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Wheat bran inclusion level impacts its net energy by shaping gut
microbiota and regulating heat production in gestating sows
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a b s t r a c t

An accurate estimation of net energy (NE) of wheat bran is essential for precision feeding of sows.
However, the effects of inclusion level on NE of wheat bran have not been reported. Inclusion level was
hypothesized to impact NE of wheat bran by regulating gut microbiota and partitioning of heat pro-
duction. Therefore, twelve multiparous sows (Yorkshire � Landrace; 2 to 4 parity) were assigned to a
replicated 3 � 6 Youden square with 3 successive periods and 6 diets in each square. The experiment
included a corn-soybean meal diet (WB0) and five diets including 9.8% (WB10), 19.5% (WB20), 29.2%
(WB30), 39.0% (WB40) and 48.7% wheat bran (WB50), respectively. Each period included 6 d of adap-
tation to diets followed by 6 d for heat production measurement using open-circuit respiration cham-
bers. Compared with other groups, WB30, WB40, and WB50 enriched different fiber-degrading bacteria
genera (P < 0.05). Apparent total tract digestibility of neutral detergent fiber and acid detergent fiber of
wheat bran were greater in WB30 and WB40 (P < 0.05). Physical activity (standing and sitting) decreased
as inclusion level increased (P ¼ 0.04), which tended to decrease related heat production (P ¼ 0.07).
Thermic effect of feeding (TEF) was higher in WB50 than other treatments (P < 0.01). Metabolizable
energy of wheat bran was similar among treatment groups (except for WB10). NE of wheat bran con-
formed to a quadratic regression equation with inclusion level (R2 ¼ 0.99, P < 0.01) and peaked at an
inclusion level of 35.3%. In conclusion, increasing inclusion level decreased energy expenditure of sows
on physical activity and promoted growth of fiber-degrading bacteria, which improved energy utilization
of fiber. Fermentation of wheat bran fiber by Prevotellaceae_UCG-003 and norank_f__Paludibacteraceae
might increase TEF. Consequently, sows utilized energy in wheat bran most efficiently at an inclusion
level of 35.3%.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Excessive energy intake by gestating sows leads to lower feed
intake in lactation and excessive fat deposition around the mam-
mary gland and uterus, reducing the performance of sows (De et al.,
2009; Woodworth et al., 2020). Fibrous diets are helpful to prevent

sow obesity (high body condition score) and alleviate stress caused
by restricted feeding in gestating sows (Ramonet et al., 1999; Sun
et al., 2015).

Wheat bran is the primary by-product of flourmilling and is rich
in insoluble fibers such as insoluble arabinoxylan and cellulose
(Jaworski et al., 2015). As a fibrous ingredient, wheat bran is used
frequently in the diet of pigs to reduce cost of feed (Hassan et al.,
2008). Compared with digestible energy (DE) and metabolizable
energy (ME), net energy (NE) increases the accuracy for predicting
available energy of ingredients by considering energy loss of heat
increment, which was considered to be higher among animals fed a
fibrous diet (Noblet et al., 1994; Ramonet et al., 2000). However,
previous studies have focused on NE of wheat bran fed to growing
pigs (Jaworski et al., 2016; Lyu et al., 2019). The digestibility of di-
etary fibers fed to growing pigs and adult sows was different (Dong
et al., 2020; Niu et al., 2019). Previously, in our laboratory, we
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determined NE of wheat bran in gestating sows when wheat bran
was included at 29.2% in the gestation diet (Wang et al., 2019).
However, there is still a lack of research about the effect of inclusion
level on NE content in wheat bran.

Inclusion level has a significant effect on the accuracy of deter-
mining available energy (Villamide, 1996). Increasing wheat bran
inclusion impairs nutrient digestion and reduces available energy
of swine (Huang et al., 2013). High dietary fiber concentration in-
creases the thermic effect of feeding (TEF) by stimulating a rise in
thermic effect of feeding long-term (TEFlt) (Ramonet et al., 2000).
Research has been relatively consistent in finding that a higher
dietary fiber level reduces energy expenditure related to physical
activity (Rijnen et al., 2003; Serena et al., 2008). Recent studies have
shown that the dietary concentration of wheat bran impacts mi-
crobial fermentation in growing pigs by shaping microbial com-
munities, which ultimately influences energy metabolism (Iyayi
and Adeola, 2015; Lyu et al., 2020). High dietary wheat bran con-
tent has been found to promote growth of fiber-degrading bacteria,
which enhances utilization of fiber in wheat bran (Lyu et al., 2020).

We hypothesize that the inclusion level of wheat bran impacts
the NE and nutrient digestibility of wheat bran through influencing
certain bacterial communities and altering heat production (HP).
Therefore, this study investigated how NE of wheat bran was
influenced by dietary inclusion rate, gut microbiota and partition-
ing of heat production in gestating sows.

2. Materials and methods

2.1. Animal ethics statement

The experimental protocol was approved by the Institutional
Animal Care and Use Committee of China Agricultural University
(Beijing, China). Protocols were based on the National Research
Council's Guide for the Care and Use of Laboratory Animals
(AW11302202-1-1). The experiment was conducted at Fengning
Swine Research Unit of China Agricultural University (Hebei Prov-
ince, China). All experiments complied with the ARRIVE guidelines.

2.2. Animals, diets and experimental design

At d 30 to 37 of pregnancy, twelve multiparous sows (York-
shire � Landrace; 2 to 4 parity) with initial body weight (BW) of
211 ± 6.1 kg were assigned to a replicated 3� 6 Youden squarewith
3 successive periods and 6 diets. There were 6 sows and 6 open-
circuit respiration chambers used in each Youden square resulting
in 6 replicates for each treatment. Details about the repeated
Youden square are shown in Table 1. The experiment included a
corn-soybean basal diet (WB0) and five diets formulated to contain
9.8% (WB10), 19.5% (WB20), 29.2% (WB30), 39.0% (WB40), and

48.7% wheat bran (WB50), respectively. The chemical composition
and nutrient content of the wheat bran used in this study and
experiment diets are showed in Tables 2 and 3, respectively. Each
period lasted for 12 d, including 6 d for adaptation and a subse-
quent 5 d for collection of feces and urine, determination of energy
balance, HP measurements and an additional 1 d for measuring
fasting heat production (FHP).

During the entire experiment, sows were housed individually in
stainless-steel metabolism crates and had ad libitum access to
water. Eachmetabolism crate (1.80 m� 0.65 m) was equipped with
a feeder, nipple drinker, and slatted floor. During each period, sows
were weighed at the beginning of collection period (d 7) and at the
end of fasting period (d 13). Before d 6, sows kept in metabolism
crates were housed in a room out of respiration chambers. On d 6,
each sow was moved into a separate respiration chamber. HP
measurement and total collection of feces and urine was conducted
from d 7 to 11. On d 12, sows were fasted, and only urine was
collected. According toWang et al. (2019), FHP was calculated using
gas exchange data from 22:00 (d 12) to 06:00 (d 13).

