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This study investigated the effects of isomaltooligosaccharide (IMO) and Bacillus in perinatal diets on the
duration of farrowing and post-weaning estrus, serum reproductive hormone concentrations, and gut
microbiota and its metabolites of sows. Multiparous sows (n ¼ 130) were fed diets without IMO (control,
CON group), or diets containing only IMO (IMO group), IMO and Bacillus subtilis (IMOS group), IMO and
Bacillus licheniformis (IMOL group), and IMO and B. subtilis and B. licheniformis (IMOSL group), respectively.
The results indicate that the duration of farrowing and post-weaning estrus was shorter in sows in the
IMOS, IMOL, and IMOSL groups, and the weaning-estrous interval was lower in sows in the IMOL greoup.
In addition, the lowest fecal score was observed in the IMOL group during d 106 to 112 of gestation. Sows
in most of the treatment groups had a higher concentration of serum prolactin and prostaglandin at
farrowing, but a lower serum concentration of estradiol, oxytocin, and progesterone on d 18 of lactation
than sows in the CON group. The treatment groups had a higher abundance of Candidatus Methanoplasma
and Bacillus and a lower abundance of Escherichia-Shigella in their feces at farrowing. Furthermore, the
treatment groups had higher concentrations of total short-chain fatty acids (SCFA) in feces at farrowing
and a higher concentration of branched fatty acids in feces on d 18 of lactation. Furthermore, the abun-
dance of Bacillus in feces was positively correlated with serum prostaglandin concentrations and fecal
total SCFA of sows at farrowing, but was negatively correlated with the duration of farrowing. Overall,
dietary IMO and Bacillus supplementation affected the concentration of serum reproductive hormones
and the duration of farrowing and post-weaning estrus, and the gut microbiota is a key factor.
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1. Introduction

Currently, large-scale pig farms are experiencing many prob-
lems, such as the prolonged labor of sows, postweaning anestrus,
and estrus return, which can lead directly to a reduction in the
producer's economic benefits. Although the prolonged labor of
sows is caused mainly by their own physiological conditions, it is
also affected by the feed, environment (Oliviero et al., 2010), and
other factors (Yun et al., 2013, 2015). At farrowing, the sow un-
dergoes substantial hormonal and metabolic changes during a very
short period of time (Bo and Uvn€as-Moberg, 2007). For instance,
the concentrations of serum luteinizing hormone (LH), estradiol,
and progesterone are very low in sows with anestrus after weaning
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
nses/by-nc-nd/4.0/).
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(Cox et al., 1988). Therefore, the reproductive hormones secreted by
sows are extremely important to the labor process during farrow-
ing. Researchers have found that reproductive hormones are closely
related to the gut microbiota (Cremon et al., 2009; Frankenfeld
et al., 2014), as these microbes and their metabolites can regulate
the secretion of hormones (Homma et al., 2005; Viorica et al., 2010).
Meanwhile, hormones can also regulate the gut microbes and their
metabolites in a feedback effect (Chen andMadak-Erdogan, 2016; Li
et al., 2009). Additionally, constipation is a common disorder
associated with pregnancy and the postpartum period (Bradley
et al., 2007; Oliviero et al., 2009). During late gestation, the
increasing volume of the fetus oppresses the intestinal tract, and
autocrine hormones inhibit intestinal peristalsis (e.g., progesterone
can inhibit the contraction of smooth muscle) (Gill et al., 1985).
Prolonged labor and increased stillbirth rates are more common in
constipated sows (Gill et al., 1985; Oliviero et al., 2010). Therefore,
constipation is another important factor leading to prolonged labor
during late gestation. Furthermore, these sudden changes in
reproductive hormone levels and constipation are important fac-
tors causing gut microbiota disorder in sows during late gestation
(Frankenfeld et al., 2014; Cao et al., 2017), which affect the repro-
ductive performance of the animals.

Postweaning anestrus is not only influenced by feeding man-
agement, but is also caused by the insufficient secretion of hor-
mones by the sows (Dyck et al., 1979). Previous treatments have
mostly involved injections of exogenous estrogens to induce estrus
in sows, which may bring them into a harmful situation (Cox et al.,
1988). Some researchers have found that the addition of certain
prebiotics during lactation could regulate the body condition of
sows (e.g., their intestinal health), improve the estrus rate after
ablactation, and reduce the estrus return rate (Duan et al., 2016).
Thus, it is essential to provide dietary substances that are able to
improve gut microbiota disorders in the perinatal sow.

