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Butyrate has been reported to promote the performance and growth of chickens. The 
specific roles and efficacy of different sources of butyrate remained unclear. Thus, the 
present study aimed to investigate and compare the effects of Clostridium butyricum 
(CB), sodium butyrate (SB), and butyric acid glycerides (tributyrin, BAG) on the reproductive 
performance, egg quality, intestinal health, and offspring performance of yellow-feathered 
breeder hens. A total of 300 Lingnan yellow-feathered breeder hens were assigned to 
five treatment groups: control (CL), 1 × 108 CFU/kg CB (CBL), 1 × 109 CFU/kg CB (CBH), 
500 mg/kg SB, and 300 mg/kg BAG. Results showed that the laying performance and 
egg quality were increased by CBL, CBH, and BAG. Both CB treatments increased the 
hatchability of fertilized eggs. Maternal supplementation with both levels of CB significantly 
elevated the growth performance of offspring. Treatment with CBL, CBH, SB, and BAG 
all improved the oviduct-related variables and reduced the plasmal antioxidant variables. 
The CBH, CBL, and BAG treatments also improved the intestinal morphology to different 
degrees. Jejunal contents of IL-6 were decreased by CBH and BAG, while those of IL-4, 
IL-6, IL-1β, and IgY were decreased by SB. Transcripts of nutrient transporters in jejunal 
mucosa were also upregulated by CBH, CBL, and SB treatments and expression of 
Bcl-2-associated X protein was decreased by CBL, CBH, and BAG. In cecal contents, 
CBL increased the abundance of Firmicutes and Bacillus, while CBH decreased the 
abundance of Proteobacteria. Also, the co-occurrence networks of intestinal microbes 
were regulated by CBH and BAG. In conclusion, dietary inclusion of CB and BAG improved 
the reproductive parameters, egg quality, and intestinal morphology of breeders. CB also 
influenced the hatching performance of breeders and growth performance of the offspring, 
while SB improved the oviduct-related variables. These beneficial effects may result from 
the regulation of cytokines, nutrient transporters, apoptosis, and gut microbiota; high-level 
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CB had more obvious impact. Further study is needed to explore and understand the 
correlation between the altered gut microbiota induced by butyrate and the performance, 
egg quality, intestinal health, and also offspring performance.

Keywords: reproductive performance, Clostridium butyricum, sodium butyrate, butyric acid glycerides,  
yellow-feathered breeder hens

INTRODUCTION

Butyrate, a short-chain fatty acid (SCFA), is a main end-product 
of intestinal microbial fermentation of dietary fiber (Xiao et al., 
2020). Butyrate is important for the health of animals because 
it provides nutrition for epithelial cells and helps inhibit pathogens 
in the gut (Meimandipour et  al., 2010).

Clostridium butyricum (CB) is a butyric acid-producing 
Gram-positive anaerobe and has been used as feed additive 
in poultry industry. Previous studies in chickens suggested that 
CB promoted growth performance (Zhang et  al., 2011; Yang 
et  al., 2012), improved intestinal morphology (Zhang et  al., 
2011), altered intestinal microbiota (Meimandipour et al., 2010; 
Yang et  al., 2012), and ameliorated inflammation (Zhang et  al., 
2016; Takahashi et  al., 2018). Similarly, sodium butyrate (SB), 
functioning as butyric acid in the acidic environment of the 
proximal digestive tract of the birds (Ahsan et  al., 2016), also 
increased the growth performance (Sikandar et al., 2017), meat 
quality (Deepa et  al., 2017; Gomathi et  al., 2018), and anti-
inflammatory ability of chickens (Jiang et  al., 2015). Butyric 
acid glycerides (BAG), the tributyl ester compound, is an 
enriched source with fewer undesirable properties. Previous 
research indicated that BAG effectively improved the growth 
performance and lipid metabolism of broilers (Taherpour et al., 
2009). In the study of Jahanian and Golshadi (2015), the 
productive performance of laying hens was found to 
be  enhanced by BAG.

Although CB, SB, and BAG promoted the performance and 
growth of breeder hens, their specific roles and efficacy remained 
unclear. The present study, therefore, was designed to investigate 
and compare the effects of CB, SB, and BAG on the reproductive 
performance, egg quality, intestinal health, and offspring 
performance of yellow-feathered breeder hens, breeds of major 
importance in China. In addition, because of apparent altered 
function of the small intestine, the relative expression of selected 
nutrient transporter genes, and other relevant transcripts, 
was measured.

MATERIALS AND METHODS

Breeder Hens and Management
The experimental protocol was approved by the Animal Care 
Committee of the Institute of Animal Science, Guangdong 
Academy of Agriculture Science, Guangzhou, China, with the 
approval number GAASISA-2019-007. A total of 300 Lingnan 
yellow-feathered breeder hens of 45 weeks of age with similar 
BW (3.02 ± 0.01 kg) and laying rate were used.

Breeder hens were randomly allocated into five treatment 
groups, each with 10 replicates of 6 birds. The trial lasted 
from 45 to 54 weeks of age. During the experimental period, 
hens were housed singly in laying cages, received 120 g of feed 
per bird per day to prevent over-feeding, and had access to 
fresh water ad libitum. Breeder hens received artificial 
insemination of 25 μl pooled semen per bird every 3 days. 
Twenty males were used and received the basal diet. At the 
end of the experiment, eggs were collected and incubated as 
described below.