During every 12-d period, the sows had 1 d without feeding
for FHP determination. Therefore, the feeding level was set as
593.5 kJ/(kg BW0.75 � d) rather than 544.0 kJ/(kg BW0.75 � d) based
on the BW at the beginning of each period. Feeding level was equal
to 1.3 times the maintenance requirement of gestating sows (NRC,
2012). Two meals with an equal quantity of feed were provided at
08:30 and 15:30. At 08:30 on d 7, about 10 g (1% of feed) ferric oxide
was mixed into the diet, and the time between the first appearance
of ferric oxide to its disappearance in feces was recorded. During
the HP measurement period, at 08:30 the respiration chambers
remained open for approximately half an hour for feeding sows,
adding water into water storage, and collection of feces and urine.
At 15:30, the respiration chambers remained open for approxi-
mately 5 min just for feeding sows and filling water storage. Data
on gas concentration while the chambers were open was not used
to calculate HP and the heat productionmeasurement started again
when the concentration of CO2 in the chamber was higher than
2,000 mL/L (Li et al., 2017).

Every chamber had a surveillance camera for observing and
recording animal behavior. Behavioral analyses were based on
video records collected on d 8 to 12. Behaviors of sows were par-
titioned into “lying frank”, “lying breast”, sitting, standing, and
eating. According to Rijnen et al. (2003), “lying breast” was defined
as a sow that lay on her legs with her head and spinal column
upright, otherwise it would be considered as “lying frank”. Sitting
was defined as a sow with backside on the floor and only forelegs
upright. Standing was defined as a sow with all four legs upright
and without eating. Eating was defined as a standing sow from the
time it was given food until the food was completely consumed.
Physical activity was defined as the total of sitting and standing

Table 1
Experimental design of repeated Youden square.1

Youden square_12 Youden square_23

Animal Period 1 Period 3 Period 5 Animal Period 2 Period 4 Period 6

A WB50 WB40 WB30 G WB0 WB10 WB20
B WB0 WB50 WB40 H WB10 WB20 WB30
C WB10 WB0 WB50 I WB20 WB30 WB40
D WB40 WB30 WB20 J WB50 WB0 WB10
E WB20 WB10 WB0 K WB30 WB40 WB50
F WB30 WB20 WB10 L WB40 WB50 WB0

1 Youden square_1 and Youden square_2 were conducted alternately between adaptation period and heat production measurement period. WB0, corn-soybean basal diet;
WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet including 39.0% wheat bran; WB50, diet
including 48.7% wheat bran.

2 Youden squre_1 included 3 periods (Period 1, Period 3, and Period 5) of experiment, and six sows (AeF) were allotted to 6 dietary treatments.
3 Youden squre_2 included 3 periods (Period 2, Period 4, and Period 6) of experiment, and six sows (GeL) were allotted to 6 dietary treatments.
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without eating. The duration of the five behavioral characteristics
was calculated within every 5-min interval during the gas collec-
tion period (Rijnen et al., 2003).

The volume of the six respiration chambers used in the present
study was approximately 7.8 m3 and details were reported specif-
ically by Zhang et al. (2014). Temperature and relative humidity in
the chambers were maintained constantly at 20 ± 1 �C and
70% ± 5%, respectively. Air velocity was maintained at less than
0.2 m/s. Sows were exposed to light for 12 h daily (07:00 to 19:00).

The devices for gas analysis and their operating parameters are
described in detail by Wang et al. (2019).

2.3. Sample collection

All ingredients were collected prior to mixing of diets for dry
matter (DM) analysis. Diets were also collected after preparation to
determine chemical composition. Diet samples were collected daily
before each feeding for calculating DM intake. Feed refusal and
spillage for each sow were collected, weighed, and dried daily and
separately to correct the DM intake during the HP measurement
periods. During each HP measurement period, gas concentrations
(CO2, O2 and CH4) were measured at 5-min intervals and total
collection of feces and urine was conducted daily at 08:30. On d 12,
fresh feces were collected for analysis of bacterial microbiota. On
d 13 or d 1 of the next period, only urine was collected for calcu-
lating urinary nitrogen losses during fasting. Collected feces were
stored immediately after collection at �20 �C and a subsample of
fresh feces was placed in liquid nitrogen and stored at �80 �C for
later microbial analysis. Urine was collected in plastic containers
which contained 50 mL of 6 M HCl. After filtering with eight layers
of gauze, filtered urine (1% of total) was put into a centrifuge tube
(50 mL) and subsequently stored at �20 �C. At the end of each
period, feces and urine were thawed, pooled, and a subsample was
collected and stored at �20 �C. Fecal samples were oven-dried at
65 �C for 72 h and weighed after being exposed to room temper-
ature for 12 h. Finally, all samples of the ingredients, diets, and feces
were ground through a 1-mm screen and finely mixed for further
analysis.

2.4. Sample analysis and calculation

Ingredients, diets, and fecal samples were analyzed for DM
(method 930.15; AOAC, 2007), crude protein (CP, method 984.13;
AOAC, 2007), and ash (Hortwitz and Latimer, 2007). Neutral
detergent fiber (NDF), and acid detergent fiber (ADF) were deter-
mined according to the procedure of Van Soest et al. (1991). Sam-
ples of ingredients and diets were analyzed for ether extract
according to the procedure of Thiex et al. (2003). The gross energy
(GE) content of ingredients, diets, urine, and fecal samples was
analyzed using an isoperibol calorimeter (Parr 6300 Calorimeter,
Moline, IL USA) using benzoic acid as a standard. An enzymatic-
colorimetric method was conducted to measure the starch con-
tent of ingredients and diets (Knudsen, 1997). Total dietary fiber,
soluble dietary fiber, and insoluble dietary fiber were determined
using the method described by Prosky et al. (1992). Concentration
of amino acids in diets and ingredients was determined according
to method 982.30 E (a, b, c; AOAC, 2007) using an AA analyzer
(Hitachi L-8900; Hitachi Ltd., Tokyo, Japan) and high-performance
liquid chromatography (Agilent 1200 Series; Agilent Technologies
Inc., Santa Clara, CA).

Calculation of DM and GE intake is described in detail by Le Goff
and Noblet (2001). Energy content of methane was assumed to be
39.54 kJ/L (Brouwer, 1965). The apparent total tract digestibility
(ATTD) of energy and nutrients in diet was calculated as described
by Noblet et al. (1994). The DE of diets was calculated as GE intake
minus energy loss of feces. ME of diets was calculated by sub-
tracting energy loss of urine and methane from DE. The difference
method was used to calculate available energy of wheat bran
(Noblet et al., 1994). The ATTD of nutrients in wheat bran was
calculated according to Adeola (2001) as follows:

ATTDY ¼ [ATTDWB � (100%� X%)� ATTDBD]/X%, inwhich ATTDY
was the ATTD of nutrients in wheat bran (%), ATTDWB was the
average ATTD of nutrients in diets includingwheat bran (%), ATTDBD

Table 3
Formulation and nutrient composition of the experimental diets (%, as-fed basis).1

Item Diet2

WB0 WB10 WB20 WB30 WB40 WB50

Corn 81.6 73.4 65.3 57.1 48.9 40.8
Soybean meal 15.8 14.2 12.6 11.1 9.5 7.9
Wheat bran 0.0 9.8 19.5 29.2 39.0 48.7
Dicalcium
phosphate

1.1 1.1 1.1 1.1 1.1 1.1

Limestone 0.6 0.6 0.6 0.6 0.6 0.6
Salt 0.4 0.4 0.4 0.4 0.4 0.4
Premix3 0.5 0.5 0.5 0.5 0.5 0.5

Total 100.0 100.0 100.0 100.0 100.0 100.0
Analyzed chemical composition
DM 88.5 88.3 88.6 88.7 88.9 89.0
Ash 3.8 4.0 4.2 4.5 4.7 5.0
CP 14.5 14.3 14.9 15.2 15.5 15.7
Ether extract 1.3 1.7 2.3 1.7 2.2 2.4
Starch 54.5 52.0 49.5 48.0 47.2 41.8
NDF 8.6 11.3 13.5 18.3 19.7 21.7
ADF 2.9 3.6 4.2 5.1 6.0 6.6
Insoluble
dietary fiber

9.2 11.2 13.3 16.4 17.8 19.1

Soluble
dietary fiber

2.0 1.9 2.1 1.9 2.3 2.4

Total
dietary fiber

11.2 13.1 15.4 18.4 20.0 21.5

Gross energy,
MJ/kg

16.34 16.37 16.39 16.49 16.53 16.60

DM ¼ dry matter; CP ¼ crude protein; NDF ¼ neutral detergent fiber; ADF ¼ acid
detergent fiber; SDF ¼ soluble dietary fiber.