As a functional oligosaccharide, isomaltooligosaccharide (IMO)
can improve the gut microbiota and promote the proliferation of
beneficial bacteria, especially Bifidobacteria (Patel and Goyal, 2011).
IMO can also improve the body's antioxidant capacity and immu-
nity (Hiroyuki et al., 2005; Kai et al., 2015), and relieve both con-
stipation and diarrhea (Chen et al., 2001; Wang et al., 2016). As a
new green and efficient feed additive, IMO is superior to antibiotics
and other functional oligosaccharides in stability, palatability, and
cost performance. However, many studies (Li et al., 2009; Tan et al.,
2015) have reported that single prebiotics play a weak role in
regulating the intestinal health of the body. If combined with
certain probiotics, the prebiotic effect will be greatly improved (Yu
et al., 2016). Therefore, we selected a gram-positive facultative
anaerobe (Bacillus) as a probiotic to inhibit the proliferation of
harmful bacteria in the intestinal tract by consuming oxygen and
secreting bacteriostatic substances (Ying et al., 2018). Bacillus and
IMO have been shown to complement each other in improving gut
microbiota disorders (Li et al., 2009).

In the present study, wedetermined the roles of IMO and Bacillus
in the perinatal diet of sows by studying whether their addition to
the animal diet could affect the duration of farrowing, postweaning
estrus, and estrus return. Moreover, we studied the changes in the
reproductive hormone levels and gut microbiota as well as their
metabolites in sows at farrowing and on d 18 of lactation. The hy-
pothesis of this study is that the addition of IMO and Bacillus to the
diets of perinatal sows will affect the animal's secretion of repro-
ductive hormones and relieve any constipation experienced in late
gestation by regulating the gut microbiota and their metabolites,
thereby shortening thedurationof farrowingand the estrus interval,
while also reducing the rate of estrus return in the sows.
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2. Materials and methods

The protocol of this study was approved by the Institution of
Animal Care and Use Committee of the College of Animal Science
and Technology, at Hunan Agricultural University (Changsha,
China), and was conducted in accordance with the National In-
stitutes of Health (Changsha, China) guidelines for the care and use
of experimental animals. The IMO was provided by the Baolingbao
Biology Company (Shandong, China). Bacillus subtilis
(2.0 � 1011 cfu/g) and Bacillus licheniformis (2.0 � 1011 cfu/g) were
provided by the Shandong Kangdien Biotechnology Company
(Shandong, China).
2.1. Animals, diets, and sample collection

One hundred and thirty late pregnancy sows (d 85 of gestation,
Large White � Landrace) with an initial body weight of
236.20 ± 23.66 kg and parities of 3.20 ± 1.17 were randomly allo-
cated to 1 of 5 dietary treatments, with 26 replicates based on body
weight, parity, and back fat. The treatments included the
following: 1) a diet without IMO (control, CON group); 2) diet con-
taining 5.0 g/kg IMO (IMO group); 3) diet containing 5.0 g/kg IMO
plus 0.2 g/kg B. subtilis (IMOS group); 4) diet containing 5.0 g/kg IMO
plus 0.2 g/kg B. licheniformis (IMOL group); and 5) diet containing
5.0 g/kg IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis
(IMOSL group). The composition of the basal diet (Appendix Table 1)
was formulated in compliance with the National Research Council
(1998) nutrient requirements. Sows were housed in 2.0 m � 0.6 m
concrete-floored farrowing pens during gestational period from d 85
to 110. From d 110 of gestation to ablactation, the sows were housed
indoors in 2.13m� 0.66m concrete-floored delivery room pens. The
sows and piglets were then individually housed in farrowing pens
with crates, slatted floors, and heating pads for the piglets. The sows
and piglets had free access to water. The experiment was carried out
in the Hunan Zhenghong original pig farm (Zhenghong, Inc., Hunan,
China), and the feeding management and immunization procedures
were carried out in accordance with the company's standard
breeding management.

Seven sows per group were randomly selected for sample
collection. Fresh feces were collected directly by massaging the
rectum of sows on the farrowing day and d 18 of lactation. Subse-
quently, 40 fecal samples were transported to the laboratory on dry
ice and then stored at �80 �C until analysis. A 10-mL blood sample
was collected from the sows’ ear veins on the farrowing day (within
2 h of delivery) and on d 18 of lactation after an overnight fasting
period of 16 to 18 h. Serum samples were obtained by centrifuging
blood samples at 3,000 � g for 15 min at 4 �C after standing for
1 h at 4 �C. Subsequently, the samples were immediately stored
at �80 �C for the analysis of reproductive hormone concentrations.
2.2. Duration of farrowing, post-weaning estrus, and fecal score
record

The duration of farrowing was recorded for each sow. Starting at
weaning, the weaning-estrous interval of sows within 1 wk after
weaning was also recorded, and the estrus rate (0 to 7 d) was
calculated. Furthermore, the number of returns to estrus from
weaning to the next cycle were recorded, and the rate of return to
estrus was calculated. In addition, during gestation period of d 85 to
112, the fecal score of each sow was recorded daily. The fecal score
index adopts the 5-point system, that is, the feces score is 1 to 5
points according to the appearance, as shown in Table 1.



Table 1
Standard of fecal score.

