 2. Compositions and nutrient levels of the experimental diets (air-dried basis, %)1.

Ingredient CON 2% FSM 4% FSM 8% FSM 2% FMM 4% FMM 8% FMM

Corn 59.00 59.00 59.00 59.00 59.00 59.00 59.00
Soybean meal 16.00 14.00 12.00 8.00 14.00 12.00 8.00
Limestone 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Corn gluten meal 6.00 7.00 8.00 10.50 7.10 8.30 10.80
Wheat bran 5.90 4.88 3.85 1.32 4.76 3.53 1.00
Soybean oil 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Dicalcium phosphate 0.75 0.75 0.75 0.75 0.75 0.75 0.75
0.4%Premix 2 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Lysine sulfate 0.25 0.26 0.28 0.30 0.28 0.30 0.32
Salt 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Calcium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20 0.20
DL-Methionine (98%) 0.14 0.15 0.16 0.17 0.15 0.16 0.17
Choline chloride (60%) 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Antiseptic 0.04 0.04 0.04 0.04 0.04 0.04 0.04
FSM 0.00 2.00 4.00 8.00 0.00 0.00 0.00
FMM 0.00 0.00 0.00 0.00 2.00 4.00 8.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Nutrient level

Crude protein 16.00 16.00 16.00 16.00 16.00 16.00 16.00
AME (MJ/kg) 11.09 11.09 11.09 11.09 11.09 11.09 11.09
Calcium 4.10 4.10 4.10 4.10 4.10 4.10 4.10
Lysine 0.78 0.78 0.78 0.78 0.78 0.78 0.78
Methionine+cystine 0.73 0.73 0.72 0.71 0.73 0.72 0.71
Threonine 0.57 0.57 0.57 0.57 0.58 0.58 0.58
Total phosphorus 0.47 0.45 0.44 0.41 0.45 0.44 0.41
Nonphytate phosphorus 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Tryptophan 0.16 0.16 0.15 0.13 0.16 0.15 0.13
1CON: control group; FSM: fermented soybean meal; FMM: fermented miscellaneous meal. The diets were prepared using raw grain, and the composi-

tions of corn, soybean meal, limestone, corn gluten meal, wheat bran, soybean oil and dicalcium phosphate were 59%, 16%, 10%, 6%, 5.9%, 1% and
0.75%, respectively. The nutrient contents are the calculated values.

2Premix supplied per kg of diet: vitamin A 10,000.00 IU; vitamin D3 3,000.00 IU; vitamin E 16.00 IU; vitamin K3 2.00 mg; vitamin B1 2.00 mg; vitamin
B2 6.40 mg; vitamin B6 2.00 mg; vitamin B12 0.012 mg; niacin 26.00 mg; folic acid 1.00 mg; pantothenic acid 10.00 mg; biotin 0.10 mg; choline chloride
700.00 mg; copper 8.00 mg; iron 80.00 mg; manganese 80.00 mg; zinc 60.00 mg; iodine 0.35 mg; selenium 0.30 mg.
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where A is the TiO2 content of feeds, B if the nutrient
content of feeds, C is the TiO2 content of excrement,
and D is the nutrient content of excrement.
Analysis of Serum Indices

Two hens from each replicate were randomly selected
for the collection of blood samples. The blood samples
were taken from the wing vein into tubes, and the tubes
were stood for 20 min at room temperature and then cen-
trifuged at 1,008 £ g for 10 min at 4°C to harvest the
serum. After harvest, the serum samples were stored at
�20°C until analysis. The serum samples were used to
measure the levels of follicle-stimulating hormone (FSH),
luteinizing hormone (LH), estradiol (E2), and progester-
one (PROG) and the concentrations of conventional bio-
chemical indices, including total protein (TP), albumin
(ALB), alkaline phosphatase (ALP), and uric acid
(UA), using a commercial serum kit purchased from
Guangzhou DAAN Company (Guangzhou, China).
Hematoxylin and Eosin (H&E) Staining

The duodenum, jejunum, and ileum of laying hens
were immediately isolated from the surrounding fat and
tissue, and weighed. The jejunum samples were fixed
with paraformaldehyde, washed with phosphate-buff-
ered saline (PBS), dehydrated with alcohol, embedded
in paraffin, sliced with a microtome, and stained with
H&E. Images were taken with a confocal microscope
(Ti2, Nikon, Tokyo, Japan). The villus height and crypt
depth were measured using ImageJ software (version
1.8.0 112, National Institute of Health, Bethesda, MD).
Detection of Diamine Oxidase Activity