One hundred hatched chicks, pooled from each treatment, 
were divided into five replicates and fed a standard diet for 
28 days in pens (stocking density 0.38 m2/bird). Daylight was 
eliminated and replaced with 18-h lighting from incandescent 
bulbs. The temperature of the room was maintained at 32 to 
34°C for the first 3 days and then reduced by 2 to 3°C per 
week to a final temperature of 26°C. Chicks received feed and 
fresh water ad libitum.

Diets
All breeder hens were fed the same basal diet 
(Supplementary Table S1) to which 1 × 108 CFU/kg Clostridium 
butyricum (CBL), 1 × 109 CFU/kg Clostridium butyricum (CBH), 
500 mg/kg coated sodium butyrate (SB), and 300 mg/kg BAG 
were added to obtain the treatments. Clostridium butyricum 
(1 × 109 CFU/kg) and coated sodium butyrate (effective content: 
40% butyrate) were purchased from Huijia Biological Technology 
Co., Ltd. (Hangzhou, China). BAG (tributyrin: 45% butyrate) 
was obtained from Youjiu Biological Technology Co., Ltd. 
(Shanghai, China). All offspring chicks were fed a common 
diet (Supplementary Table S2).

Production Performance and Egg Quality
Egg production, egg weight, and number of qualified eggs were 
recorded daily. The unqualified eggs included misshapen eggs, 
dirty eggs, excessively large or small eggs, broken eggs, cracked 
eggs, and eggs without a shell (but with intact membrane) 
according to Duan et  al. (2015). The laying rate, daily egg 
mass, average egg weight, and qualified rate of egg were 
calculated. At 53 weeks of age, three eggs per replicate were 
selected to determine the egg quality, including egg shape index, 
yolk ratio, yolk color, albumen height, Haugh unit (automatic 
egg analyzer, EMT-5200 Robotmation Co., Ltd., Tokyo, Japan), 
eggshell thickness (by micrometer), and eggshell strength (eggshell 
strength tester, FGV-10XY, Orka Food Technology, Ramat 
HaSharon, Israel).

At 55 weeks of age, 30 eggs from each replicate and 10 
replicates from each treatment were selected for hatching. 
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All eggs were incubated in the same incubator (Bengbu Sanyuan 
Incubation Equipment Co., Ltd., Anhui, China) at 37.2°C to 
38.0°C and 60 to 75% relative humidity. Eggs were turned 12 
times/day throughout the incubation period and sprayed with 
water once daily from the 15th day of incubation until they 
hatched (Xia et  al., 2020). The fertility, hatch of fertile eggs 
and hatchling weight were recorded and calculated.

At the end of the experiment, one hen from each replicate 
was selected to measure the weight and length of the oviduct, 
the weight of ovarian stroma, the number and weight of large 
yellow follicles (LYF), and the number and weight of small 
yellow follicles (SYF). The oviduct included the funnel part, 
enlargement, isthmus, and the uterine. The LYF (>8 mm) and 
SYF (3–8 mm) were identified by measuring the diameter using 
the vernier caliper.

The growth performance of the 20 offspring from each 
replicate was also determined. The average daily gain (ADG) 
was determined from BW at hatching and day 28. The average 
daily feed intake was determined from feed consumed by 
each replicate.

Biochemical Determinations
At the end of the experiment, hens selected at Section 
“Production Performance and Egg Quality” were weighed and 
6 ml heparinized blood was obtained via the wing vein. Plasma 
was obtained by centrifugation at 1,500 × g for 10 min. The 
birds were then killed by cervical dislocation. Liver, ovary 
and jejunal mucosa (rinsed and scraped with a glass slide) 
were collected and snap-frozen in liquid N2, homogenized 
with ice-cold physiologic saline (1:10, v/v), and centrifuged 
at 2,000 × g for 10 min. The activities of alkaline phosphatase 
(AKP), total antioxidant capacity (T-AOC), diamine oxidase 
(DAO), total superoxidase dismutase (T-SOD), and content 
of uric acid in the plasma and in the supernatants of liver, 
jejunal mucosa, and ovary were analyzed spectrophotometrically 
using commercial kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

Intestinal pH and Morphology
The pH of small intestinal contents was measured with a 
portable meter equipped with an insertion glass electrode 
(HI8424, HANA Instrument Science and Technology Co., Ltd., 
Beijing, China). Duodenum, jejunum, and ileum were collected 
immediately after slaughter. The intestines were opened with 
sterile scissors, and pH of the contents was measured by 
inserting a glass pH electrode probe.

One-centimeter lengths from the medial portions of the 
jejunum were washed in physiological saline solution and fixed 
in 10% buffered formalin. Tissue samples were later embedded 
in paraffin, and a 20-μm sections of each sample were dewaxed, 
mounted on glass slides, and stained with hematoxylin and 
eosin. Slides were blindly evaluated microscopically (Eclipse 
Ti-E, Nikon, Japan). Villus height was measured from the top 
of the villus to the junction of villus and crypt, and crypt 
depth was measured as the depth of the invagination between 
adjacent villi using scanning browsing software (CaseViewer2.2, 

3DHISTECH, Hungary) and scanning analysis software (Halo 
v3.0.311.314, Indica Labs, Albuquerque, NM). For each jejunal 
sample, the height of five intact villi and the corresponding 
depths of five crypts were measured and the average value 
was calculated.