Score Evaluation Based on the score (fecal appearance)

1 Diarrhea Liquid, unformed, separation of fecal water
2 Mild diarrhea Forming, no separation of fecal water
3 Normal Soft, moderate particle size, grass green
4 Slight constipation Micro hard, smaller particles, yellowish

outside and green inside
5 Severe constipation Hard, small particles, yellow

X. Gu, J. Chen, H. Li et al. Animal Nutrition 7 (2021) 72e83
2.3. Analysis of serum reproductive hormone concentrations

Several biomarkers related to the reproductive performance of
sows were measured in the animal molecular nutrition laboratory.
These biomarkers included serum estradiol, oxytocin, prolactin,
progesterone, and prostaglandin concentrations, as markers for
reproductive hormones. Serum estradiol, oxytocin, prolactin, pro-
gesterone, and prostaglandin were measured using radioimmu-
noassay (RIA). The kits were provided by the Nanjing Jiancheng
Bioengineering Institute (Wuhan Biological Engineering Co., Ltd,
Wuhan, China). Samples were measured according to the manu-
facturer's instructions.

2.4. DNA extraction, 16S rDNA amplification, and 16S rRNA
sequencing

DNAwas extracted from fecal samples of sows (at farrowing and
on d 18 of lactation) using a Stool DNA Isolation Kit (Tiangen
Biotech Co., Ltd., Beijing, China). The V4 hypervariable region of the
bacterial 16S rRNA gene was amplified by a PCR, where the forward
primer was 550F: 50-GTGCCAGCMGCCGCGGTAA-30 and the reverse
primer was 806R: 50-GGACTACHVGGGTWTCTAAT-3’. For each fecal
sample, a 10-digit barcode sequence was added to the 50 end of the
forward and reverse primers (provided by Allwegene Company,
Beijing, China). The volume of the PCR reaction was 25 mL, and
included 12.5 mL of Phusion High-Fidelity PCR Master Mix (New
England Biolabs Inc., Beverly, MA, USA), 2 mL of forward and reverse
primers, 30 ng of template DNA, and 7.5 mL of double distilled H2O
(ddH2O). Cycling parameters were 98 �C for 1 min, followed by
30 cycles at 98 �C for 10 s, 57 �C for 30 s, and 72 �C for 30 s, with a
final extension at 72 �C for 10 min. The PCR products were mixed in
equidensity ratios and purified with the GeneJET Gel Extraction Kit
(Thermo Fisher Scientific Inc., Schwerte, Germany), then quantified
using a real-time PCR, and sequenced at the Allwegene Company in
Beijing. The sequences were clustered into operational taxonomic
units (OTU) at a similarity level of 97% to generate rarefaction
curves and to calculate the richness and diversity indices. OTU
representing <0.005% of the population were removed, and tax-
onomy was assigned using the Ribosomal Database Project (RDP)
classifier. The b-diversity was assessed by MANOVA and principal
coordinate analysis. Significant differences in a-diversity and OTU
counts between the different groups were determined by a one-
way analysis of variance (ANOVA) followed by Duncan's multiple
comparison test using SPSS software (SPSS statistics 20) (Zhu et al.,
2013).

2.5. Analysis of fecal short-chain fatty acids (SCFA)

The concentration of SCFA in feces were analyzed using a gas
chromatographic method, as described by Bosch et al. (2008).
Approximately 1.5 g of feces were homogenized in 1.5 mL of
deionized water. The samples were centrifuged at 15,000 � g at
4 �C for 10 min. Supernatants (1 mL each) were then acidified with
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25% metaphosphoric acid at a 1:5 ratio (vol:vol) for 30 min on ice.
The sample was injected into a GC 2010 series gas chromatograph
(Shimadzu, Japan) equipped with a CP-Wax 52 CB column
30.0 m � 0.53 mm i.d (Chrompack, Netherlands). The injector and
detector temperatures were 75 and 280 �C, respectively. Total SCFA
were determined as the sum of analyzed acetic acid, propionic acid,
butyric acid, and 3-branched fatty acids, namely, isobutyric acid,
isovaleric acid and valeric acid. All procedures were performed in
triplicate.

2.6. Statistical analysis

Individual sows served as the experimental unit. All statistical
analyses were performed using SPSS 20.0 software (SPSS Inc.,
Chicago, IL, United States). Alpha and b-diversity were analyzed
with QIIME (v. 1.7.0) and displayed with R software (v. 3.5.1). The
differences between groups were compared using one-way ANOVA
and Duncan's multiple range test. P-values < 0.05 were used to
indicate statistical significance.

3. Results

3.1. Duration of farrowing, post-weaning estrus, and fecal score of
sows

As shown in Fig. 1, sows that were fed the diets containing IMOS,
IMOL, and IMOSL (P < 0.05) had a shorter duration of farrowing
(Fig. 1A). In addition, the weaning-estrous interval was shorter in
sows in the IMOL group (P < 0.05) compared with sows in the CON
group (Fig. 1B). The estrus rate was higher in sows in the IMOSL
group, and the estrus returning rate was lower in sows in the IMOS,
IMOL, and IMOSL groups (P < 0.05, Table 2). Fig. 2 shows the effects
of IMO and Bacillus on the sows’ fecal scores during the gestational
period of d 85 to 112. There were no differences between any of the
groups (P < 0.05) during d 85 to 105 of gestation (Fig. 2AeC).
However, during d 106 to 112 of gestation, sows that were fed the
diets containing IMOL had a lower fecal score (P < 0.05) compared
with the sows that were fed the diets without IMO (Fig. 2D).

