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ABSTRACT This study investigated the effects of
Bacillus coagulans X26 on the production performance,
egg quality, intestinal structure, intestinal short-chain
fatty acids, and microbial diversity of laying hens during
the peak laying period and explored the possibility of
using B. coagulans X26 as an alternative to antibiotics.
The results showed that adding 1.0 x 10° CFU/g B.
coagulans X26 to the basal diet had the best effect: the
average laying rate increased by 4.20% (P < 0.05), the
survival rate increased by 7.15% (P < 0.05), the feed
intake decreased by 3.06% (P < 0.05), the ratio of feed
to egg decreased by 7.42% (P < 0.05), the rate of soft-
broken eggshell decreased by 73.04% (P < 0.05), the

average egg weight increased by 2.94% (P < 0.05), and
the content of egg white protein increased by 5.77%
(P < 0.05). The production performance and egg qual-
ity of laying hens reached the same level as that of hens
fed a diet supplemented with chlortetracycline hydro-
chloride in this study, and there were significant advan-
tages in the average laying rate and feed-egg ratio
(P < 0.05). Both chlortetracycline hydrochloride and
B. coagulans X26 altered the flora composition and the
SCFA content of the intestinal contents; however,
B. coagulans X26 also significantly increased the villus
height of the ileum and the ratio of villus height to
crypt depth (P < 0.05).
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INTRODUCTION

Antibiotic abuse has had severe effects on human
health, and probiotics have been widely used in the ani-
mal husbandry industry as an alternative to antibiotics.
Bacillus coagulans belongs to a class of probiotics with
high resistance. The spore body of this species is resis-
tant to gastric acid, bile salts, high temperature and
high pressure, allowing it to adapt to the animal gastro-
intestinal environment and to meet the requirements for
the processing of granule feed to form a stable high-qual-
ity product. Cavazzoni et al. (1998) found that the use
of B. coagulans in broilers had effects on growth and dis-
ease prevention comparable to those of Virgamycin.
Studies by Zhen et al. (2018) showed that the addition
of B. coagulans to broiler diets improved the growth per-
formance, intestinal microbiota, and villus structure of
broilers and repaired the intestinal inflammation and
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structural damage caused by Salmonella enteritis infec-
tion. Chunru Liu et al. (2022) found that B. coagulans
could maintain the intestinal mucosal barrier by improv-
ing intestinal flora, enhancing innate immunity, and
promoting intestinal epithelial proliferation. In this
study, the effect of B. coagulans X26 on production per-
formance, egg quality, gut structure, and intestinal flora
was analyzed in the peak period of egg production; in
addition, the results were compared with those of chlor-
tetracycline hydrochloride to provide an effective refer-
ence for the rational application of B. coagulans X26 to
improve laying production and to explore its mechanism
of action.

MATERIALS AND METHODS
Experimental Design

Based on a univariate experimental design, 160
healthy Hailan laying hens with similar egg yields at
42 wk and insignificant weight differences were selected
and randomly divided into 4 treatment groups (5 repli-
cates for each group, 8 hens per replicate): control group,
basic diet; antibiotic group, basic diet supplemented
with 0.1 mg/g chlortetracycline hydrochloride; test
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group 1, basic diet supplemented with 5.0 x 10° CFU /g
B. coagulans X26; and test group 2, basic diet supple-
mented with 1.0 x 10° CFU/g B. coagulans X26. The
rearing trial lasted for 5 wk.

The strain was deposited in the China Center for
Type Culture Collection (CCTCC M 20211707). The
composition of the basic diet was previously described in
NRC (1994).

Determination of Indices

High-performance liquid chromatography was used to
detect SCFAs in intestinal contents. Using Image-Pro
Plus 6.0 software with the 40-fold scale in the lower right
corner as the standard, 5 intact villi were selected from
each section, and the villus height (mm) and the crypt
depth (mm) were measured. The V3-V4 region of the
16S rRNA gene of the cecal microbiota was sequenced
using 454 high-throughput sequencing for specific analy-
sis. All raw sequences were deposited in the NCBI
Sequence Read Archive under accession number
PRJINAG672222.

Statistical Analysis

Data are presented as the mean and standard devia-
tion (SD) and were analyzed by ANOVA using SPSS
16.0 for multiple comparisons with Duncan's test. Two
independent sample t tests were used to compare inde-
pendent data between 2 groups, and F tests were used to
compare data between multiple groups. P < 0.05 indi-
cates a significant difference.