1 All data are the results of a chemical analysis conducted in duplicate.
2 WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20,

diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40,
diet including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.

3 Premix provided per kilogram of complete feed: 6,000 IU of vitamin A, 3,000 IU
of vitamin D3, 20 IU of vitamin E, 1.8 mg of vitamin K3, 2.0 mg of vitamin B1, 6.0 mg
of vitamin B2, 4.0 mg of vitamin B6, 3,000 mg of choline, 0.02 mg of vitamin B12,
26.0 mg of niacin, 18.0 mg of pantothenic acid, 3.2 mg of folic acid, 0.4 mg of biotin,
400mg of Fe, 20mg of Cu, 100mg of Zn, 50mg of Mn, 1.2 mg of I, 0.30 mg of Se, 8.0 g
of Ca, 0.8 g of P, 5.6 g of sodium chloride, and 0.05% of lysine.

Table 2
Analyzed chemical composition of wheat bran (%, as-fed basis).1

Item Wheat bran

Dry matter 89.3
Crude protein 18.1
Ether extract 3.3
Neutral detergent fiber 34.3
Acid detergent fiber 10.0
Insoluble dietary fiber 32.0
Soluble dietary fiber 2.9
Total dietary fiber 34.9
Starch 29.3
Ash 4.8
Ca 0.2
P 0.8
Gross energy, MJ/kg 17.01

1 All data are the results of a chemical analysis conducted in
duplicate.
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was the average ATTD of nutrients in the basal diet (WB0, %), and X
% was the wheat bran inclusion rate in diets. Using ferric oxide (1%
of feed) as a marker, gastrointestinal transit time was calculated as
average of the time from ferric oxide first appeared in sows' feces to
the time it disappeared (Wang et al., 2023).

The calculation and standardization for O2 consumption, and
production of CH4 and CO2 is described by Wang et al. (2019). Total
heat production (THP) was calculated according to Brouwer (1965):
THP (kJ) ¼ 16.18 � O2 (L) þ 5.02 � CO2 (L) � 2.17 � CH4
(L) � 5.99 � urinary nitrogen excretion (g). Calculation of retention
of dietary energy (RE) and partitioning of RE were conducted ac-
cording to the equation described by Labussi�ere et al. (2009).

THP was partitioned into FHP, heat production related to phys-
ical activity (AHP), thermic effect of feeding short-term (TEFst), and
TEFlt as described by Labussi�ere et al. (2015). The TEF was equal to
the sum of TEFst and TEFlt. The heat production due to resting
metabolism (RHP) was calculated by gas exchange data from 02:00
to 06:00 on 5 d that sows were fed in each period. TEFlt is the
difference between RHP and FHP. RHP and FHP were both consid-
ered constant during feeding periods. Thus, the heat production of
sows fits the following equation: DTHP ¼ DAHP þ DTEFst, where
DTHP, DAHP, and DTEFst were, respectively, the differences of THP,
AHP, and TEFst between two 5-min intervals. Heat production due
to TEFst followed a gamma distribution (van Milgen et al., 1997) and
increased sharplywithin 3 h after feeding, then slowly returned to a
baseline level (Ramonet et al., 2000). Therefore, based on the
premise that no gas datawithin 3 h after feeding had been used, we
assumed there was a negligible contribution of TEFst to DTHP when
the interval between two 5-min intervals was less than 15 min.
Accordingly, DTHP depended almost entirely on DAHP. The coeffi-
cient of heat production on physical activity (AHPc) was predicted
using the following model: DTHPijk ¼ bi � DTAijk þ Eijk, where
DTHPijk ¼ difference in THP of sow i between two 5-min intervals j
and k (kJ); bi ¼ AHPc of sowi (kJ/kg BW0.75 per min);
DTAijk ¼ physical activity time difference of sow i between two 5-
min intervals j and k (min); Eijk ¼ error term. In this study, at
least 150 valid data points for each sow were used to fit an optimal
model to obtain the regression coefficient of heat production on
physical activity. AHP was calculated bymultiplying the duration of
the physical activity by BW0.75 and the coefficient b. The TEF was
calculated by subtracting AHP and FHP from THP. TEFst was equal to
TEF minus TEFlt.

2.5. Analysis of bacterial microbiota by 16S RNA sequencing

Bacterial DNA was extracted from fecal samples using a stool
DNA Kit (Omega Bio-tek, Norcross, GA, USA). DNA concentration and
purification were quantified using a NanoDrop 2000 UV-VIS spec-
trophotometer (Thermo Scientific, Wilmington, USA). The integrity
of DNA was assessed by 1% agarose gel electrophoresis. The V3eV4
hypervariable regions of the bacteria 16S rRNA gene were amplified
with primers 338F (50-ACTCCTACGG GAGGCAGCAG-30) and 806R
(50-GGACTACHVGGG TWTCTAAT-30) with a PCR analyzer (GeneAmp
9700, ABI, USA). The PCR products were extracted from a 2% agarose
gel and then purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) and quantified using a
QuantiFluor-ST fluorometer (Promega, USA).

Pooled and purified amplicons in equimolar and paired-end
reads were sequenced (2 � 300 bp) on an Illumina MiSeq plat-
form according to standard protocols (Majorbio BioPharm Tech-
nology Co., Ltd., Shanghai, China). Raw fastq files were quality-
filtered by Trimmomatic and merged by FLASH software. The
remaining high-quality sequences were clustered into operational
taxonomic units (OTU) at 97% similarity by UPARSE algorithm
(http://www.drive5.com/usearch/manual/uparse_pipeline.html)

and chimeric sequences were identified and removed by UCHIME
algorithm (http://www.drive5.com/usearch/manual/uchime_algo.
html). Each 16S rRNA gene sequence was taxonomically allocated
on the basis of the silva (SSU128) 16S rRNA database by RDP Clas-
sifier (http://rdp.cme.msu.edu/) with a confidence threshold of 70%.

2.6. Statistical analysis

In the present study, each sowwas considered as an experiment
unit. All results of 6 dietary treatment groups were subjected to
ANOVA where diets were treated as the fixed effect; period and
animal were considered as the random effect using the GLM pro-
cedure of SAS (SAS Institute Inc., Cary, NC). When significant dif-
ferences were observed, Tukey's test was used to adjust for
multiple comparisons. However, differences in digestibility and
energy contents of wheat bran among different inclusion levels
were analyzed using Welch's t-test with “rstatix” package in R
software. When significant differences were observed in these
indices, Games-Howell's test was used to adjust for multiple
comparisons. Orthogonal polynomial contrasts were used to test
the linear and quadratic effects of wheat bran inclusion levels on all
parameters.