Diamine oxidase (DAO) activity in jejunum samples
was determined by a commercial DAO kit (#A088-1,
Nanjing Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China).
Measurement of Transepithelial Electrical
Resistance (TEER)

To determine the TEER, jejunum samples were bal-
anced in Krebs-Ringer buffer (pH 7.4, 2.5 mmol/L
KCl,1.25 mmol/L NaCl, 1.25 mmol/L NaH2PO4,
1 mmol/L MgCl2, 2 mmol/L CaCl2, 25 mmol/L
NaHCO3, 25 mmol/L glucose) for 10 min. The samples
were then mounted directly onto and compressed
between the two-chamber halves of an Ussing Chamber
(Beijing Jingong Hongtai Technology CO., LTD., Bei-
jing, China), representing the apical and basolateral
side, and surrounded by 7-mL of Krebs-Ringer buffer on
each side. The system was water-jacketed to 37°C and
carbonated with a carbogen (95% O2 and 5% CO2) gas
flow. After an equilibration period of 30 min, the solu-
tions were replaced with fresh Krebs-Ringer buffer, and
the experiments were then run. The TEER (V/cm2,
resistance/surface area of the monolayer) was recorded
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as 3 consecutive measurements after subtracting the fil-
ter resistance value.

Reproductive Organ and Follicle
Development Analysis

At the end of the experimental period, 8 laying hens
from each treatment group were randomly selected and
weighed after feed deprivation for 12 h. The laying hens
were killed by slicing the jugular vein and were then
immediately necropsied. The weights of the oviduct and
ovaries were measured, and the relative weight was cal-
culated based on the bodyweight of each laying hen. In
addition, different types of follicles were isolated from
the ovarian stroma. The follicles were divided into 3 cat-
egories according to their size: preovulatory follicles
(POFs, diameter > 10 mm), small yellow follicles (SYFs,
6 mm < diameter < 10 mm), and large white follicles
(LWFs, 2 mm < diameter < 5 mm).

Western Blotting Analysis

Proteins were isolated from the jejunum samples and
analyzed as described previously (Xie et al., 2020). In
short, the proteins from the jejunum were separated by
10% sodium dodecyl sulfate‒polyacrylamide gel electro-
phoresis (SDS‒PAGE) and transferred onto polyviny-
lidene fluoride membranes. The membranes were then
blocked in 5% skim milk and incubated with primary
antibodies against ZO-1 (#339100, Thermo Fisher,
Waltham, MA), claudin-1 (#374900, Thermo Fisher),
Lgr5 (TA503316, OriGene Technologies, Rockwell,
MD), occludin (#821068, Zen BioScience, Chengdu,
Sichuan, China), proliferating cell nuclear antigen
(PCNA, #200947, Zen BioScience), and b-actin
(#600149, Zen BioScience). The membranes were then
incubated with anti-rabbit IgG (#7074, Santa Cruz)
and anti-mouse IgG (#7056, Santa Cruz) secondary
antibodies. The band densities were analyzed using
ImageJ software (version 1.8.0 112, National Institute of
Health, Bethesda, MD).
Statistical Analysis

All the data were analyzed by one-way ANOVA using
the PROC-GLM procedure of SAS (SAS Institute Inc,
Cary, NC). The main effects of various indices at differ-
ent doses and fermented feed source levels were deter-
mined by the orthogonal polynomial comparison
method. The results are reported as the means § SEMs,
and the differences among treatments were considered
statistically significant if P < 0.05.
RESULTS

The Chemical Composition of Feedstuffs
was Changed After Microbial Fermentation

To compare the changes in the nutritional contents of
fermented feedstuffs, the conventional nutrient, organic
acid, peptide distribution, and amino acid contents were
determined. As shown in Table 1, the FSM and FMM
had a significantly higher CP content and significantly
lower contents of NDF and ADF than the unfermented
SBM or miscellaneous meal (P < 0.05). Furthermore,
the FSM had higher levels of CP and ether extract and
lower NDF and ADF levels than the FMM (P < 0.05).
The levels of organic acids, including acetic acid, pro-
pionic acid, butyric acid, succinic acid, citric acid, lactic
acid, and malic acid, were markedly increased by micro-
bial fermentation (P < 0.05), and the amount of lactic
acid was the highest. Furthermore, microbial fermenta-
tion further increased the amino acid content (Ser, Gly,
Cys, Leu, Lys, His, and Arg) in the FSM and FMM
(P < 0.05). In addition, the contents of Thr, Glu, Ala,
Val, Ile, and Phe in the SBM were significantly increased
by microbial fermentation (P < 0.05).
Feeds With FSM and FMM Improve the
Performance of Laying Hens