RT-qPCR
Total RNA extraction from the mucosa of jejunum was performed 
using TRIzol reagent (RNAiso plus 9109, Takara, Tokyo, Japan) 
and reverse-transcribed with PrimeScript II 1st Strand cDNA 
Synthesis Kit (6210A, Takara). Real-time PCR was performed 
with SYBR PremixExTaq II (Takara) and an ABI 7500 real-
time PCR system (Applied Biosystems, Carlsbad, CA), as 
described by Satoh et al. (2010). The primers used are provided 
in Supplementary Table S3. Results were normalized to the 
abundance of β-actin transcripts, and relative quantification 
was calculated using the 2−ΔΔCT method.

Immune Variables
Jejunal mucosal samples were homogenized with ice-cold 
physiologic saline (1:10, v/v) and centrifuged at 2,000 × g for 
10 min (Centrifuge 5804R, Eppendorf, Germany). Supernatants 
were collected, and ELISAs were performed to determine the 
levels of IL-4, IL-6, IL-1β, TNF-α, IgM, IgA, and IgY using 
kits (Bio-function Technology Co., Ltd., Beijing, China).

Microbial Analysis
Bacterial genomic DNA was extracted from cecal contents of 
breeder hens using the TIANamp Stool DNA Kit (Tiangen, 
Beijing, China). The V3/V4 region of the 16S ribosomal RNA 
gene was amplified by using the 341F/805R primer pairs, and 
the sequencing was performed on an Illumina MiSeq platform 
(Illumina Inc., San Diego, CA). Raw sequences were filtered 
and clustered into operational taxonomic unit (OTU) at 97% 
similarity by QIIME 2 software.1 Bacterial OTU representative 
sequences were assigned to a taxonomic lineage by Ribosomal 
Database Project classifier based on the Greengenes 13.8 database. 
Alpha diversity was analyzed by QIIME 2 software. Beta diversity 
was analyzed and plotted by principal coordinates analysis 
(PCoA) using the “ggplot2” package of R software. Permutational 
multivariate analysis of variance (PERMANOVA) was calculated 
by “vegan” package to determine significant differences in 
microbial beta diversity among the treatment groups (based 
on the Bray-Curtis distance matrices). To determine the highly 
dimensional intestinal microbes and characterize the differences 
among the treatments, linear discriminant analysis (LDA) effect 
size (LEfSe) analysis2 was used. Co-occurrence networks of 
microbial communities in different treatments were built based 
on significant correlations (Spearman’s R > 0.6 and FDR-adjusted 
p < 0.05; Jiao et al., 2016) and were visualized by Gephi software 
(version 0.9.2). The topological properties of networks were 
calculated to describe the complex patterns of the 
interrelationships. All the DNA datasets have been submitted 

1 https://qiime2.org
2 https://huttenhower.sph.harvard.edu/galaxy/
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to the NCBI Sequence Read Archive database under the 
BioProject ID: PRJNA695347.

Statistical Analysis
Replicate served as the experimental unit. The effects of dietary 
CB, SB, and BAG were analyzed by one-way ANOVA (SPSS 
Inc., Chicago, IL). Means were separated by Duncan’s multiple 
range test. Tabulated results are shown as means with SEM 
derived from the ANOVA error mean square.

RESULTS

Laying Performance of Yellow-Feathered 
Breeder Hens
As shown in Table  1, supplementation with high or low-level 
CB and BAG increased the laying rate (p < 0.05). CBH and 
BAG also increased the daily egg mass (p < 0.05). The feed:egg 
ratio was decreased by the high and low level of CB and by 
BAG (p < 0.05).

Hatching Performance and Egg Quality of 
Yellow-Feathered Breeder Hens
According to Table 2, CBL, CBH, SB, and BAG had no significant 
effects on the fertility, hatch of fertile eggs, and hatchling weight, 
compared to the controls (CL). Birds in the CBL treatment had 
lower hatchability of fertilized eggs (p < 0.05) than those receiving 
CBH. Significantly, increased (p < 0.05) albumen height and eggshell 
thickness were noted for the CBH treatment and CBL increased 
the albumen height (p < 0.05; Table 3). The BAG treatment increased 
(p < 0.05) the yolk color and Haugh unit.

Oviduct-Related Variables of Yellow-
Feathered Breeder Hens
Compared with the controls, CBH treatment increased (p < 0.05) 
the weight and length of the oviduct, and number and weight 
of LYF. Number and weight of LYF also increased (p < 0.05) 
by CBL, SB increased weight of the oviduct, and number and 
weight of LYF, while BAG treatment increased (p < 0.05) the 
number of LYF (Table  4).

Biochemical Variables of Yellow-Feathered 
Breeder Hens
Treatments with CBH, CBL, and SB all decreased (p < 0.05) 
T-AOC activity and uric acid concentration, CBH also lowered 
plasmal T-SOD activity (p < 0.05), and BAG treatment significantly 
decreased T-AOC and T-SOD activity (Table  5). There were 
no effects of treatment on the activities of T-AOC and T-SOD 
in jejunal mucosa, liver, or ovary (Table  6).