3.2. Serum reproductive hormone concentrations of sows at
farrowing and on d 18 of lactation

During farrowing, the serum concentration of reproductive
hormones in sows' changes, and this can affect the duration of
farrowing. In our study, feeding sows’ diets containing IMO or IMO
combined with Bacillus did not affect their serum estradiol,
oxytocin, or progesterone concentrations (P > 0.05), comparedwith
sows that were fed the CON diet (Fig. 3AeC). Furthermore, sows in
the IMOS and IMOL groups had higher concentrations of serum
prolactin (P < 0.05) than sows in the CON group (Fig. 3D). We also
found a higher concentration of serum prostaglandin (P < 0.05) in
sows in the IMOS group (Fig. 3E). During lactation, sows not only
need to meet their own maintenance requirements, but they also
need to meet lactation requirements. In the present study, we
found a lower concentration of serum estradiol and oxytocin in all
treatment groups (P < 0.05) compared with the CON group (Fig. 4A,
C). Furthermore, sows fed diets containing IMOS had a higher
concentration of serum prolactin (P < 0.05) compared with sows
fed the CON diet (Fig. 4D). Sows in the IMO, IMOS, and IMOSL
groups had lower concentrations of serum progesterone (P < 0.05)
compared with sows in the CON group (Fig. 4B), and the serum
prostaglandin concentration was higher (P < 0.05) in sows in the
IMO, IMOS, and IMOSL groups (Fig. 4E).



Fig. 1. Duration of farrowing and post-weaning estrus, a crucial factor of the reproductive performance of sows can have economic benefits in pig farms. Isomaltooligosaccharide
(IMO) and Bacillus regulated the duration of farrowing (A) and weaning-estrous interval (B) of sows during the perinatal period. Data are presented as means ± SD (n ¼ 20). Values
with different lowercase letters (a, b, c) indicate a significant effect of treatment (P < 0.05). CON group, sows fed diets without IMO; IMO group, sows fed diets containing 5.0 g/kg
IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus subtilis; IMOL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL
group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis.

Table 2
Effects of isomaltooligosaccharide (IMO) and Bacillus on the estrus rate and estrus
returning rate of sows during perinatal period (%).

Item Treatments1

CON IMO IMOS IMOL IMOSL

The estrus rate (0 to 7d) 87.88 82.35 88.00 84.62 100.00
Estrus returning rate 9.09 8.82 0.00 3.85 0.00

1 CON group, sows fed diets without IMO; IMO group, sows fed diets containing
5.0 g/kg IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg
Bacillus subtilis; IMOL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg
Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus
0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis.
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3.3. Gut microbiota diversity and composition

IMO and Bacillus changed the gut microbiota diversity of sows at
farrowing and on d 18 of lactation, but the trend was different for
these 2 time points. In the present study, the bias-corrected Chao
richness estimator (Chao 1) was lower for sows in the IMOS and
IMOSL groups (P < 0.05) compared with sows in the IMO group at
farrowing (Fig. 5A). Sows fed diets containing IMO and IMOL had
higher numbers of observed species and Shannon diversity indices
(P < 0.05) compared with sows in the other groups (Fig. 5A).
However, there was no difference between any of the groups with
regards to the Chao 1 value, number of observed species,
PD_whole_tree, and Shannon diversity indices (P > 0.05) on d 18 of
lactation (Fig. 5B). Using principal component analysis (PCA) based
on OTU, we found that the gut microbiota of sows in the treatment
groups were clearly segregated from those in the CON group,
especially regarding sows in the IMO plus Bacillus groups, both at
farrowing and on d 18 of lactation (Fig. 5C and D).