As shown in Table 3, the feeds with 4% FSM or 4%
FMM instead of SBM significantly increased the average
egg production rate, average egg mass, and ADFI of lay-
ing hens compared with the those of the control group
(P < 0.05). The laying hens in the 4% FSM group
showed the highest ADFI over the test period (Table 3,
Supplementary Fig 1, P < 0.05). Dietary supplementa-
tion with 4% FSM increased the average egg production
and average egg mass of laying hens (Table 3,
Supplementary Fig. 1, P < 0.05). The FCR was not sig-
nificantly different among the 2% and 4% FSM or FMM
groups and the control group (Table 3, P > 0.05). How-
ever, feeding with a higher level of FMM (8%) signifi-
cantly decreased the ADFI, average egg production, and
average egg mass of laying hens (Table 3, P > 0.05).
Moreover, the results of the main effect analysis indi-
cated that the average egg production, average egg
mass, and ADFI were all related to the supplementation
level and source of fermented feedstuffs, that the 4%
level was the best supplementation level, and that FSM
was better than FMM (P < 0.05).
Feeds With FSM and FMM Enhance the Egg
Quality of Laying Hens

The results of the dietary treatments on egg quality
parameters of laying hens are summarized in Table 4. In
comparison with the results found for the control group,
the equivalent amount of FSM instead of 2% to 4%
SBM significantly improved the eggshell strength, egg-
shell weight, albumen height, and Haugh unit of laying
hens (P < 0.05). Supplementation with 4% to 8% FMM
significantly improved the egg yolk color compared with
that of the other groups (Table 3 and Supplementary
Fig. 2, P < 0.05). In addition, the main effects analysis
showed that supplementation with 2% to 4% FSM or
2% FMM significantly increased the eggshell strength,
albumen height, and Haugh unit (P < 0.05). The effect



Table 3. Effects of dietary supplementation with fermented feedstuffs on laying hen performance.

Items
Fermented

feedstuff source
Fermented

feedstuff dose
Average egg

production (%)
Average egg
weight (g)

Average egg
mass (g/d/hen) ADFI (g/d/hen) FCR (g/g)

1 CON 0 71.07b 61.56 43.75b 98.97c 2.28b

2 FSM 2% 73.12ab 61.98 45.32ab 99.63bc 2.23b

3 FSM 4% 76.10a 61.72 46.97a 101.68a 2.19b

4 FSM 8% 70.82b 61.37 43.44b 99.85b 2.33ab

5 FMM 2% 73.03ab 61.09 44.63ab 99.62bc 2.24b

6 FMM 4% 70.89b 62.04 43.97ab 99.92b 2.29b

7 FMM 8% 65.34c 61.48 40.21c 97.50d 2.48a

SEM 0.70 0.12 0.44 0.14 0.02
P values

Treatment effects <0.05 0.33 <0.01 <0.05 <0.05
Fermented feedstuffs
dose

<0.05 0.47 <0.01 <0.01 <0.05

Fermented feedstuffs
source

<0.05 0.58 <0.05 <0.01 0.10

Main effect of the dose
0 71.07ab 61.56 43.75ab 98.97c 2.28b

2% 73.08a 61.53 44.98a 99.63b 2.23b

4% 73.50a 61.88 45.47a 100.80a 2.24b

8% 68.08b 61.42 41.83b 98.67c 2.40a

Main effect of the source
FSM 73.35a 61.69 45.24a 100.39a 2.25
FMM 69.75b 61.54 42.93b 99.01b 2.34

ADFI, average daily feed intake; CON, control group; FSM, fermented soybean meal; FMM, fermented miscellaneous meal; FCR: feed conversion rate.
Values without the same small letters in the column are significantly different (P < 0.05, n = 6). The data are presented as the means § standard errors.