RESULTS AND DISCUSSION

Effect of B. coagulans X26 on the Production
Performance and Egg Quality of Laying Hens

The data of this study (Table 1) showed that com-
pared with the control group, the survival rate of laying
hens increased by 5.36% (P < 0.05), and the soft shelled
or cracked egg rate decreased by 53.91% (P < 0.05) in
the antibiotic group. The survival rate of laying hens

Table 1. Production performance and egg quality.

increased by 5.36% (P < 0.05), and the soft-shelled or
cracked egg rate decreased by 81.74% (P < 0.05) in test
group 1. Test group 2 showed significantly improved
production performance. The average laying rate
increased by 4.20% (P < 0.05); the average egg weight
increased by 2.94%; the survival rate of laying hens
increased by 7.15% (P < 0.05); the ADFI decreased by
3.06% (P < 0.05); the feed-egg ratio decreased by 7.42%
(P < 0.05); and the soft-shelled or cracked egg rate
decreased by 73.04% (P < 0.05). Compared with the
antibiotic group, the soft shelled or cracked egg rate was
reduced by 60.38% (P < 0.05) in test group 1; the
average laying rate in test group 2 increased by 2.69%
(P < 0.05), and the feed-egg ratio was decreased by
4.93% (P < 0.05) in test group 2. The results showed
that the addition of chlortetracycline hydrochloride and
B. coagulans X26 to the basic diet can improve the per-
formance of laying hens. B. coagulans X26 can match the
effect, of antibiotics on the production performance of lay-
ing hens and even exhibits advantages in terms of laying
rate and feed-egg ratio. Compared with test group 1, the
average laying rate of test group 2 was significantly
increased (P < 0.05). This shows that different bacterial
counts of B. coagulans X26 have different degrees of
influence on the production performance of laying hens.

Compared with that of the control group, the egg yolk
protein content of the antibiotic group increased by
3.86% (P < 0.05), the egg white protein content of test
group 1 increased by 8.60% (P < 0.05), the average egg
weight of test group 2 increased by 2.94%, and the egg
white protein content of test group 2 increased by 5.77%
(P < 0.05). Compared with the antibiotic group, test
groups 1 and 2 showed similar values for 9 egg quality
indices, which indicated that B. coagulans X26 had the
same effect on egg quality as antibiotics. The results
showed that adding B. coagulans X26 to the basic diet
could improve the quality of eggs.

Effect of B. coagulans X26 on Intestinal
Structure

The process of digestion and absorption of nutrients
occurs mainly in the small intestine, and the villi of the

Index Control group Antibiotic group Test group 1 Test group 2
Average laying rate, % 89.43 + 2.53* 90.75 + 2.51% 92.04 +2.97" 93.19 + 1.17"
ADFI, g 127.49 + 3.87" 125.56 =+ 3.34%" 124.97 + 2,53 123.59 + 1.98"
Average egg weight, g 61.54 + 0.64* 61.96 + 1.42%° 61.98 = 1.18%" 63.35 £ 1.12°
Feed-egg ratio 2.29 £ 0.04" 2.23+0.11° 2.19 £ 0.05*" 2.12 4 0.05"
Soft shelled or cracked egg rate, % 1.15 + 0.23° 0.53 +0.18" 0.21 £ 0.22" 0.31 £0.11*"
Survival rate of laying hens, % 93.33 + 3.73" 98.33 £ 3.73b 08.33 4+ 3.73" 100.00 =+ 0.00°
Egg shape index 1.32 £0.06 1.40 £ 0.99 1.31 £ 0.06 1.32 £0.04
Relatively heavy egg yolk, % 27.84 +£1.15 28.62 +1.29 28.26 + 1.30 27.27 £ 1.37
Relatively heavy eggshell, % 10.31 £0.21 10.23 £ 0.34 10.44 £ 0.41 10.50 £ 0.52
Egg white water content, % 87.46 £ 0.40 87.47 £ 0.31 86.89 &+ 0.55 87.25 £ 0.45
Egg yolk moisture content, % 45.81 +£0.35 44.71 +0.92 45.96 + 0.23 45.49+0.70
Fat content (fresh eggs), % 8.08 £ 0.37 8.49 £ 0.46 8.27+0.47 8.08 £ 0.49
Egg white protein content, % 9.54 + 0.32° 9.86 £ 0.26°" 10.36 £ 0.58" 10.09 £ 0.39"
Egg yolk protein content, % 16.85 £ 0.18" 17.50 & 0.40" 16.96 + 0.38%" 16.95 4+ 0.51?P

In the same row, values with the same or no letter superscripts mean no significant difference (P> 0.05), whereas with different small letter superscripts

mean significant difference (P < 0.05).
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Table 2. Intestinal content analysis.