All 40 fecal samples were subjected to 16S rRNA gene
sequencing. Illumina Miseq sequencing of the V4 regions of bac-
terial 16S rRNA genes generated 1,140,552 and 1,052,045 high-
quality sequences at farrowing and on d 18 of lactation, respec-
tively. 1,179,085 raw_tags and 1,096,256 raw_tags were filtered to
obtain 1,045,821 and 892,661 final_tags at farrowing and on d 18 of
lactation, respectively (Appendix Table 2). On the basis of 97%
sequence similarity, we obtained 1,423 and 1,331 OTU at farrowing
and on d 18 of lactation, respectively. Subsequently, variations in
the microbial composition of all groups were explored. Linear
discriminant analysis effect size (LEfSe) analysis of the bacterial
community was used to filter the significantly different OTU be-
tween groups, and the results indicate that there were dramatic
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differences in microbial composition between the treatment
groups and the CON group (Fig. 6). The abundance of Firmicutes
was higher, but the abundances of Proteobacteria, Euryarchaeota,
and Actinobacteria were remarkably lower in the IMO group sows
at farrowing, compared with sows in the CON group (Appendix
Table 3). The abundance of Bacteroidetes was greater, and that of
Proteobacteria was lower in treatment groups at farrowing, and
sows in the IMOL and IMOSL groups had a higher abundance of
Bacteroidetes and a lower abundance of Proteobacteria (P < 0.05)
compared with sows in the IMO and IMOS groups (Appendix
Table 3). However, sows fed diets without IMO or containing
IMOS had higher abundances of Spirochaetae and Euryarchaeota
(Appendix Table 3). Furthermore, at farrowing, the abundances of
Tenericutes and Verrucomicrobia were higher in sows in the IMOS
and IMOL group, but the abundance of Actinobacteria was lower in
sows in the IMOS group compared with sows in the other groups
(P < 0.05) (Appendix Table 3). At the genus level, the abundance of
Methanobrevibacterwas lower in sows in the IMO, IMOL, and IMOSL
groups at farrowing (P < 0.05). In addition, the abundances of
Candidatus Methanoplasma and Bacillus were higher, but the
abundance of Escherichia-Shigella was lower in sows in all treat-
ment groups (P < 0.05) compared with sows in the CON group at
farrowing (Appendix Table 3). On d 18 of lactation, the abundances
of Firmicutes and Actinobacteria were higher, and the abundance of
Bacteroidetes was higher in sows in the IMO, IMOS, and IMOL
groups (P < 0.05) (Appendix Table 4). At the genus level, abun-
dances of Bacteroides, Prevotellaceae NK3B31 group, Prevotellaceae
UCG-001, Prevotellaceae UCG-003, Rikenellaceae RC9 gut group
and dgA-11 gut group were higher in sows in the IMOSL group on
d 18 of lactation (P < 0.05) compared with sows in the CON group
(Appendix Table 4). The abundance of Prevotellaceae UCG-001 was
higher in sows in the IMO group. Furthermore, the abundances of
Lactobacillus, Prevotella 9, and Rikenellaceae RC9 gut group were
higher in sows in the IMOS group. The abundances of Para-
bacteroides, Prevotellaceae NK3B31 group, and dgA-11 gut group
were also higher, but the abundance of Bacteroides was lower in
sows in the IMOL group on d 18 of lactation (P < 0.05), compared
with the CON group (Appendix Table 4).
3.4. The concentration of fecal SCFA

Significant changes in gut microbial composition may cause
changes in microbial metabolites. Sows fed the diets containing
IMOS, IMOL, and IMOSL had higher concentrations (P < 0.05) of



Fig. 2. Pregnant sows, especially in late pregnancy, are prone to constipation due to physiological and feed factors. Effects of isomaltooligosaccharide (IMO) and Bacillus on the fecal
score during d 85 to 91 (A), d 92 to 98 (B), d 99 to 105 (C), and d 106 to 112 (D) of gestation of sows. Data are presented as means ± SD (n ¼ 20). Values with different lowercase
letters (a, b) are significantly different (P < 0.05). CON group, sows fed diets without IMO; IMO group, sows fed diets containing 5.0 g/kg IMO; IMOS group, sows fed diets containing
5.0 g/kg IMO plus 0.2 g/kg Bacillus subtilis; IMOL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg
IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis.

Fig. 3. Isomaltooligosaccharide (IMO) and Bacillus regulate serum reproductive hormone concentration in sows at farrowing. (A) Estradiol, (B) progesterone, (C) oxytocin, (D)prolactin,
and (E) prostaglandin. Data are presented asmeans± SD (n¼ 7). Valueswith different lowercase letters (a, b, c) indicate a significant effect of treatment (P< 0.05). CON group, sows fed
diets without IMO; IMO group, sows fed diets containing 5.0 g/kg IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus subtilis; IMOL group, sows fed diets
containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis.
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Fig. 4. Effect of isomaltooligosaccharide (IMO) and Bacillus on resum hormone concentration in sows at d 18 of lactation. (A) Estradiol, (B) progeterone, (C) oxytocin, (D) prolactin,
and (E) prostaglandin. Data are presented as means ± SD (n ¼ 7). Values with different lowercase letters (a, b, c, d) indicate a significant effect of treatment (P < 0.05). CON group,
sows fed diets without IMO; IMO group, sows fed diets containing 5.0 g/kg IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus subtilis; IMOL group, sows
fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis.
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fecal SCFA at farrowing (Fig. 7G). Besides, the concentrations of
fecal propionic acid, isobutyric acid, and butyric acid were higher in
sows in the IMO, IMOS, IMOL, and IMOSL groups, but there were no
significant differences (P > 0.05) between these treatments
(Fig. 7BeD) at farrowing. In addition, at d 18 of lactation, there were
no significant difference in fecal SCFA concentrations between the
CON group and treatment groups, except for branched SCFA
(P > 0.05), including isobutyric acid and isovaleric acid (Fig. 8). The
concentration of fecal isobutyric acid was higher (P < 0.05) in sows
in the IMOS group, and the concentration of fecal isobutyric acid
was higher (P < 0.05) in sows in the IMOS group and the IMOL
group at d 18 of lactation (Fig. 8C, E).