A non-parametric factorial KruskaleWallis sum-rank test was
used to determine the differential bacterial taxa then linear
discriminant analysis (Threshold of 3.0) coupled with effect size
(LEfSe) was used to identify key bacterial taxa from phylum to
genus between different treatment groups. Alpha diversity of
samples was calculated using Chao 1 and Shannon indices. The
comparative analysis of alpha diversity between differential wheat
bran inclusions was also conducted with themethodWelch's t-test.
Statistical significance was declared at P < 0.05 and tendency at
0.05 < P < 0.10.

3. Results

3.1. Chemical composition of diets

Table 2 shows the chemical composition of wheat bran used in
this study. According to Table 3, dietary concentrations of DM, ash,
CP, NDF, ADF, insoluble dietary fiber, total dietary fiber, and GE
increased with increasing wheat bran inclusion except for WB10
that contained less DM and CP than the basal diet (Table 3). In
contrast, dietary contents of starch decreased as dietary wheat bran
increased. All diets had similar contents of ether extract and soluble
dietary fiber.

3.2. The richness and biodiversity of bacterial communities

The indices of Chao 1 and Shannon at the OTU level were used to
reflect bacterial richness and diversity (Fig. 1). Only a difference in
Chao1 indices were observed for fecal bacterial communities of
sows fed WB20 and WB50 (P < 0.05). The Shannon index of fecal
bacterial communities in sows fedWB50 was higher than those fed
WB0 and WB10 (P < 0.05).

The most dominant phyla among bacterial communities were
Firmicutes, Bacteroidetes, Spirochaetes, Proteobacteria, and Acti-
nobacteriota (Fig. 2A). The combined phyla of Firmicutes and Bac-
teroidetes accounted for more than 85% of the total bacteria found
in fecal samples of gestating sows. Sows fed WB30, WB40, and
WB50 had a higher relative abundance of Bacteroidetes than sows
fedWB0 andWB10 (P < 0.05). By contrast, Firmicutes was enriched
in sows fed WB10 and WB20 compared with those fed WB30 and
WB50 (P < 0.05). The predominant genera in Firmicutes consisted
of Christensenellaceae_R-7_group, Clostridium_sensu_stricto_1,
NK4A214_group, and Terrisporobacter (Fig. 2B). Prevotellaceae_UCG-
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001, norank_f__p-251-o5, and Rikenellaceae_RC9_gut_group were
the predominant genera in Bacteroidetes (Fig. 2B).

Cladograms of LEfSe analyzed by “all-against-all” showed all
bacteria that were significantly enriched within each group from
the phylum to the genus level (Fig. 3). Fig. 4 showed bacterial
characteristics in each treatment group at phylum, family, and
genus level, respectively. As shown in Figs. 3 and 4, the bacteria
varied according to dietary wheat bran inclusion rate. Compared
with other treatments, the relative abundance of Eubacter-
ium_saphenum_group was higher in sows fed WB0 and resulted in
an increase in the population of phylum Proteobacteria. In addition,
genera of Escherichia-Shigella, UCG-002, Lachnospir-
aceae_NK4A136_group, norank_f__norank_o__Oscillospirales, Sar-
cina and family of Eggerthellaceae were enriched in WB0.
Christensenellaceae_R-7_group was enriched in WB10 and led to a
higher relative abundance of phylum Firmicutes than other treat-
ment groups. Sows fedWB20 were only enriched in genus Sharpea.
Genera norank_f__p-251-o5 and dgA-11_gut_group that belongs to
the phylum Bacteroidetes were enriched in sows fed WB30. Sows
fed WB40 were enriched in 13 genera, in which 9 genera belonged
to the phylum Firmicutes (Acidaminococcus, Lachnoclostridium,
Blautia, Roseburia, unclassified_f__Oscillospiraceae, UCG-009, Sub-
doligranulum, Selenomonas, Mitsuokella), 2 genera belonged to
phylum Bacteroidetes (Bacteroides and Alloprevotella), and 2 other
genera (Pyramidobacter and Sphaerochaeta). A variety of bacteria
were found to be enriched in sows fedWB50. Relative abundance of
Prevotellaceae_UCG-003, norank_f__Bacteroidales_RF16_group, and
norank_f__Paludibacteraceae of WB50 were higher than other
treatments and resulted in a larger population of the phylum Bac-
teroidetes. Sows fed WB50 were enriched in Anaerovibrio and
Megasphaera, which made relative abundance of class Neg-
ativicutes, that belongs to the phylum Firmicutes, larger. Addi-
tionally, these sows had a greater population of the genera
Akkermansia, norank_f__norank_o__WCHB1-41, and norank_f__nor-
ank_o__Bradymonadales. The P-values of the above comparative
analysis of bacteria composition among treatments from LEfSe
were all less than 0.05.

3.3. Dietary nutrient digestibility and available energy

As inclusion level of wheat bran increased from 0% to 48.7%, DM
intake increased linearly (P < 0.01), but gastrointestinal transit time

linearly and quadratically decreased from 104.7 to 57.5 h (P < 0.01;
Table 4). Dietary ATTD of DM, GE, CP, NDF, and ADF linearly
decreased as inclusion level of wheat bran increased (P < 0.01). As a
consequence, dietary DE, ME, and NE decreased when dietary
wheat bran increased (P < 0.01). There was little evidence for as-
sociation between wheat bran inclusion level and energy utiliza-
tion of diets.

3.4. Nitrogen balance and energy balance

Urinary nitrogen losses had no association with wheat bran
inclusion level (Table 5). The higher inclusion level of wheat bran
increased fecal nitrogen losses (P < 0.01). Total nitrogen losses
increased linearly as dietary wheat bran increased (P ¼ 0.04).
However, no significant difference in nitrogen retention was
observed among treatments. As dietary wheat bran inclusion
increased, ME intake of sows increased linearly as dietary wheat
bran inclusion increased (P ¼ 0.03), but energy losses as CH4
decreased linearly as wheat bran inclusion increased (P < 0.01).
There was no significant difference in THP among treatments. Di-
etary wheat bran level affected energy retained as fat and total
retained energy (P < 0.05). In addition, total retained energy tended
to increase as inclusion level of wheat bran increased (P ¼ 0.09).
When presented as a percentage of ME intake, there was no sig-
nificant difference in total retained energy among treatments, but
increasing inclusion level still tended to increase energy retained as
fat (P¼ 0.08). Respiratory quotients were similar among treatments
with an overall mean of 1.070.

3.5. Behavioral characteristics and heat production of physical
activity

The time sows spent lying frank was different among treatment
groups (P ¼ 0.02) and tended to increase quadratically with
increasing wheat bran inclusion (P¼ 0.06, Table 6). Total time spent
resting tended to increase linearly as inclusion of wheat bran
increased (P¼ 0.07). Sows spent more time eating as dietary wheat
bran increased due to the increased DM intake (P < 0.01). In
contrast, the time sows spent standing and physical activity linearly
and quadratically decreased with increasing dietary wheat bran
(P < 0.05). Therefore, AHP of sows trended to be lower in WB50

Fig. 1. Effects of wheat bran inclusion level on the richness and diversity of microbial communities in gestating sows. (A) Chao 1 index of bacterial community among treatments.
(B) Shannon index of bacterial community among treatments. The results were analyzed by Welch's t-test and presented as mean values. n ¼ 6, and a significant correlation is
labeled by *P < 0.05, **P < 0.01. WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat
bran; WB40, diet including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.
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than those in WB10 (P ¼ 0.07). AHPc was independent of dietary
treatments and had an overall mean of 0.24 kJ/(kg BW0.75 � min).