a−cValues without the same small letters in the column are significantly different (P < 0.05, n = 6).
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of FSM on improving egg quality is superior to that of
FMM.
The Feeding of FSM and FMM Improves the
Apparent Digestibility of Nutrients and
Nitrogen Retention in Laying Hens

To determine the effect of FSM or FMM on the
utilization of nutrients by laying hens, the apparent
digestibility rates of DM, EE, Ash, NDF, and ADF
and the nitrogen retention rate were measured
Table 4. Effects of dietary supplementation with fermented feedstuffs

Items
Fermented

feedstuff source
Fermented

feedstuff dose
Egg shape
index

Egg shell
strength (kg/cm2)

1 CON 0 1.32 3.57b

2 FSM 2% 1.32 3.93ab

3 FSM 4% 1.31 4.07a

4 FSM 8% 1.30 4.06a

5 FMM 2% 1.32 3.88ab

6 FMM 4% 1.31 3.62b

7 FMM 8% 1.30 3.60b

SEM 0.004 0.052
P values
Treatment effects 0.96 <0.05
Fermented feedstuffs dose 0.71 <0.05
Fermented feedstuffs source 0.96 <0.01

Main effect of the dose
0 1.31 3.57b

2% 1.32 3.91a

4% 1.31 3.85a

8% 1.31 3.83ab

Main effect of the source
FSM 1.31 4.02a

FMM 1.31 3.70b

CON, control group; FSM, fermented soybean meal; FMM, fermented misc
umn are significantly different (P < 0.05, n = 6). The data are presented as the

a−dValues without the same lowercase letters in the same column are signific
(Table 5). The laying hens fed 2% to 8% FSM or 2%
to 4% FMM had a higher apparent digestibility rate
of DM, NDF, and nitrogen retention rate than that
of the control group (P < 0.05). Moreover, the results
of the main effects analysis showed that the observed
increases in DM and NDF digestibility and in the
nitrogen retention rate were related to the dose of fer-
mented feedstuffs (P < 0.05) but not to the source of
the fermented feedstuff (P > 0.05). In addition, the
main effects analysis revealed that EE, ASH, and
ADF were independent of both the dose and the
source of the feeds (P < 0.05).
on the egg quality of laying hens.

Egg shell weight
(g/egg)

Egg shell
thickness (mm)

Egg yolk
color

Albumen
height (mm)

Haugh
unit

8.24d 0.36 9.17b 5.65c 72.24bc

9.22a 0.37 9.33b 6.49a 77.91a

9.16ab 0.37 9.33b 6.34ab 77.36a

8.7bcd 0.37 9.43b 5.96bc 74.46ab

8.83abc 0.37 9.43b 5.86c 73.89ab

8.64cd 0.36 10.33a 5.60c 71.26bc

8.49cd 0.37 10.56a 5.54c 69.22c

0.068 0.002 0.056 0.069 0.584

<0.01 0.81 <0.01 <0.01 <0.01
<0.01 0.49 <0.01 <0.05 <0.05
<0.05 0.44 <0.01 <0.01 <0.01

8.24c 0.36 9.17b 5.65b 72.24b

9.02a 0.37 9.38b 6.17a 75.90a

8.90ab 0.37 9.83a 5.98ab 74.30ab

8.60b 0.37 10.00a 5.75b 71.84b

9.03a 0.37 9.37b 6.26a 76.57a

8.65b 0.37 10.11a 5.67b 71.46b

ellaneous meal; values without the same lowercase letters in the same col-
means § standard errors.
antly different (P < 0.05, n = 6).



Table 5. Effects of dietary supplementation with fermented feedstuffs on the apparent nutrient digestibility and nitrogen retention rate
of laying hens (%).

Items
Fermented

feedstuff source
Fermented

feedstuff dose DM CP EE Ash NDF ADF

1 CON 0 77.25b 62.79b 63.24 49.08 33.61b 19.16
2 FSM 2% 80.37a 66.12a 65.00 48.58 37.37a 18.36
3 FSM 4% 81.72a 66.47a 64.25 49.85 37.52a 18.76
4 FSM 8% 80.36a 65.53a 63.38 50.98 38.82a 18.11
5 FMM 2% 80.31a 65.58a 64.49 49.70 36.68a 18.33
6 FMM 4% 80.69a 65.75a 65.66 49.49 37.50a 18.12
7 FMM 8% 77.13b 62.47b 62.71 49.71 38.31a 18.69
SEM 0.442 0.396 0.566 0.519 0.421 0.203
P values