3.5. Correlations between gut microbiota and duration of farrowing
and parameters of reproductive hormone in sows

A Spearman correlation analysis was performed to evaluate the
potential link between alterations in gut microbiota composition
and the duration of farrowing, as well as serum reproductive hor-
mone concentrations in sows (Fig. 9). The genus Bacillus was
positively correlated with serum prostaglandin concentrations,
fecal propionic acid concentrations, and the concentration of total
fecal SCFA of sows at farrowing (P < 0.05), but negatively correlated
with the duration of farrowing (P < 0.05). Escherichia-Shigella was
negatively correlated with serum prostaglandin concentrations of
sows at farrowing (P < 0.05). In addition, Prevotella 9 was positively
correlated with serum prolactin concentrations, but negatively
correlated with serum estradiol and oxytocin concentrations on
d 18 of lactation (P < 0.05). Furthermore, Prevotellaceae UCG 001
was positively correlated with serum prolactin concentrations, but
negatively correlated with fecal isobutyric acid, isovaleric acid, and
valeric acid concentrations on d 18 of lactation (P < 0.05).
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4. Discussion

A short duration of farrowing is important for piglet survival, as
a delay can increase stillborn numbers (Herpin et al., 1996). Sows
are generally unresponsive to their piglets during farrowing. The
changes seen in the posture and responsiveness to piglets were
delayed in sows with a longer parturition, suggesting some
involvement of cumulative piglet births on passivity, which has
serious implications for both the economic results of the herd and
the health of the animals (Jarvis et al., 1999). Many factors may
affect the duration of farrowing (Oliviero et al., 2010; Yun et al.,
2013), including the breed and age of the sow, length of gesta-
tion, number of piglets born, housing, body condition of the sow,
and state of constipation (Yun et al., 2015). At farrowing, the sow
undergoes substantial hormonal and metabolic changes during a
very short period of time (Bo and Uvn€as-Moberg, 2007). Moreover,
reproductive hormones not only affect the duration of farrowing
directly (Bo and Uvn€as-Moberg, 2007), but also affect it indirectly
by regulating the state of constipation during late gestation (Gill
et al., 1985). As previously mentioned, constipation is another
important factor leading to prolonged labor and can disturb the gut
microbiota (de Meij et al., 2016). During the perinatal period,
metabolic disorders and an exacerbated inflammatory status were
found to be partly due to disorders in the gutmicrobiota of the sows
(Chuanshang et al., 2018), which had a harmful effect on the per-
formance of the animals. In the present study, sows fed diets con-
taining IMO had a shorter duration of farrowing compared with
those fed diets without IMO. This was partly because oligosaccha-
rides can relieve constipation by increasing both the water content
of feces and the small intestinal transit rate (Wang et al., 2017), and
partly because they can restore the gut microbiota (Shi et al., 2017).
However, the IMO group showed a weaker effect in shortening the



Fig. 5. The gut microbiota diversity of sows was altered by addition of isomaltooligosaccharide (IMO) alone and in combination with Bacillus to diets at farrowing and on d 18 of
lactation. (A) At farrowing, comparisons of the number of gut microbiota a-diversity containing bias-corrected Chao richness estimator (Chao 1), observed species, PD_whole_tree,
and Shannon diversity indices among sows subjected to different dietary treatments. (B) On d 18 of lactation, comparisons of the number of gut microbiota a-diversity containing
bias-corrected Chao richness estimator (Chao 1), observed species, PD_whole_tree, and Shannon diversity indices among sows subjected to different dietary treatments. (C) At
farrowing, principal component analysis (PCA) based on operational taxonomic units (OTU) among samples of different groups. Each point represents 1 sample. (D) On d 18 of
lactation, principal component analysis (PCA) based on OTU among samples of different groups. Each point represents one sample. Data are presented as means ± SEM (n ¼ 3 or
n ¼ 5). CON group, sows fed diets without IMO; IMO group, sows fed diets containing 5.0 g/kg IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus subtilis;
IMOL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B.
licheniformis.
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farrowing duration compared with the IMOS, IMOL, and IMOSL
groups. This suggests that the oligosaccharide alone has a weaker
effect in shortening the farrowing duration of sows compared with
IMO combined with Bacillus (Yu et al., 2016; Shi et al., 2017).