3.6. Components of heat production and net energy of diet

Intake of ME linearly and quadratically increased as inclusion
level of wheat bran increased (P < 0.01; Table 7). The ME intake of
sows was slightly higher than intended (593.5 kJ/kg BW0.75 per day)
because of underestimation of ME content of wheat bran in this
study. THP had an overall mean of 480.8 kJ/(kg BW0.75 � d), and no
significant difference in THP among treatments was observed. Mean
FHP of gestating sows in this study was 345.2 kJ/(kg BW0.75 � d) and
was independent of dietarywheat bran inclusion. The average values

of AHP, TEFlt and TEFst were 2.56, 1.73, and 3.21 MJ/d, respectively.
There was no difference in TEFlt and TEFst among treatments.
However, AHP of sows tended to be lower in WB50 than in WB10
(P ¼ 0.07), and AHP:ME ratio of WB50 was lower than that of WB10
(P ¼ 0.03). TEF increased significantly when dietary wheat bran
reached 48.7% (P < 0.01). Besides, TEF:ME ratio of WB0 and WB30
was lower than that of WB50 (P < 0.01).

3.7. Nutrient digestibility and available energy of wheat bran

Inclusion levels had no significant effect on ATTD CP in wheat
bran (Table 8). ATTD of DM changed quadratically as dietary wheat
bran increased. ATTD of NDF and ADF in wheat bran were different

Fig. 2. Effects of wheat bran inclusion level on fecal microbial community structure in gestating sows. (A) Microbial community bar plot at the phylum (A) and genus (B) level in
gestating sows fed experimental diets. n ¼ 6. WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including
29.2% wheat bran; WB40, diet including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.
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Fig. 3. Cladograms of linear discriminant analysis coupled with effect size from genus to phylum by all-against-all. n ¼ 6, and light-yellow nodes represented no significant dif-
ference (P > 0.05) in bacteria among treatment groups. Threshold of linear discriminant analysis is 3.0. WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20,
diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.

Fig. 4. The linear discriminant analysis coupled with effect size (LEfSe) analysis of gut microbiota composition in sows provided different dietary treatments. Bacterial species
differed among treatments at (A) phylum level, (B) family level, and (C) genus level, LEfSe analysis conducted by all-against-all, and n ¼ 6. Threshold of linear discriminant analysis is
3.0. WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet including
39.0% wheat bran; WB50, diet including 48.7% wheat bran.
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among treatment groups (P < 0.05) and the two indices were
relatively high in groups WB30 and WB40 compared with other
treatments, respectively. As for energy available from wheat bran,
only slight changes were observed for DE and ME among treatment
groups except forWB10. NE changed quadratically as dietary wheat
bran level increased (P < 0.01). A quadratic increase of NE:ME ratio
as inclusion level increased was noted (P ¼ 0.03).

4. Discussion

4.1. Effects of inclusion level on fecal microbiota

Wheat bran has a typical non-starch polysaccharide composi-
tion of gramineous grain by-products that mainly consists of
insoluble arabinoxylan and cellulose (Knudsen, 1997). The

Table 4
The effect of inclusion level of wheat bran on nutrient digestibility and energy values in diets fed to gestating sows.

Item Diet1 SEM P-values

WB0 WB10 WB20 WB30 WB40 WB50 Diet Linear Quadratic

No. of observations 6 6 6 6 6 6
BW, kg 206.8 217.0 202.7 214.4 207.7 217.4 4.80 NS NS NS
DM intake, kg/d 1.70 1.86 1.80 1.91 1.98 2.08 0.052 <0.01 <0.01 NS
Gastrointestinal transit time2, h 104.7a 81.7b 73.7bc 63.6bc 58.8c 57.5c 5.77 <0.01 <0.01 <0.01
Digestibility coefficients, %
DM 92.0a 89.2b 87.1bc 85.0cd 82.8d 79.9e 1.44 <0.01 <0.01 <0.01
GE 91.9a 89.1b 87.5b 85.4c 82.7d 80.6e 0.53 <0.01 <0.01 <0.01
CP 90.6a 89.8ab 88.2bc 87.3cd 85.8de 84.6e 0.61 <0.01 <0.01 <0.01
NDF 76.7a 69.8ab 63.2bc 65.3bc 60.6cd 54.6d 1.62 <0.01 <0.01 0.02
ADF 77.0a 66.0b 56.6c 54.1c 52.0c 43.2d 1.73 <0.01 <0.01 <0.01

Energy of diets, MJ/kg DM
DE 16.96a 16.52b 16.17b 15.89c 15.39d 15.03e 0.098 <0.01 <0.01 <0.01
ME 16.33a 15.93b 15.58b 15.27c 14.89cd 14.55d 0.115 <0.01 <0.01 <0.01
NE 12.89a 12.44b 12.18bc 12.14bc 11.88c 11.32d 0.119 <0.01 <0.01 0.04

Energy utilization, %
ME:DE ratio 96.3 96.4 96.4 96.1 96.8 96.8 0.56 NS NS NS
NE:ME ratio 79.0 78.1 78.3 79.4 79.8 77.8 0.64 NS NS NS

BW ¼ body weight; DM ¼ dry matter; GE ¼ gross energy; CP ¼ crude protein; NDF ¼ neutral detergent fiber; ADF ¼ acid detergent fiber; DE ¼ digestible energy; ME ¼
metabolizable energy; NE ¼ net energy.
a-e Means within a row without a common superscript differ significantly (P < 0.05). Values were means of six observations per treatment. The P-values more than 0.10 were
presented with “NS”.

1 WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet
including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.

2 Gastrointestinal transit time was calculated as average of the time ferric oxide first appeared in sows‘ feces and the time it disappeared.

Table 5
Effect of wheat bran inclusion level on nitrogen balance and energy balance of gestating sows.

Item Diet1 SEM P-values

WB0 WB10 WB20 WB30 WB40 WB50 Diet Linear Quadratic

No. of observations 6 6 6 6 6 6
Nitrogen balance, g/d
Intake 59.1 65.0 63.5 67.7 57.8 63.8 3.58 NS NS NS
Urinary losses 32.0 31.6 31.5 31.1 32.0 31.6 2.57 NS NS NS
Fecal losses 5.1e 6.1de 6.9cd 8.2bc 9.4ab 11.1a 0.43 <0.01 <0.01 0.03
Total losses 37.1 37.7 38.4 39.3 41.4 42.7 2.59 NS 0.04 NS
Retention 22.0 27.3 25.1 28.4 16.4 21.1 4.85 NS NS NS

Energy balance, MJ/d
DE intake 35.08b 36.49ab 35.24b 37.36ab 36.74ab 38.56a 1.424 <0.01 NS NS
ME intake 33.77b 35.19ab 33.95b 35.91ab 35.56ab 37.31a 1.475 <0.01 0.03 NS
Energy losses in urine 1.02 1.01 1.03 1.21 0.99 1.14 0.189 NS NS NS
Energy losses as CH4 0.28a 0.29a 0.26ab 0.24ab 0.20ab 0.11b 0.035 <0.01 <0.01 <0.01
Total heat production 25.84 27.15 25.99 26.66 26.08 27.82 0.635 NS NS NS

Retained energy, MJ/d
Total 7.93b 8.04b 7.96b 9.25ab 9.48a 9.49a 0.766 0.03 0.09 NS
Retained as protein 3.27 4.08 3.74 4.24 2.44 3.13 0.723 NS NS NS
Retained as fat 4.66ab 3.96b 4.22ab 5.01ab 7.04a 6.36ab 1.106 0.04 NS NS

Retained energy, % of ME intake
Total 23.4 22.7 23.5 25.6 26.6 25.5 1.91 NS NS NS
Retained as protein 9.5 11.6 11.1 11.8 6.8 8.4 2.00 NS NS NS
Retained as fat 13.9 11.1 12.4 13.8 19.8 17.1 3.08 0.08 NS NS

Respiratory quotient 1.078 1.073 1.070 1.070 1.073 1.058 0.0107 NS NS NS

DE ¼ digestible energy; ME ¼ metabolizable energy.
a-e Means within a row without a common superscript differ significantly (P < 0.05). Values were means of six observations per treatment. The P-values more than 0.10 were
presented with “NS”.