Treatment effects 0.019 0.014 0.840 0.952 0.019 0.826
Fermented feedstuffs dose 0.002 0.003 0.487 0.806 <0.001 0.431
Fermented feedstuffs source 0.194 0.158 0.959 0.898 0.721 0.960
dose £ source 0.349 0.377 0.915 0.887 0.979 0.773

Main effect of the dose
0 77.26c 62.79c 63.24 49.08 33.61b 19.16
2% 80.34ab 65.85ab 64.75 49.14 37.02a 18.35
4% 81.20a 66.11a 64.95 49.67 37.51a 18.44
8% 78.74bc 64.00bc 63.05 50.34 38.57a 18.40

Main effect of the source
FSM 79.93 65.23 64.02 49.62 36.83 18.60
FMM 78.84 64.15 63.97 49.49 36.53 18.58

Ash, crude ash; ADF, acid detergent fiber; CON, control group; CP, crude protein; EE, ether extract; FSM, fermented soybean meal; FMM: fermented
miscellaneous meal; DM, dry matter; NDF, neutral detergent fiber. The values without the same lowercase letters in the same column are significantly dif-
ferent (P < 0.05, n = 6). The data are presented as the means § standard errors.

a−cValues without the same lowercase letters in the same column are significantly different (P < 0.05, n = 6).
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Feeds With Fermented Feedstuffs Improve
the Serum Indices of Laying Hens

The effect of dietary FSM or FMM on the serum bio-
chemical indices and hormones of laying hens is shown
in Table 6. Compared with those of the control group,
dietary supplementation with 2% to 8% FSM or 2% to
4% FMM increased the serum levels of ALB, ALP, FSH,
LH, and E2 and reduced the levels of UA. In addition,
4% FSM and 4% FMM supplementation dose-depen-
dently increased the levels of ALB, ALP, and LH by
1.2 g/L, 115.75 U/L and 0.26 IU/L and by 1.88 g/L,
101.25 U/L and 0.15 IU/L, respectively, and reduced
the UA content by 32 mmol/L and 14 mmol/L, respec-
tively (P < 0.05). Nevertheless, the results of the main
effects analysis showed that the increases in ALB, ALP,
FSH, and LH were related to the dose of the fermented
feedstuffs (P < 0.05) and not to the source of the fer-
mented feedstuff (P > 0.05).
Feeds With FSM and FMM Reinforce the
Intestinal Barrier Function of Laying Hens

The results showed that dietary supplementation with
2% to 4% FSM or FMM significantly increased the jeju-
num weight of laying hens (Figure 1A, P < 0.05), 4% to
8% FSM significantly enhanced the TEER of the jeju-
num (Figure 1B, P < 0.05), and 2% FSM or 2% to 4%
FMM enhanced the TEER of the jejunum (Figure 1B,
P = 0.063, P = 0.081). Furthermore, feeding with 4%
FSM or FMM significantly improved the diamine oxi-
dase (DAO) activities of the jejunum (Figure 1C, P <
0.05). Compared with those of the control group, feeding
with 4% FSM or FMM significantly improved the villus
height and crypt depth, resulting in a greater ratio of vil-
lus to crypt depth (Figure 1D−G, P < 0.05). In addition,
the protein expression levels of Lgr5, PCNA, ZO-1,
Occludin, and Claudin-1 in the jejunum were increased
by 4% FSM and FMM (Figure 1H−K, P < 0.05).
Feeds With Fermented Feedstuffs Improve
the Reproductive Organ Weight and Follicle
Development of Laying Hens

The results showed that dietary supplementation with
FSM or FMM had no significant effect on the relative
weight of the oviduct of laying hens (P > 0.05). How-
ever, feeds with 4% to 8% FSM significantly increased
the relative ovarian weight of laying hens (P < 0.05),
and feeds with 2% FSM or FMM increased the relative
ovarian weight of laying hens (Figure 2A, B, P = 0.073).
In addition, a significant increase in the number of SYFs
and LWFs was detected (Figure 2C−F, P < 0.05). Com-
pared with those of the control group, feeds with 2% to
8% FSM or 2% to 4% FMM resulted in greater numbers
of SYFs and LWFs (P < 0.05), and feeds with 4% FSM
tended to increase the number of POFs (Figure 2E, F,
P = 0.075). However, no change in the number of SYFs
and LWFs was detected in the 8% FMM group
(Figure 2E, F, P > 0.05).
DISCUSSION