In our study, the supplementation of IMO in combination with
B. licheniformis shortened the weaning-to-estrus interval, and the
supplementation of IMO plus B. licheniformis and B. subtilis
increased the estrus rate (0 to 7 d) during the perinatal period.
Likewise, Duan et al. (2016) observed a decrease in the weaning-to-
estrus interval of sows by adding mannan oligosaccharide to their
diets during late gestation. The present study found that sows fed a
diet containing IMO and Bacillus had altered concentrations of
serum reproductive hormones both at farrowing and at d 18 of
lactation. Further, the changes in reproductive hormone levels were
different between the 2 periods. There were no differences in the
concentrations of serum estradiol, oxytocin, and progesterone
among all groups at farrowing, but the concentration of serum
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prolactin was increased in the IMOS and IMOL groups, and pros-
taglandin was only increased in the IMOS group at farrowing.
Plasma oxytocin concentrations are low or undetectable in late
pregnancy. Increases in the oxytocin and estradiol levels are seen at
the time of fetus' delivery and at the expulsion of the placenta,
while the concentration of progesterone decreases at the same time
(Forsling et al., 1979). In addition, there was no evidence that the
increases in serum prolactin and prostaglandin could shorten the
duration of farrowing. Thus, the reason why the diets containing
IMO and Bacillus shortened the duration of farrowing during the
perinatal period could be attributed to the relief of constipation
through the regulation of the gut microbiota in the sows (Chen
et al., 2001; Oliviero et al., 2010). During lactation, the serum pro-
lactin concentration increases due to the stimulation caused by the
piglets sucking on the sow's nipples, which leads to lactational
anestrus in the sow (Dusza and Krzymowska, 1981). At d 18 of
lactation, we showed that adding IMOS to the sow's diet during the



Fig. 6. Linear discriminant analysis effect size (LEfSe) analysis of the gut microbiota composition of sows at farrowing and d 18 of lactation. (A) At farrowing, cladogram using LEfSe
method indicating the phylogenetic distribution of gut microbiota in sows among all dietary treatment. Each successive circle represents a phylogenetic level. (B) At d 18 of
lactation, cladogram using LEfSe method indicating the phylogenetic distribution of gut microbiota in sows among all dietary treatment. Each successive circle represents a
phylogenetic level. (C) At farrowing, histogram of the Linear Discriminant Analysis (LDA) score reveals the most differentially abundant taxa between different dietary treatment. (D)
At d 18 of lactation, histogram of the LDA scores reveals the most differentially abundant taxa among different dietary treatment. CON group, sows fed diets without IMO; IMO
group, sows fed diets containing 5.0 g/kg IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus subtilis; IMOL group, sows fed diets containing 5.0 g/kg IMO
plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis and 0.2 g/kg B. licheniformis.
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perinatal period can cause the sow to maintain a higher lactation
state due to the increase of prolactin. Further, the concentrations of
serum LH, estradiol, and progesterone are very low in sows with
anestrus after weaning (Cox et al., 1988). There is also no difference
in serum progesterone concentration at d 18 of lactation between
the IMOL and the CON groups, but the serum progesterone con-
centration in the IMO, IMOS and IMOSL groups are significantly
decreased compared with the CON and IMOL group. This could
possibly be one reason behind the shorter weaning-estrus interval
in the IMOL group (Cox et al., 1988). Therefore, according to these
results, we can infer that IMO and Bacillus have different effects on
hormone secretion in different periods. In addition, the concen-
tration of serum reproductive hormones at d 18 of lactation did not
reflect those after ablactation (Dusza and Krzymowska, 1981).

Most studies have shown that low values of gut microbial di-
versity and richness are associated with adverse conditions, such as
the increase of gut permeability, insulin resistance, and a more
pronounced inflammatory phenotype (Emmanuelle et al., 2013;
Mokkala et al., 2016). During gestation, especially in late gestation,
the gut microbial diversity and richness decrease (Chuanshang
et al., 2018). Both prebiotics and probiotics can improve the di-
versity and richness of the gut microbiota (Shi et al., 2017; Wang
et al., 2017). In addition, studies have found that probiotics can
regulate the secretion of reproductive hormones (Mnt et al., 2017;
Jamilian et al., 2018) by altering the composition of the gut
microbiota (Adlercreutz et al., 1984; Baker et al., 2017). These
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studies prompted us to investigate the effects of IMO and Bacillus
on the gut microbiota of sows during the perinatal period. The
results suggest the emergence of a dramatic change in the gut
microbiota over the different treatments and periods. At farrowing,
the highest gut microbial richness and a-diversity values were
found in the IMOL group and the lowest in the IMOS group. Inter-
estingly, therewere no statistically significant differences in the gut
microbial richness and a-diversity values of sows among all groups
at d 18 of lactation. The reason for these results may be that the
degree of metabolic disturbance in the delivering sow is greater
than that in the later period of lactation (Chuanshang et al., 2018).
As metabolic disorders of the body can cause a decrease in diges-
tion, more nutrients (that are more conducive to the growth of
harmful bacteria) enter into the hindgut and are fermented by
microbiota (Bikker et al., 2007; Gaskins, 2001; Williams et al.,
2005). This fermentation will further affect the composition of
gut microbiota (Chuanshang et al., 2018). Aside to the gut microbial
diversity, studies have found substantial shifts in that the phylo-
genetic composition of the gut microbiota over the different
treatments and periods. Firmicutes and Bacteroidetes were the
most dominant phyla regardless of breeding stages (Chen et al.,
2017; Kong et al., 2017). In our study, the relative abundance of
phylum Firmicutes was only higher in the IMO group, compared
with the CON group at farrowing. However, sows fed the diets
containing IMO and IMOS had a higher relative abundance of
phylum Firmicutes than those fed the diets without IMO at d 18 of