Intestinal Morphology of Yellow-Feathered 
Breeder Hens
The pH of duodenal, jejunal, and ileal digesta was not significantly 
influenced by treatment (p > 0.05). Jejunal morphology was 
improved by CBH, CBL, and BAG. As shown in Table  6, 

CBH increased (p < 0.05) the villus height, crypt depth, and 
the villus:crypt ratio, CBL increased (p < 0.05) the villus height 
and villus:crypt ratio, and BAG increased (p < 0.05) the villus 
height and crypt depth of jejunal mucosa.

Immune Factors of Yellow-Feathered 
Breeder Hens
The contents of cytokines and immunoglobulins in the jejunal 
mucosa were determined (Table  7). The only effect on IL-4 
was the reduction (p < 0.05) caused by SB treatment. Contents 
of IL-6 were reduced (p < 0.05) by CBH, SB, and BAG. The 
SB treatment also reduced IL-1β and IgY, the latter quite 
strikingly, and SB also resulted in lowest contents of IgA.

Jejunal Gene Expression of Yellow-
Feathered Breeder Hens
The relative transcript abundance of Na(+)/H(+) exchanger 
isoform 2 (NHE2) was increased (p < 0.05) by CBL and SB, that 
of peptide transporter 1 (PEPT1) by CBL and SB, glucose 
transporter-2 (GLUT2) by both CBH and CBL, and apical nutrient 
transporter SLC6A19 (B0AT) was increased only by CBH. The 
apoptosis-related gene Bcl-2-associated X protein (BAX) was 
downregulated (p < 0.05) by CBH, CBL, and BAG; the expression 
of TNF-α was not significantly affected by treatment (Table  8).

Gut Microbiota Structure of Yellow-
Feathered Breeder Hens
The results showed that the CBL treatment decreased the 
variables of the observed species, Chao1, Shannon and Simpson 

TABLE 1 | Laying performance of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value  
of p

Laying rate, % 50.82b 57.10a 56.24a 54.65ab 58.61a 0.90 0.021
Daily egg mass, g 30.60b 34.75a 33.81ab 32.89ab 34.68a 0.53 0.041
Average egg 
weight, g

60.90 61.70 60.73 60.71 60.09 0.58 0.841

Qualified rate of 
egg, %

94.68 97.31 96.27 93.97 96.57 0.45 0.111

Feed/egg 3.50a 3.05b 3.15b 3.24ab 3.06b 0.05 0.039

abMeans within a row lacking a common superscript differ significantly (p < 0.05).
CL, control; CBL, low-level Clostridium butyricum; CBH, high-level Clostridium 
butyricum; SB, sodium butyrate; BAG, butyric acid glycerides; and SEM, standard error.

TABLE 2 | Hatching performance of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value  
of p

Fertility, % 85.33 80.00 81.33 82.00 86.67 1.76 0.823
Hatch of feritile 
eggs, %

95.59ab 97.50a 89.53b 90.89ab 96.05ab 1.08 0.029

Chick weight, g 44.14 44.79 43.67 42.91 42.65 0.31 0.061

abMeans within a row lacking a common superscript differ significantly (p < 0.05).
CL, control; CBL, low-level Clostridium butyricum; CBH, high-level Clostridium 
butyricum; SB, sodium butyrate; BAG, butyric acid glycerides; and SEM, standard error.
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(p < 0.05) compared to the controls (Figure 1). PCoA of intestinal 
microbiota based on Bray-Curtis distance revealed distinct 
clusterings of the gut microbiota composition between CL and 
CBH, and between CL and BAG (Figure  2). The differences 
in the intestinal bacterial compositions between the treatments 
were also analyzed. The results showed that at the phylum 
level, CBH and CBL treatments obviously increased the 
abundance of Firmicutes. Additionally, CBH also decreased 
the abundance of Proteobacteria. At the family level, CBL 
increased (p < 0.05) the abundance of Bacillaceae over those 
of the CL and BAG treatments. At the genus level, no significant 
treatment differences were noticed in the abundance of 
Clostridium (Figure  3).

In order to further identify microbial taxa that account for 
the greatest differences between genders, we  performed LDA 
coupled with effect size measurements (LEfSe). In the total 
cohort, families with higher abundance in the CL controls 
included Methanobrevibacter and Ruminiclostridium5. The 
genus Shuttleworthia was higher in the CBH treatment. 
Bacillaceae, Bacillales, Bacillus and Lactobacillaceae, 
Lactobacillales, and Lactobacillus were more abundant in the 
CBL treatment. The SB treatment induced higher abundances 
of Barnesiellaceae, ClostridialesvadinBB60, Defluviitaleaceae, 

Angelakisella, Ruminococcaceae, and Mitochondria. Moreover, 
more abundant Bacteroidales, Bacteroidaceae, Bacteridales, and 
Bacteroides were observed in BAG treatment (Figure  4).

To investigate the co-occurrence patterns of intestinal microbes 
in the groups, three networks were constructed based on the 
OTU level (Figure  5 and Table  9). Co-occurrence network 
analysis showed that the microbial networks were roughly at 
the same edges and nodes among the different treatments. 
The values of average degree (AD) in breeder hens treated 
with CBH and BAG were higher than those in the controls; 
the graph density (GD) and the modularity (MD) values were 
not altered obviously among groups. Additionally, the negative 
correlations of the network in the CBH and BAG treatments 
were more than that of the controls while the positive correlations 
of the network were less than that of the controls.

Growth Performance of Offspring Broilers
Compared to the control breeders, CBH breeders produced 
offspring with increases (p < 0.05) in the final BW and ADG, 
and with decreased (p < 0.05) feed:gain. The feed:gain of offspring 
from the CBL treatment was also decreased (p < 0.05; Table 10).