Intestinal tract Index Control group Antibiotic group Test group 1 Test group 2
Duodenum, mm Villus Height 1.15 4 0.02 1.124+0.22 1.38+0.25 1.224+0.25
Crypt depth 0.13 +0.03 0.14 £ 0.01 0.16 + 0.03 0.14 £ 0.01
V/C 8.85 +0.11 8.00 + 0.38 8.63 + 0.51 8.71 +0.45
Jejunum, mm Villus Height 0.92 +0.16 0.69 + 0.30 0.81 +0.19 0.82 +0.21
Crypt depth 0.14 +0.01 0.17 + 0.05 0.14 £ 0.04 0.14 + 0.04
V/C 6.57 + 0.26 4.06 + 0.56 5.79 + 0.33 5.86 4+ 0.45
Ileum, mm Villus Height 0.57 +£0.11% 0.54 + 0.25 0.89 + 0.09" 0.80 + 0.22°
Crypt depth 0.11 £+ 0.02 0.11 + 0.03 0.12 + 0.02 0.11 £ 0.02
V/C 5.18 +0.14* 4.91 +0.25 7.42 4+ 0.25" 7.27 +0.25"
Tleum, mg/g Formic acid 1.98 4 0.42°° 1.09 + 0.29* 2.49 + 0.70"° 3.15 + 0.69°
Acetic acid 0.55 £ 0.09¢ 1.31 4 0.45¢ 0.47 + 0.10™ 0.28 £ 0.05*"
Butanoic acid 0.04 +0.01* 0.12 +0.03° 0.08 + 0.02° 0.10 + 0.03>
Lactic acid 1.94 £ 0.09* 2.52 + 0.15" 4.00 + 0.67° 4.11 +0.84°
Subtotal 4.46 + 0.48" 5.04 + 0.47" 7.04 +0.71° 7.64 4+ 0.90"
Cecum, mg/g Formic acid 0.01 +0.01* 0.62 + 0.23° 0.07 + 0.01° 0.19 + 0.06"
Acetic acid 4.18 £+ 0.50° 4.44 4+ 0.85" 2.26 £ 0.62" 2.02 £ 0.42"
Butanoic acid 0.02 + 0.01* 0.36 £+ 0.12" 0.21 £ 0.09" 0.74 & 0.24¢
Lactic acid 23.96 + 1.30 29.09 + 3.38 27.34 +4.32 25.19 £ 6.16
Subtotal 28.14 + 2.32 34.51 £4.30 29.88 + 3.01 28.14 £1.35

In the same row, values with the same or no letter superscripts mean no significant difference (P > 0.05), whereas with different small letter superscripts

mean significant difference (P < 0.05).

small intestine extend into the intestinal cavity, which is
the first barrier for the digestion and absorption of
nutrients. The villus height, crypt depth, and ratio of
villus height to crypt depth all reflect the strength of
intestinal digestion and absorption ability. Longer villi,
a shallower crypt and a higher ratio of villus height to
crypt depth are indicative of more mature and perfect
intestinal mucosal cells and of a stronger intestinal diges-
tion and absorption ability (Paiva et al., 2014). In this
study, Table 2 shows that there was no significant differ-
ence in the villus height or crypt depth between the duo-
denum and jejunum. However, the villus height and the
ratio of villus height to crypt depth of the ileum in test
groups 1 and 2 were significantly superior. Compared
with the control group, villus height increased by
56.14% (P < 0.05), and the ratio of villi height to crypt
depth increased by 43.24% (P < 0.05) in test group 1;
the villus height in test group 2 increased by 40.35%
(P < 0.05), and the ratio of villus height to crypt depth
increased by 40.34% (P < 0.05). Compared with the
antibiotic group, villus height increased by 64.81% (P <
0.05), and the ratio of villi height to crypt depth
increased by 51.12% (P < 0.05) in test group 1; the villus
height in test group 2 increased by 48.15% (P < 0.05),
and the ratio of villus height to crypt depth increased by
48.07% (P < 0.05). The results showed that B. coagulans
X26 significantly increased the ileal villus height and the
ratio of villus height to crypt depth (P < 0.05) as an
additive to the basic diet, whereas chlortetracycline
hydrochloride had no significant effect.