Fig. 7. Fecal concentrations of gut microbial metabolites in sows at farrowing. (A) Acetic acid, (B) propionic acid, (C) isobutyric acid, (D) butyric acid, (E) isovaleric acid, (F) valeric
acid, (G) total short-chain fatty acids (SCFA). Data are presented as means ± SD (n ¼ 7). Values with different lowercase letters (a, b) indicate a significant effect of treatment
(P < 0.05). CON group, sows fed diets without IMO; IMO group, sows fed diets containing 5.0 g/kg IMO; IMOS, IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg
Bacillus subtilis; IMOL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis
and 0.2 g/kg B. licheniformis.
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lactation, whereas Bacteroidetes showed the opposite result. The
increase in Firmicutes was considered a means of enhancing the
body's capacity for energy acquisition from the diet, which would
be a potential advantage to support fetus growth and to prepare the
body for the energy needs of lactation (Turnbaugh et al., 2006).
Remarkably, a decrease in the Proteobacteria was observed in all
treatment groups at farrowing. Additionally, the genera Escherichia
and Shigella (phylum Proteobacteria) were reduced in all treatment
groups at d 18 of lactation. The Proteobacteria are a minor con-
stituent within a balanced gut-associated microbial community
(Eckburg et al., 2005). However, the dysbiotic expansion of the
facultatively anaerobic Proteobacteria has been observed under
conditions of gut inflammation, including irritable bowel syndrome
and inflammatory bowel disease (Morgan et al., 2012). Recent
studies have proposed that an expansion of the Proteobacteria
could be a potential diagnostic microbial signature of dysbiosis in
the gut microbiota and of epithelial dysfunction (Na-Ri et al., 2015).
The relative abundance of genus Bacillus improved on d 18 of
lactation instead of at farrowing, through the addition of IMO and
Bacillus to the sow's perinatal diet. Bacillus can inhibit the prolif-
eration of harmful bacteria by consuming oxygen and secreting
bacteriostatic substances into the intestinal tract (Ying et al., 2018).
Moreover, genus Bacillus was positively correlated with the fecal
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propionic acid and fecal total SCFA levels in sows at farrowing, but
negatively correlated with the duration of farrowing, which is an
important reason behind why the duration of farrowing was
shortened by the IMO and Bacillus supplementation to the perinatal
diet (Wang et al., 2017).

As the dietary supplementation with IMO and Bacillus had
profoundly altered the composition of the sow's gut microbiota at
farrowing and lactation, the total SCFA concentration had also
changed in all treatment groups at farrowing, resulting in an in-
crease to the branched fatty acid concentration in the IMOS and
IMOL groups at d 18 of lactation. Metabolic products from gastro-
intestinal microbial fermentation, such as SCFA, can stimulate the
enteric nervous system and affect gut transit times (Giovanni et al.,
2005). Likewise, Wang et al. (2017) demonstrated that oligosac-
charides administered as a dietary supplementation increased the
water content of feces, reduced the intestinal transit time, modu-
lated the composition of the gut microbiota, and increased the
concentration of SCFA in the feces of mice with constipation.
Moreover, Shi et al. (2017) have shown that the effects of Lactoba-
cillus cocktails against the cefixime-induced changes in the gut
microbiota could be primarily attributed to the beneficial SCFA
produced in vivo, which may also be related to the good cell
adhesion properties observed in vitro.



Fig. 8. Fecal concentrations of gut microbial metabolites in sows d18 of lactation. (A) acetic acid, (B) propionic acid, (C) isobutyric acid, (D) butyric acid, (E) isovaleric acid, (F) valeric
acid, (G) total short-chain fatty acids (SCFA). Data are presented as means ± SD (n ¼ 7). Values with different lowercase letters (a, b) indicate a significant effect of treatment
(P < 0.05). CON group, sows fed diets without IMO; IMO group, sows fed diets containing 5.0 g/kg IMO; IMOS group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus
subtilis; IMOL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg Bacillus licheniformis; IMOSL group, sows fed diets containing 5.0 g/kg IMO plus 0.2 g/kg B. subtilis and
0.2 g/kg B. licheniformis.

Fig. 9. Heatmap of the spearman correlations (r) between the gut microbiota significantly modified by different diets treatment and period of sows in. Data are presented as
means ± SEM (n ¼ 3, 5 or 7). *P < 0.05; **P < 0.01 (following the Spearman correlation analysis). F, at farrowing; L, at d 18 of lactation.
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5. Conclusion

In conclusion, the present study shows that IMO and Bacillus
administered to sows as a dietary supplement during the perinatal
period shortened the duration of farrowing and the weaning-
estrous interval, altered the gut microbiota composition and
increased the concentration of fecal SCFA. Furthermore, the com-
bination of IMO and Bacillus have beneficial effects on gut micro-
biota and the duration of farrowing and post-weaning estrus.
However, the time-dependent effect and the causality of IMO and
its combination with Bacillus on the relationship between gut
microbiota and serum reproductive hormone concentrations, as
well as the underlying mechanism, remain to be further confirmed.
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