DISCUSSION

Evidence exists for butyric acid exerting beneficial effects on 
the laying and hatching performances of hens (Jahanian and 
Golshadi, 2015; Zhan et  al., 2019). In accordance with these 
findings, in the current study, CB and BAG were also found 
to increase the laying rate as well as daily egg weight, while 
decreasing the feed:egg ratio of yellow-feathered breeder hens. 
Additionally, because butyrate promoted the absorption and 
utilization of minerals including calcium (Soltan, 2008; 
Casselbrant et  al., 2020), egg quality might be  improved by 
dietary addition of butyric acid. Eggshell strength (Zhan et  al., 
2019) and yolk color (Wang et  al., 2020) were increased by 
dietary CB. In the present study, parameters of egg quality, 
such as albumen height and eggshell thickness, were also 
improved by CB, and yolk color and Haugh unit were elevated 
by BAG. It was noteworthy that the offspring broilers from 
breeders fed the CBH diet had a much better growth performance 
than that in other treatments.

The hen oviduct was of special interest to commercial egg 
producers because disrupted activity or pathological changes 

TABLE 3 | Egg quality of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value of p

Egg shape index 1.31 1.27 1.32 1.28 1.32 0.01 0.066
Yolk ratio, % 32.68 31.20 31.11 31.99 32.13 0.23 0.206
Yolk color 5.41b 5.27b 5.35b 5.29b 6.11a 0.10 0.033
Albumen height, mm 6.65b 7.33a 7.54a 6.75b 6.80b 0.11 0.043
Haugh unit 70.97b 69.44b 70.10b 70.45b 76.50a 0.82 0.044
Eggshell thickness, mm 0.30b 0.34a 0.31b 0.32ab 0.32ab 0.00 0.001
Eggshell strength, kg/cm2 3.20 3.32 3.29 3.34 3.57 0.06 0.497

abMeans within a row lacking a common superscript differ significantly (p < 0.05).
CL, control; CBL, low-level Clostridium butyricum; CBH, high-level Clostridium butyricum; SB, sodium butyrate; BAG, butyric acid glycerides; and SEM, standard error.

TABLE 4 | Oviduct-related variables of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value 
of p

Weight of 
oviduct/BW, %

0.96c 1.39ab 1.11bc 1.26ab 1.12abc 0.05 0.022

Length of 
oviduct, cm

34.67b 39.10a 37.67ab 37.70ab 39.00ab 0.73 0.048

Weight of 
ovarian stroma/
BW, %

0.21 0.26 0.26 0.24 0.23 0.01 0.108

LYF number 3.00b 4.10a 4.30a 4.10a 4.30a 0.14 0.034
LYF weight/
BW, %

0.82b 1.28a 1.52a 1.50a 1.22ab 0.07 0.022

SYF number 12.11 8.80 11.50 9.10 10.90 0.60 0.230
SYF weight/
BW, %

0.07 0.06 0.09 0.05 0.06 0.01 0.165

abcMeans within a row lacking a common superscript differ significantly (p < 0.05).
BW, body weight; LYF, large yellow follicles, follicles with mean diameter >8 mm; SYF, 
small yellow follicles, follicles with mean diameter of 3 to 8 mm. CL, control; CBL, low-
level Clostridium butyricum; CBH, high-level Clostridium butyricum; SB, sodium 
butyrate; BAG, butyric acid glycerides; and SEM, standard error.
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TABLE 6 | Intestinal pH and morphology of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value of p

 pH

Duodenum 6.32 6.22 6.33 6.38 6.35 0.03 0.601

Jejunum 6.34 6.31 6.21 6.29 6.31 0.02 0.522
Ileum 6.66 6.72 6.61 6.65 6.55 0.03 0.249

 Morphology of jejunum

Villus height, mm 0.91b 1.24a 1.08a 0.92b 1.11a 0.02 0.026
Crypt depth, mm 0.14b 0.25a 0.17b 0.18b 0.21a 0.01 0.043
Villous crypt ratio 5.35b 7.56a 6.67a 5.08b 5.49b 0.18 0.016

abMeans within a row lacking a common superscript differ significantly (p < 0.05).
CL, control; CBL, low-level Clostridium butyricum; CBH, high-level Clostridium butyricum; SB, sodium butyrate; BAG, butyric acid glycerides; and SEM, standard error.

directly affected egg quality and ultimately decreased economic 
profitability (Chousalkar and Roberts, 2008). In the present 
study, the oviduct-related variables, such as weight of the 
oviduct, and number and weight of LYF, were improved by 
the treatment of CB, SB, or BAG. Little was known about the 
effects of butyrate on oviduct-related variables to serve for 

comparison with the present results. However, according to 
Ghosh and Cox (1977), SB induced the secretion of follicle-
stimulating hormone (FSH), which stimulated the growth and 
development of follicles. Thus, butyrate might promote the 
reproductive ability and egg quality through regulating oviduct 
development by inducing FSH secretion.