This symbiotic interaction between anaerobic fungi
and other microorganisms can be used to improve the
digestibility and nutritional value of feedstuffs. For
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example, microorganisms such as Bacillus subtilis and
yeast can convert feed proteins into amino acids, small
peptides or high-quality microbial proteins (Gao et al.,
2007; Nam et al., 2012). In addition, microorganisms
can degrade ANFs and cellulose, which further enhances
the feed palatability and the intestinal microbial envi-
ronment of animals (Khempaka et al., 2014; Sugiharto
et al., 2015). The nutrient composition analysis of SBM
and miscellaneous meal (MLM) performed in this study
showed microorganism fermentation (Bacillus subtilis,
yeast, Lactobacillus, and Clostridium butyrate) signifi-
cantly increased the contents of CP, organic acids (malic
acid, acetic acid, citric acid, succinic acid, butyric acid,
and lactic acid), and small peptides and significantly
reduced the content of cellulose. Moreover, the amino
acid levels in the SBM and MLM groups were increased
by microbial fermentation, and significantly increases in
the contents of His and Arg were detected. The results
suggested that microbial fermentation changed the
chemical composition of the feedstuffs and increased the
content of some nutrients.
The supplementation of diets with feed additives ena-

bles nutrient conversion levels to show a positive correla-
tion with animal performance (Yoshida et al., 2017;
Okrathok et al., 2018; Massuquetto et al., 2019), and
this finding was further supported by the observed
improvements in the feed intake and egg production of
laying hens after supplementation with fermented meal.
These improvements are attributed to the changes in
the nutrient content and palatability of the mixed meal
due to fermentation. However, 8% FMM decreased the
egg production rate, average egg mass, and ADFI and
increased the FCR of aged laying hens, probably because
MLM contains more fiber and ANFs than SBM, even if
the fermentation product of SBM still has indigestible or
harmful components.
With respect to the egg quality, several studies have

confirmed that fermented feeds, such as fermented yeast,
brown algae, and cottonseed meal, contribute to
improvements in the egg quality (Choi et al., 2018;
Sun et al., 2020). In contrast, nutritional deficiency
could lead to poor thickness and strength of the eggshell
(Deng et al., 2012; Chen et al., 2015; Zhang et al., 2017).
In the present investigation, the fermented feed was also
effective in improving the consistency of the egg white,
the albumen height, eggshell strength, Haugh unit, and
color of the egg yolk. In addition, stress induced by high-
density feeding conditions can lead to decreases in the
egg production capacity and egg quality of laying hens.
Fortunately, antioxidants in fermented feed, such as lac-
tic acid and malic acid, could alleviate these stress
responses. In addition, nutrients such as calcium, vita-
mins, and fat in feed play a vital role in the color of the
egg yolk (Hammershoj and Johansen, 2016). Notably,
we found that the increase in the number of small yellow
follicles contributes to improvements in the oviductal
health and increases in the average egg production and
average egg weight of laying hens, which suggests a posi-
tive correlation between the number of yellow follicles
and the egg quality in this study.



Figure 1. Effects of dietary supplementation with fermented feedstuffs on the intestinal barrier function of laying hens. (A) Jejunum weight. (B)
Transepithelial electrical resistance (TEER) of the jejunum. (C) DAO activity in the jejunum. (D) H&E staining of the jejunum (£ 40). (E) Villus
height. (F) Crypt depth. (G) Ratio of villus height to crypt depth. (H, I) Protein expression levels of Lgr5 and PCNA in the jejunum. (J, K) Protein
expression levels of ZO-1, Occludin and Claudin 1 in the jejunum. The data are presented as the means § SEMs (n = 6). a-bValues without the same
lowercase letter are significantly different (P < 0.05).
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Because nutrients are absorbed through the intes-
tines and transported to the egg yolk through the
blood, blood biochemical and metabolic indicators
reflect digestibility in the intestine and are critical to
the quality of the egg yolk. Consistent with previous
studies (Chang et al., 2010; Shi et al., 2016), our find-
ings showed that supplementation with fermented
rapeseed meal yielded in the highest levels of ALP and
the lowest level of UA in serum. ALP affects the
absorption of fat, the hydrolysis of monophosphate
esters, and transcellular solute transport, and the
analysis of UA indicated that the fermentation process
altered the nitrogen distribution in the feed (Cho
et al., 2007; Yang et al., 2016). The maintenance of
stem cells in the intestine involves complex interac-
tions with multiple signal transduction pathways, par-
ticularly Wnt/b-catenin (Merenda et al., 2020).
However, whether FSM and FMM enhance intestinal