1 WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet
including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.
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insoluble arabinoxylan and cellulose content of wheat bran is 19.4%
and 6.4%, respectively (Jaworski et al., 2015). In general, Firmicutes
and Bacteroidetes were the most dominant phyla in gestating sows
(Zhuo et al., 2020). Consistent with previous studies (Ji et al., 2019;
Shao et al., 2020), in this study, Firmicutes and Bacteroidetes were
themost abundant phyla in all treatments regardless of the periods.
Sows fed WB30, WB40, and WB50 diets exhibited lower relative
abundance of Firmicutes compared with those fed WB0 and WB10.
An opposite result was observed in the relative abundance of
Bacteroidetes. Consistent with this result, high dietary insoluble
fiber usually increases the relative abundance of Bacteroidetes in
pigs (Chen et al., 2019; El Kaoutari et al., 2013). Bacteroidetes
possesses special polysaccharide utilization loci and carbohydrase
enzymes that cleave the linkages in complex polysaccharide

structures (Sonnenburg et al., 2010). A variety of bacteria within
phylum Bacteroidetes were enriched in sows fed WB40 and WB50
and many of them have the ability to degrade insoluble poly-
saccharides, such as Bacteroides, Alloprevotella, Prevotellaceae_UCG-
003, and norank_f__Paludibacteraceae (Downes et al., 2013; Dyksma
et al., 2020; Flint et al., 2008; MacFabe et al., 2007; Okeke and Lu,
2011). In addition, sows fed WB30 displayed higher relative abun-
dance of norank_f__p-251-o5 and dgA-11_gut_group compared to
the other treatments. Zhuo et al. (2020) found a positive correlation
between dgA-11_gut_group and dietary fiber. Similarly, nor-
ank_f__p-251-o5was one of the most dominant bacteria in horse at
genus level, and low relative abundance of norank_f__p-251-o5was
related to impaired digestibility of fibrous feed (Li et al., 2022). It
has been suggested that norank_f__p-251-o5 contributed to

Table 6
Effect of wheat bran inclusion level on behavior and heat production related to physical activity of gestating sows.1

Item Diet2 SEM P-values

WB0 WB10 WB20 WB30 WB40 WB50 Diet Linear Quadratic

No. of observations 6 6 6 6 6 6
Rest, % of 24 h
Lying frank 78.80abc 76.42c 77.01bc 77.62abc 81.07ab 81.65a 1.319 0.02 NS 0.06
Lying breast 6.08 9.47 7.21 8.92 5.13 7.18 1.518 NS NS NS
Total 84.88ab 85.89ab 84.22b 86.54ab 86.19ab 88.83a 1.346 0.04 0.07 NS

Eating, % of 24 h 1.98b 2.03b 2.38 ab 2.39ab 2.52ab 2.85a 0.145 <0.01 <0.01 0.02
Physical activity, % of 24 h
Sitting 2.29 0.89 1.87 0.83 2.24 0.99 0.592 NS NS NS
Standing 10.84ab 11.18a 11.53a 10.24ab 9.04ab 7.32b 1.448 0.04 0.03 <0.01
Total 13.13a 12.07ab 13.40a 11.07ab 11.28ab 8.32b 1.372 0.01 0.04 0.07

AHP, MJ/d 2.53 2.83 2.62 2.75 2.33 2.28 0.210 0.07 NS NS
AHPc, kJ/(kg BW0.75 � min) 0.21 0.25 0.21 0.25 0.21 0.25 0.010 NS NS NS

AHP ¼ heat production related to physical activity; AHPc ¼ coefficient of heat production on physical activity; BW ¼ body weight.
a-c Means within a row without a common superscript differ significantly (P < 0.05). Values were means of six observations per treatment. The P-values more than 0.10 were
presented with “NS”.

1 Lying breast was defined as a sow laying on her legs with her head and spinal column upright, otherwise it would be considered as lying frank. Sitting was defined as a sow
sitting with backside and forelegs kept upright. Standing was defined as a sow standing upright on four legs. Physical activity was defined as the total of sitting and standing
without eating.

2 WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet
including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.

Table 7
Effect of inclusion level on partitioning of heat production in gestating sows.

Item Diets1 SEM P-values

WB0 WB10 WB20 WB30 WB40 WB50 Diet Linear Quadratic

No. of observations 6 6 6 6 6 6
ME intake, kJ/(kg BW0.75 d) 619.4d 622.9cd 632.3bcd 640.9abc 649.9ab 659.2a 11.76 <0.01 <0.01 <0.01
HP, kJ/(kg BW0.75 d)
THP 474.2 480.9 484.4 476.7 476.9 491.9 12.06 NS NS NS
RHP 367.1 379.1 376.0 371.1 378.6 387.5 11.95 NS NS NS
FHP 344.0 344.5 346.3 345.2 345.5 345.6 11.92 NS NS NS

Components of THP, MJ/d
FHP 18.75 19.45 18.58 19.31 18.88 19.57 0.663 NS NS NS
AHP 2.53 2.83 2.62 2.75 2.33 2.28 0.210 0.07 NS NS

TEF
TEFlt 1.26 1.92 1.59 1.44 1.82 2.36 0.301 NS NS NS
TEFst 3.30 2.96 3.20 3.15 3.05 3.61 0.301 NS NS NS
Total 4.57b 4.88b 4.78b 4.60b 4.87b 5.96a 0.195 <0.01 NS NS
THP 25.84 27.15 25.99 26.66 26.08 27.82 0.635 NS NS NS

Heat increment, % of ME intake
AHP:ME ratio 7.5ab 8.0a 7.7ab 7.7ab 6.5ab 6.2b 0.61 0.03 0.06 0.03
TEF:ME ratio 13.5b 13.9ab 14.1ab 12.8b 13.7ab 16.0a 0.55 <0.01 NS NS
Total 21.0 21.9 21.8 20.5 20.2 22.2 0.64 NS NS NS

BW ¼ body weight; ME ¼ metabolizable energy; HP ¼ heat production. THP ¼ total heat production; RHP ¼ heat production of resting metabolism; FHP ¼ fasting heat
production; AHP ¼ heat production related to physical activity; TEF ¼ thermic effect of feeding; TEFlt ¼ thermic effect of feeding long-term; TEFst ¼ thermic effect of feeding
short-term.
a-d Means within a row without a common superscript differ significantly (P < 0.05). Values were means of six observations per treatment. The P-values more than 0.10 were
presented with “NS”.