TABLE 5 | Biochemical variables of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value of p

 Plasma

AKP, U/ml 6.33 6.53 6.34 5.67 5.76 0.20 0.741

T-AOC, U/ml 6.94a 5.10b 5.22b 4.94b 5.82b 0.17 0.003
DAO, U/ml 16.41 19.99 19.52 17.64 16.33 0.91 0.707
T-SOD, U/ml 29.36a 22.57b 24.66ab 24.19ab 21.74b 0.79 0.047
Uric acid, mmol/ml 357.84a 303.48b 302.07b 297.24b 344.62ab 7.80 0.036

 Jejunum

T-SOD, U/mg pro 2086.05ab 1982.63ab 2560.30a 1889.25b 2379.53ab 93.97 0.028
T-AOC, U/mg pro 21.09 23.55 20.06 26.93 16.02 1.51 0.430

 Liver

T-SOD, U/mg pro 1198.71b 1190.07b 1333.98a 1184.43b 1101.78b 36.12 0.018
T-AOC, U/mg pro 3.05 3.79 4.58 3.95 4.03 0.16 0.320

Ovary

T-SOD, U/mg pro 5086.97 5663.54 4794.13 6008.14 5365.03 248.80 0.633
T-AOC, U/mg pro 1.60 1.48 2.46 2.65 1.88 0.42 0.231
MDA, nmol/mg pro 5.34 4.55 2.73 3.31 3.53 0.43 0.509

abMeans within a row lacking a common superscript differ significantly (p < 0.05).
AKP, alkaline phosphatase; T-AOC, total antioxidant capacity; DAO, diamine oxidase; T-SOD, total superoxidase; MDA, malondialdehyde; CL, control; CBL, low-level Clostridium 
butyricum; CBH, high-level Clostridium butyricum; SB, sodium butyrate; BAG, butyric acid glycerides; and SEM, standard error.

TABLE 7 | Jejunal immune factors of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value of p

IL-4 pg/mg pro 9.18a 7.53ab 8.91a 6.53b 7.30ab 0.32 0.068
IL-6 μg/mg pro 2.04a 1.39b 1.69ab 1.36b 1.54b 0.16 0.011
IL-1β ng/mg pro 3.86a 3.80a 3.99a 3.31b 3.94a 0.31 0.020
TNF-α ng/mg pro 9.70 9.28 9.53 7.82 9.83 0.86 0.414
IgM μg/mg pro 10.16 10.63 12.07 9.03 10.49 1.27 0.297
IgA μg/mg pro 12.56ab 12.16ab 14.55a 10.87b 13.45ab 1.09 0.043
IgY μg/mg pro 150.22a 134.93ab 159.60a 117.26b 141.16ab 4.68 0.018

abMeans within a row lacking a common superscript differ significantly (p < 0.05).
IL-4, interleukin 4; IL-6, interleukin 6; IL-1β, interleukin 1β; TNF-α, tumor necrosis factor α; IgM, immunoglobulin M; IgA, immunoglobulin A; IgY, immunoglobulin Y; CL, control; CBL, 
low-level Clostridium butyricum; CBH, high-level Clostridium butyricum; SB, sodium butyrate; BAG, butyric acid glycerides; and SEM, standard error.
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It is reported that oxidative stress decreased the hatchability 
and increased the mortality post-hatch (Nadia et  al., 2008). 
Thus, the elevated hatchability and reproductive performance 
in the present study prompted us to investigate the oxidative 
status of breeder hens among the different treatments. It was 
reported that dietary provision of CB promoted the serum, 
hepatic, and intestinal antioxidant status of hosts (Liao et  al., 
2015; Duan et al., 2017; Zhan et al., 2019) and SB also improved 
antioxidant capacity in vitro and in vivo (Xing et  al., 2016; 
Honma et  al., 2020). It was found here, however, that CB, 
SB, and BAG had minimal effect on the activities of T-SOD 
and T-AOC in jejunal mucosa, liver, and ovary; SB did reduce 
jejunal T-SOD activity. Plasmal activity of T-AOC was decreased 
by CB, SB, and BAG treatments, and activity of T-SOD was 
reduced by BAG and CBH. As the performance of yellow-
feathered breeder hens in the current study was significantly 
improved, the decreased antioxidant variables might be  due 
to the decreased expression of reactive oxygen species-generating 
proteins, rather than the impairment of the antioxidant system. 
The plasmal content of uric acid was also reduced by treatment 
with CBH, CBL, and SB. Uric acid was the major final product 
of nitrogen metabolism in birds and was an endogenous 
antioxidant (Sauer et  al., 2007). In the study of Al-Yasiry et  al. 
(2017), dietary supplementation with Boswellia serrata resin, 
a putative anti-inflammatory agent, improved the performance 
of broiler chickens and decreased uric acid. Decreased plasmal 
content of uric acid might suggest greater efficiency of use of 
absorbed amino acids or reduced turnover of endogenous 
proteins in broiler chickens (Scanes, 2015; Al-Yasiry et  al., 
2017). Moreover, oxidative stress played a pivotal role in 
apoptosis and the elevation of antioxidant status could block 
or delay apoptosis (Kannan and Jain, 2000). It was found here 
that the expression of the pro-apoptosis gene BAX was 
downregulated by CBH, CBL, and BAG, but not by SB, suggesting 
that CB and BAG likely attenuated apoptosis.