Effect of B. coagulans X26 on SCFAs in
Intestinal Content

Camille et al. (2021) reviewed the importance of the
mechanism and function of SCFAs in the gut: SCFAs
are metabolites of bacterial fermentation of dietary fiber,

which links host nutrition to the maintenance of intesti-
nal homeostasis. SCFAs are important energy donors
for intestinal epithelial cells and regulate the prolifera-
tion and differentiation of these cells, as well as the func-
tions of subsets of enteroendocrine cells through
different mechanisms. They affect intestinal motility
and enhance intestinal barrier function and host metab-
olism. The results of this study (Table 2) showed that
chlortetracycline hydrochloride increases the levels of
acetic acid and butyric acid in the ileum and those of for-
mic acid and butyric acid in the cecum, and B. coagulans
X26 increases the levels of formic acid, butyric acid, lac-
tic acid, and total acid in the ileum and the levels of for-
mic acid and butyric acid in the cecum. The addition of
chlortetracycline hydrochloride and B. coagulans X26 to
the basal diet had different effects on intestinal SCFAs;
however, the content of butyric acid in the ileum and
cecum in each group increased significantly, especially in
test group 2. The content of butyric acid was the high-
est, but B. coagulans X26 itself did not produce butyric
acid, so it increased the content of butyric acid through
a different mechanism. However, the decrease in acetic
acid content in test group 1 and test group 2 may be
attributed to active metabolism in the liver, as most of
the acetic acid in the intestinal tract is transported
to the liver for metabolism and energy supply; alterna-
tively, it may be converted to butyric acid for utiliza-
tion. Test group 1 and test group 2 both showed a
significantly increased level of lactic acid in the ileum,
which was consistent with the ability of B. coagulans
X26 to produce lactic acid.

Effect of B. coagulans X26 on Intestinal
Microbes in Laying Hens

In this study, the results of microbial high-throughput
sequencing and microflora diversity analysis showed
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that the dominant genera in the cecum of laying hens

were Bacteroides, Lactobacillus, Phascolarctobacte-
rium,  Oscillospira, Prevotella, Faecalibacterium,
Subdoligranulum, Ruminococcus, Ruminococca-

ceae_ Ruminococcus, and Parabacteroides, and the
abundances varied among the four test groups. Low-
dose B. coagulans X26 increased the abundance of Phas-
colarctobacterium in the cecum and decreased the abun-
dance of Bacteroides, Prevotella, Faecalibacterium and
Ruminococcus in the cecum. In addition, high-dose B.
coagulans X26 also increased the abundance of Lactoba-
cillus and decreased the abundance of Oscillospira. Dif-
ferent numbers of B. coagulans X26 have different
effects on intestinal flora.

The ratio of the abundances of Bacteroides to Lacto-
bacillus in the test groups were close to those of the anti-
biotic group. Also, the effect of B. coagulans X26 in
improving the performance of laying hens was similar to
that of chlortetracycline hydrochloride. Bacteroides can
be pathogenic when the barrier function of organisms is
damaged, such as when the flora is out of balance, the
resistance of organisms is reduced, the blood supply of
local tissues is obstructed, etc. However, there are few
reports about the pathogenicity of Lactobacillus. The
results indicated that the abundance ratio of Bacter-
oides to Lactobacillus might be related to the perfor-
mance of laying hens.

In summary, within the scope of this study, adding a
high dose of B. coagulans X26 (1.0 x 10° CFU/g) to the
basic diet during the peak laying period of laying hens
had the best effect, with egg quality and laying perfor-
mance reaching the same levels as those of antibiotics,
and B. coagulans X26 showed significant advantages in
terms of average laying rate and feed-egg ratio (P <
0.05). The production performance of the low-dose test
group did not reach the same level as that of the high-
dose test group, which indicated that the effect of B.
coagulans X26 was closely related to the amount of B.
coagulans X26 in the diet. It is speculated that B. coagu-
lans X26 can improve the nutrient digestion and absorp-
tion ability of laying hens by improving the composition

and structure of intestinal flora, increasing the content
of SCFAs in the intestine and improving intestinal
health to improve production performance and egg qual-
ity. The role of probiotics in different fields has been
widely reported, but research on the mechanism under-
lying the effect of B. coagulans as a probiotic is not com-
prehensive, and systematic in-depth research is needed.
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