1 WB0, corn-soybean basal diet; WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet
including 39.0% wheat bran; WB50, diet including 48.7% wheat bran.
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digestibility of fiber. By contrast, bacteria enriched in sows fedWB0,
WB10, and WB20 did not belong to phylum Bacteroidetes, and the
fiber-degrading function of these bacteria has not been reported. In
addition, Christensenellaceae_R-7_group was enriched in sows fed
WB10. Similarly, Yu et al. (2020) found that Christensenellaceae_R-
7_group was enriched in sows fed a diet that included a moderate
level of fiber supplementation (dietary crude fiber content of 9.15%)
rather than a low or high dietary fiber level. Christensenellaceae_R-
7_group has been shown to be negatively correlated with serum
lipids (Waters and Ley, 2019).

4.2. Effects of inclusion level on nutrient digestibility of diets

Many previous studies reported addition of wheat bran in the
diet resulted in impaired nutrient digestibility (Lyu et al., 2019; Shi
et al., 2021). Similarly, we found that addition of wheat bran in the
diet decreased digestibility of most dietary nutrients. According to
experiments conducted by Kim et al. (2007) and Jaworski et al.
(2015), this phenomenon might be explained partly by signifi-
cantly decreased gastrointestinal transit time, which shortens the
digestion time of nutrients. Increasing insoluble fiber in the diet
decreases the mean retention time in the small and large intestine
of pigs (Wilfart et al., 2007). The increased DM intake causes a large
volume of intestinal contents, which can exert a direct physical
action on the intestine and thus stimulate gastrointestinal transit
(Chasse et al., 2021). In addition, high chyme viscosity due to sol-
uble fiber hinders contact between chyme and digestive enzymes
(Gutierrez et al., 1994). In this study, shortened digestion time was
associatedwith the level of dietary insoluble fiber, soluble fiber, and
DM intake. Nevertheless, ATTD of ADF and NDF showed different
responses to wheat bran inclusion level compared with other nu-
trients. In the present study, ATTD of dietary NDF and ADF
decreased slightly (by 2.6% and 4.6%, respectively) as wheat bran
inclusion level increased from 19.5% to 39.0%. Similarly, Huang et al.
(2015) found ATTD of ADF and NDF of growing pigs fed diets with
9.65% wheat bran were lower than those fed a basal diet (corn-
soybean meal), but they were similar to the diet containing wheat
bran at 48.25% and the control group. As for adult sows, Shi et al.
(2021) reported that the decrease in ATTD of NDF was less than
one percentage point (58.92% vs. 59.43%), and ATTD of ADF
increased (52.70% vs. 49.03%) in a diet containing 36.4% wheat bran

compared with the control diet without wheat bran. Sows' adap-
tation to fibrous diets can partly explain this result. The gut
microbiota undergo an adaptation process when exposed to fiber-
rich diets, and the process is stimulated by increased fiber con-
centrations (Edwards, 1993). In the present study, a higher relative
abundance of fiber-degrading genera belonging to phylum Bacter-
oides was observed in sows fed diets including more wheat bran.
Increased fiber-degrading genera elevate the activities of enzymes
such as cellulose decomposition (Castillo et al., 2007). In addition, a
higher dietary fiber content promotes secretion of digestive juices
and the adaptation process for the intestinal tract to absorb new
products that come from degradation of fiber (Johnson, 1988;
Zebrowska and Low, 1987). The significantly lower ATTD of dietary
fiber in sows fed WB50 suggests these adaptations are limited and
insufficient to compensate for the negative effects such as short-
ened time of digestion and increased difficulty in digestion of nu-
trients from high dietary wheat bran inclusion.

4.3. Effects of wheat bran inclusion level on nitrogen balance and
energy balance

Fecal nitrogen losses of sows in this study increased linearly as
dietary fiber increased. This finding was consistent with previous
studies that demonstrated a positive relationship between dietary
fiber and fecal nitrogen losses (Le Gall et al., 2009; Wang et al.,
2019). The possible explanation was that wheat bran increased
endogenous nitrogen losses due to excessive saliva, gastric and
pancreatic secretions (Zebrowska and Low, 1987). Additionally,
dietary fiber increases mechanical erosion of mucosa with
desquamation of cells (Montagne et al., 2003). On the other hand,
wheat bran resulted in increasing DM intake of sows, which
decreased standard ileal digestibility for CP and amino acids (Moter
and Stein, 2004). As for energy balance, ME intake increased as
wheat bran level increased due to the underestimation of energy
content of wheat bran. However, therewas no significant difference
in THP among treatment groups, and the average THP was
26.59 MJ/d or 480.8 kJ/(kg BW0.75 d), which was close to the values
reported by Ramonet et al. (2000). Average FHP of gestating sows in
this study was 344.9 kJ/(kg BW0.75 d) and was not affected by di-
etary wheat bran level. Similar results were observed in previous
studies conducted by other researchers (Le Goff et al., 2002;

Table 8
Effect of inclusion level on digestibility of nutrient and energy values of wheat bran.

Item Diets1 SEM P-values

WB10 WB20 WB30 WB40 WB50 Diet Linear Quadratic

No. of observations 6 6 6 6 6
Digestibility coefficients, %
CP 77.0 72.2 73.7 74.4 73.9 2.05 NS NS NS
DM 61.0 67.7 68.6 69.3 68.1 2.53 NS NS <0.05
GE 63.4 68.4 70.3 68.7 69.0 2.08 NS NS NS
NDF 60.5ab 49.0b 72.1a 58.6ab 50.2b 2.84 <0.01 NS NS
ADF 34.0ab 28.5b 39.9ab 44.5a 34.9ab 3.06 0.02 NS NS

Energy, MJ/kg DM
DE 12.09 13.04 13.39 13.09 13.15 0.381 NS NS NS
ME 11.93 12.63 12.80 12.79 12.80 0.529 NS NS 0.05
NE 8.05 9.35 10.38 10.40 9.77 0.522 NS NS <0.001

Energy utilization, %
ME:DE ratio 98.7 96.9 95.7 97.7 97.4 2.94 NS NS NS
NE:ME ratio 67.4 74.0 81.0 81.3 76.3 4.14 NS NS 0.03

CP¼ crude protein; DM¼ drymatter; GE¼ gross energy; NDF¼ neutral detergent fiber; ADF¼ acid detergent fiber; DE¼ digestible energy; ME¼metabolizable energy; NE¼
net energy.
a-d Means within a row without a common superscript differ significantly (P < 0.05). Values were means of six observations per treatment. The P-values more than 0.10 were
presented with “NS”.

1 WB10, diet including 9.8% wheat bran; WB20, diet including 19.5% wheat bran; WB30, diet including 29.2% wheat bran; WB40, diet including 39.0% wheat bran; WB50,
diet including 48.7% wheat bran.
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Ramonet et al., 2000; Wang et al., 2019). Energy loss in CH4
decreased as wheat bran inclusion level increased. This result dif-
fers from studies that reported that high dietary fiber promoted
production of CH4 (Jha and Berrocoso, 2015; Serena et al., 2008).
However, some studies focused on wheat bran support our result.
For example, Wang et al. (2019) reported a diet with 29.2% wheat
bran reduced gestating sows' production of CH4 by 39% compared
with a corn-soybean meal diet. Another study also observed
reduced synthesis of CH4 as wheat bran inclusion increased
(Jaworski et al., 2016). These inconsistent results may be attributed
to differences in physical and chemical characteristics between
wheat bran and other fibrous ingredients. Decreased transit time
caused by the sulfates and fiber inwheat reduce the amount of time
for microbial populations in the hindgut to ferment the fiber in
wheat bran and may in part explain the reduced energy losses in
CH4. Consistent with a previous study (Wang et al., 2019), even
though ME intake changed, no significant differences in energy
losses through urine and heat production were observed among
treatment groups. Consequently, sows fed WB50 and WB40 dis-
played greater total retained energy than those fed diets with
wheat bran inclusion rates lower than 19.5%. As wheat bran in-
clusion increased, energy retained as fat resulted in an increase in
total energy retention.