Relationships were found between reproductive performance 
and immune function. For example, TLR4 polymorphisms 
offered a meaningful tool to judge the reproductive potential 
(Shimizu et  al., 2017). The immunostimulatory property of 
butyrate in chickens was known (Sunkara et  al., 2011). Zhou 
et  al. (2014) discovered that SB suppressed the expression of 
IL-1β, IL-6, IFN-γ, and IL-10 in chicken macrophages stimulated 

by S. typhimurium LPS. The present study also showed that 
SB reduced jejunal contents of IL-4, IL-6, and IL-1β. The CBH 
treatment decreased jejunal content of IL-6, supporting recent 
work that CB administration reduced IL-6 level in the intestine 
of burned mice (Zhang et  al., 2020). Immunoglobulins are key 
immune mediators. Levels of IgM and IgA in jejunal mucosa 
were not altered by CB, SB, or BAG, but IgY level was reduced 
by SB. Previous studies have suggested that SB increased IgY 
to improve immune function. For instance, Makled et al. (2019) 
found that meat-type chickens receiving a SB diet increased 
IgY, and Gong et  al. (2020) showed that β-carotene, curcumin, 
allicin, and SB supplementation increased serum IgY in breeder 
hens. The decreased jejunal IgY of SB-treated breeder hens in 
the present study may indicate weakened humoral immunity. 
Altogether, the above findings indicated that CBH, SB, and 
BAG affected jejunal cytokines and SB might have an adverse 
effect on humoral immunity of breeder hens.

Interactions between nutrition and immunity were diverse 
and had profound implications on animal productivity. A supply 
of nutrients at the appropriate times and amounts was important 
for the immune system (Humphrey and Klasing, 2004). Nutrient 
transporters mediated substrate-specific uptake across the plasma 
membrane. Reports showed that SCFA enhanced the structural 
and functional adaptation of the mammalian intestine by 
increasing transcript abundance of GLUT2 (Tappenden et  al., 
1997; Tappenden and McBurney, 1998; Mangian and Tappenden, 
2009), mediating one of the major pathways of intestinal sugar 
absorption (George and Edith, 2005). In the present study, 
both CBH and CBL increased GLUT2 transcripts in the avian 
jejunal mucosa. Electroneutral Na absorption in the intestine 
used NHE isoforms NHE2 and NHE3. Butyrate was reported 
to stimulate electroneutral Na absorption through NHE2 
(Subramanya et  al., 2007). In the current study, CBL and SB 
also upregulated the jejunal expression of NHE2. Protein was 
hydrolyzed to small peptides and amino acids in the small 
intestine, and dipeptides and tripeptides were transported across 
enterocytes via Pept1 or were catabolized to amino acids by 
aminopeptidase N (Wang et  al., 2020). Dalmasso et  al. (2008) 
reported that butyrate enhanced the expression and activity 
of Pept 1 in mice. Liu et al. (2017) found that SB supplementation 
induced Pept1 expression in juvenile grass carp. Consistent 
with these previous studies, the present results showed that 
CBH and SB upregulated the expression of Pept1. B0AT is a 
Na+-dependent neutral amino acid transporter (Wang et  al., 
2020). The present authors were unaware of any exploration 
of the effect of butyrate on the expression of B0AT, and it 
was found here that B0AT transcripts were induced by CBL. 
Hence, the above findings demonstrated that CB and SB were 
likely able to increase capacity for the absorption of nutrients.

Gut microbiota affected the parameters of fitness, such as 
survival, phenotypic plasticity, and reproductive performance 
of animals (Zilber-Rosenberg and Rosenberg, 2008). Dietary 
butyrate functioned as a bactericidal agent because it can lower 
the pH in the crop and gizzard and proximal intestine, to 
control harmful bacteria, such as Salmonella spps., Escherichia 
coli, and Campylobacter jejuni (Van Deun et  al., 2008). Hens 
provided with CB had reduced cecal E. coli and increased 

TABLE 8 | Jejunal gene expressions of yellow-feathered breeder hens.

CL CBH CBL SB BAG SEM Value of p

NHE2 0.91c 1.53abc 2.35a 1.95ab 1.39bc 0.28 0.018
PEPT1 1.03b 1.79a 0.70b 2.14a 1.47ab 0.33 <0.001
GLUT2 0.84b 1.72a 1.72a 0.48b 0.45b 0.35 <0.001
B0AT 0.92b 2.39a 1.22b 1.73ab 1.14b 0.37 0.018
BAX 1.30a 0.66b 0.58b 0.87ab 0.64b 0.18 0.036
TNF-α 0.99 1.11 1.32 0.97 0.87 0.19 0.053

abcMeans within a row lacking a common superscript differ significantly (p < 0.05).
NHE2, Na(+)/H(+) exchanger isoform 2; PEPT1, peptide transporter 1; GLUT 2, glucose 
transporter-2; B0AT, apical nutrient transporter SLC6A19; BAX, Bcl-2 associated X 
protein; TNF-α, tumor necrosis factor α; CL, control; CBL, low-level Clostridium 
butyricum; CBH, high-level Clostridium butyricum; SB, sodium butyrate; BAG, butyric 
acid glycerides; and SEM, standard error.
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Bifidobacterium (Zhan et  al., 2019). Czerwiński et  al. (2012) 
found that dietary SB increased total bacterial numbers and 
Lactobacillus counts in ileal and cecal contents of chickens. 
Supplementation of laying hens reduced total bacteria and ileal 
E. coli numbers (Jahanian and Golshadi, 2015). In the present 
study, the cecal microbiota structure of the yellow-feathered 