Figure 2. Effects of dietary supplementation with fermented feedstuffs on the reproductive organ weight and follicle development in laying hens.
(A, B) Reproductive organ weight. The data are presented as the means § standard errors (n = 6). (C−F) Images of follicles at different types. Pre-
ovulatory follicles (POFs): diameter > 10 mm. Small yellow follicles (SYFs): 6 mm < diameter < 10 mm. Large white follicles (LWFs): 2 mm < diam-
eter < 5 mm. The data are presented as the means § standard errors (n = 6). a-bValues without the same lowercase letter are significantly different
(P < 0.05).
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stem cell-driven intestinal renewal is poorly under-
stood. We first confirmed that 4% fermented meal
improved the morphological structure of the jejunum,
as evidenced by an increased villus height and
strengthened tight junctions between intestinal epithe-
lial cells, which effectively blocked the intestinal
lumen contents and the blood environment. In gen-
eral, intestinal contents enter the blood environment
through a paracellular pathway. In our research, fer-
mented feeds increased the expression of tight junction
proteins and the TEER in the jejunum. The enhanced
barrier function and reduced intestinal permeability
detected in the fermented feed-fed groups contribute
to preventing harmful substances in the intestinal con-
tents from entering the blood environment.
As an intestinal stem cell (ISC) marker, Lgr5 expres-
sion was also found to be upregulated after supplemen-
tation with FSM and FMM, suggesting increased ISC
activity. We observed enhanced signaling of PCNA-
labeled mitotic cells in crypts, which demonstrates the
increased mitotic capacity of ISCs. The development of
reproductive organs and follicles regulated by the hypo-
thalamic-pituitary-gonadal axis is closely associated
with the egg production performance of poultry
(Chen et al., 2007; Long et al., 2017). Intriguingly, the
reproductive organs secrete and release various repro-
ductive hormones, such as gonadotropins (FSH and
LH), which not only promote the development of the
oviduct, ovaries, and mesenchyme but also play a piv-
otal role in follicular development and ovulation. FSH is
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a key hormone in the regulation of SYF development
and maturation (Liu and Zhang, 2008; Long et al.,
2017). Moreover, high susceptibility and poor resistance
to pathogens easily trigger oviduct edema and inflamma-
tion in laying hens under poor living environments, fed
insufficient feed, or exposed to high ammonia concentra-
tions at the late period of laying, which seriously reduces
the egg production performance and egg quality of lay-
ing hens (Robinson et al., 2001). We found that 2% to
4% FSM or FMM increased the concentrations of FSH
and LH in the serum of laying hens. This finding may be
attributed to the process through which certain active
substances produced by microbial metabolism stimulate
the regulation of the hypothalamus-pituitary-gonadal
axis and thereby produce various reproductive hormones
to regulate the formation and development of follicles
(Kim et al., 2016).

In this study, the high dose of FMM may have poor
palatability, resulting in reduced feed intake, incomplete
intestinal structure, and insufficient nutrient supply and
thus in decreased egg production performance. There-
fore, an appropriate level of fermented feed is an effec-
tive nutritional feeding strategy to enhance egg
production and feed utilization in aged laying hens. The
effective utilization of mixed meals may be of great sig-
nificance to make up for the deficiencies of a single SBM.
Certainly, an increasing number of comprehensive and
profound investigations will be needed to fully illustrate
the exact mechanism of different fermented feeds.
CONCLUSIONS

In conclusion, our results indicated that fermentation
increased the amounts of conventional nutrients, amino
acids and organic acids in feedstuffs that include FSM or
FMM. Dietary supplementation with 2 to 4% FSM or
FMM had positive effects on the laying performance,
intestinal health, egg quality, metabolic rate of nutrients
and follicle development of aged laying hens, and the
effect of the 4% FSM supplementation was significantly
superior to that of the other treatments.
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