4.4. Effects of wheat bran inclusion on behavior and heat
production related to physical activity

Physical activity has always been an important part of animal
energy expenditure. The behavior of sows in this study was
observed by video records. The time spent resting tended to in-
crease linearly as inclusion level of wheat bran increased. This
observationwas consistent with a previous study that observed less
physical activity of pigs fed with a higher dietary fiber level (Serena
et al., 2008). Sows in our study spent more than 85% of their day
resting and about 13% of their time doing physical activity (sitting
and standing). Similarly, Rijnen et al. (2003) reported sows spent
87.7% of their day resting and about 12.5% doing physical activity
and eating. However, an inconsistent result was reported by Young
et al. (2004) who found gestating sows fed one meal per day spent
about 17% of their day sitting and standing. A possible reason is that
the feeding pattern of one meal per day further frustrates the
feeding motivation of sows (Holt et al., 2006). A linear and
quadratic increase in time spent eating was observed in this study
as inclusion level of wheat bran increased. Diets containing wheat
bran had a lower ME content than a corn-soybean meal diet,
therefore, sows needed a higher DM intake to satisfy their daily
energy requirement. Increased DM intake helped to satisfy sows'
feeding motivation. As a consequence, the AHP:ME ratio of sows
decreased linearly and quadratically as dietary wheat bran
increased. Decreased AHP is connected with a significantly
decreased time that gestating sows spent on physical activity.
Consistent with other studies (Rijnen et al., 2003; Young et al.,
2004), sows produced 0.24 kJ/kg BW0.75 heat per minute of phys-
ical activity (sitting and standing) in this study.

4.5. Effects of inclusion level on thermic effect of feeding

The TEFwas considered as energy losses related to the ingestion,
digestion, absorption, and metabolism of feed. Consistent with a
previous study (Le Goff et al., 2002), a significantly higher TEF was
observed in sows fedWB50 compared with those fedWB0. Average
TEF and average TEF:ME ratio were 4.94 MJ/d and 14%, respectively,
which was consistent with Noblet et al. (1993) who used a method
similar to the present study to evaluate AHP and TEF. Higher TEF is
attributed to increased energy cost of digestion and excretion of

undigestedmaterial caused by higher wheat bran inclusion (Le Goff
et al., 2002). In studies of swine energy metabolism, TEF was
further subdivided into TEFlt and TEFst. TEFlt is mainly derived from
metabolic and fermentation processes, and TEFst is derived from
processes such as ingestion, digestion, and absorption (Labussi�ere
et al., 2015; van Milgen et al., 1997). The average TEFlt and TEFst
were 1.61 and 3.13MJ/d, respectively, when inclusion level of wheat
bran was within 0% to 39.0%. Therefore, increased TEF in sows fed
WB50 can be mainly attributed to TEFlt (61%) rather than TEFst
(39%). Similar results were found in the studies of Ramonet et al.
(2000) and Le Goff et al. (2002), but they found TEFlt in sows fed
a high-fiber diet was significantly higher than in those fed a low-
fiber diet. These results suggested that dietary fiber promoted
TEFlt of sows. It is widely known that fermentation of fiber is a
process related to gut microbiota. Consequently, the fiber-
degrading bacteria (Prevotellaceae_UCG-003 and nor-
ank_f__Paludibacteraceae) enriched inWB50might contribute to an
elevated TEFlt, which leads to an increase in TEF.

4.6. Effects of inclusion level on energy content and nutrient
digestibility of wheat bran

ATTD of CP and GE in wheat bran were close among treatment
groups, and their average values were 74.2% and 68.0%, respec-
tively. These values were similar to those reported in previous work
conducted with gestating sows (Dong et al., 2020; Le Gall et al.,
2009; Wang et al., 2019). Consistent with previous studies
(Huang et al., 2013; Le Gall et al., 2009), in the current research,
ATTD of ADF and NDF peaked at an inclusion rate of wheat bran
within 29.2% to 39.0%. The high inclusion level might promote the
adaptation of sows to diets including wheat bran, and the di-
gestibility of ADF and NDF in wheat bran was improved when in-
clusion level increased from 9.8% to 29.2%. These processes include
increasing gut microbiota with fiber-degrading properties,
elevating activities of fiber-degrading enzymes, and increasing
secretion of digestive juices (Castillo et al., 2007; Edwards, 1993;
Johnson, 1988). By contrast, as inclusion rate exceeded 39%, there
was a negative relationship between ATTD of dietary fiber in wheat
bran and dietary concentration of wheat bran. This observation
suggests that gestating sows have a limited capacity to degrade
fiber in wheat bran. As a consequence, ME of wheat bran tended to
have a quadratic relationship with increased inclusion rate. Average
DE and ME of wheat bran in this study were 12.95 MJ/kg DM and
12.59 MJ/kg DM, respectively, and within the range of values re-
ported by Le Goff et al. (2002) and Wang et al. (2019). Consistent
with the study by Le Goff et al. (2002), the average ME:DE ratio of
wheat bran in this study was 97.3%. The average NE of wheat bran
was 9.59 MJ/kg DM and within the range reported by Le Goff et al.
(2002) and Wang et al. (2019). Taking into account the differences
in dietary wheat bran and nutritional composition, the NE:ME ratio
for wheat bran in this study was 76.0%, and was slightly lower than
values (78.5% and 82.8%) reported byWang et al. (2019) and Le Goff
et al. (2002). Different from the similar DE and ME estimates of
wheat bran among different treatment groups (except for WB10),
NE of wheat ban changed quadratically with increased inclusion
level. A similar trend was observed in NE:ME ratio. The quadratic
regression equation between NE or NE:ME ratio and inclusion level
of wheat bran showed that the inclusion level with the greatest NE
and NE:ME ratio of wheat bran was 35.3% and 39.5%, respectively.
Based on a similar ME of wheat bran among treatments, NE:ME
ratio was determined mainly by AHP and TEF (Labussi�ere et al.,
2015). As shown in this study, wheat bran reduced the physical
activity of sows and led to an increase in NE:ME ratio. In contrast,
higher dietary fiber from wheat bran caused a higher TEF (Le Goff
et al., 2002; Ramonet et al., 2000) and decreased NE:ME ratio.
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Conserved energy from the depressed AHP of gestating sows only
partially compensated for increased TEF in the present experiment.
ME of wheat branwas similar among groups (except forWB10) due
to the sows' adaptation to wheat bran fiber, but effects of inclusion
rate on AHP and TEF caused NE or NE:ME ratio of wheat bran to
change quadratically as dietary wheat bran increased.

5. Conclusions

In conclusion, high dietary concentration of wheat bran pro-
moted growth of fiber-degrading bacteria in sows, which improved
energy utilization of fiber resulting in similar ME of wheat bran
among diets. Fermentation by bacteria Prevotellaceae_UCG-003 and
norank_f__Paludibacteraceae might stimulate an increase in TEF.
Wheat bran decreased sows' energy expenditure for physical ac-
tivity. Consequently, sows utilized energy most efficiently at a level
of 35.3% of wheat bran in the diet.
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