breeder hens was examined. Compared with the controls, 
breeder hens given CBH and CBL had more Firmicutes at 
the phylum level. As CB belonged to Bacillaceae family and 
Clostridium genus, the relative abundance of Bacillaceae and 
Clostridium was further determined. The present results suggested 
that CBL increased the presence of Bacillaceae, though abundance 
of Clostridium was unaffected by CB, SB, and BAG treatments. 
Increased Firmicutes and Bacillaceae in CB treatments might 
simply stem from the dietary addition of CB. Firmicutes bacteria 
provide a good index of the state of the intestine. For example, 
Bacillaceae, Lactobacillus, and Lactococcus could suppress the 
production of inflammatory cytokines and pathogen-induced 
disruption of intestine function (Li et  al., 2009; Zheng et  al., 
2017; Dowdell et  al., 2020). Dietary CB supplementation of 
young pigs promoted growth performance and increased the 
Bacillus level (Chen et  al., 2018). It is likely, therefore, that 
elevated abundance of Firmicutes and Bacillaceae induced by 
CB might promote the growth and health of yellow-feathered 
breeder hens. Additionally, in agreement with the study of 
Duan et  al. (2018), the abundance of Proteobacteria in the 
shrimp Litopenaeus vannamei was reduced by diets containing 
2.5 and 5.0 × 109 CFU/kg, and CBH here, in breeder hens, also 
decreased the abundance of Proteobacteria. Thus, the altered 
population structure of the gut microbiota caused by dietary 
CB might contribute to the improved performance of yellow-
feathered breeder hens.

LDA and LEfSe analysis showed increased Shuttleworthia, 
Lactobacillus, Barnesiellaceae, and Bacteroides in CBH, CBL, 

FIGURE 1 | Alpha diversity analysis of intestinal microbiota in different treatments.

FIGURE 2 | Principal coordinates analysis (PCoA) of microbial communities 
among treatment groups based on Bray-Curtis distance.
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A

B

FIGURE 3 | Relative abundance of gut microbiota. (A) Relative abundance of gut microbiota at phylum level. (B) Relative abundance of Clostridium and 
Bacillaceae.

A B

FIGURE 4 | Linear discriminant analysis (LDA) effect size (LEfSe) analysis (LDA > 3.0, p < 0.05) of intestinal microbes. The prefixes “p_,” “c_,” “o_,” “f_,” “g_,” and 
“s_” represent the annotated level of phylum, class, order, family, genus, and species. (A) LDA and (B) LEfSe.
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SB, and BAG treatments, respectively. Shuttleworthia had 
a relationship with carbohydrate and lipid metabolic pathways 
and thus contributed to weight gain and growth performance 
in broiler chickens (Lee et al., 2017). Lactobacillus generally 
improved the gastrointestinal tract environment and protected 
the gut from pathogens (Dicks and Botes, 2010). Moreover, 
although the roles of Barnesiellaceae were not well known, 
research suggested that the Behçet’s disease and the use of 
antibiotic led to decreased abundance of Barnesiellaceae 
(van der Houwen et  al., 2020). Additionally, meta-analysis 
revealed that lower level of Bacteroides was associated 
with intestinal inflammation (Zhou and Zhi, 2016). 

Finally, co-occurrence patterns of intestinal microbes were 
employed to investigate the microbial interactions. In the 
present study, the positive correlation of the microbial 
networks in the CBH and BAG treatments was more than 
those in the controls, while the negative correlation of the 
microbial networks in the CBH and BAG groups was less 
than those in controls, which could be  interpreted as a 
reduction in competitive relationships within intestinal 
microbes (Fan et  al., 2018).

CONCLUSION

In conclusion, the supplementation with CB and BAG in the 
diets of breeder hens increased the reproductive performance 
and improved the egg quality and intestinal morphology. CB 
treatment also promoted the hatching performance of breeder 
hens and growth performance of offspring. These effects might 
result from the regulation of cytokines, nutrient transporters, 
apoptosis, and profiles of gut microbiota. The beneficial effects 
described were more obvious with CBH treatment than the 
CBL treatment, as CBH induced the higher hatchability, eggshell 
thickness, jejunal crypt depth, and B0AT expression. Although 
SB had no beneficial effect on reproductive performance, egg 

TABLE 9 | Topological properties of co-occurrence network.

CL CBH CBL SB BAG

Nodes 763 756 768 766 786
Edges 4,221 4,552 4,259 4,160 4,919
AD 11.064 12.042 11.091 10.862 12.517
GD 0.015 0.016 0.014 0.014 0.016
MD 0.955 0.954 0.957 0.968 0.93
Positive correlation 69.30% 75.00% 69.00% 69.00% 78.00%
Negative correlation 30.70% 24.00% 30.00% 30.00% 21.00%

AD, average degree; GD, graph density; and MD, modularity.

FIGURE 5 | Co-occurrence networks of microbial communities at OTU level. A connection stands for a very strong (Spearman’s R > 0.6) and significant (FDR-
adjusted p < 0.05) correlation. The size of each node is proportional to the relative abundance; the thickness of each connection between two nodes (edge) is 
proportional to the value of Spearman’s correlation coefficients. Pink lines represent significant positive correlations, and green lines denote negative correlations.
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quality, or intestinal morphology, it did impact the oviduct-
related variables, nutrient transporters, and immune factors, 
but the decreased IgY might indicate an adverse influence of 
SB in breeder hens.
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