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The digestion ability of pigs to dietary fiber is derived from their intestinal microbiota,
especially hindgut microbiota. However, tolerance of pigs to high dietary fiber and
the changes of microbiota profile with fiber levels are still unclear. To investigate the
changes of gut microbiota with dietary fiber and its relationship with fiber digestibility,
we conducted comparative analyses of growth rate, apparent fiber digestibility, gut
microbiota and volatile fatty acid (VFA) profiles in Chinese Suhuai pigs feeding diets with
different defatted rice bran (DFRB) fiber levels. We found that dietary fiber level had no
effect on the growth rate of Suhuai pigs. Although the apparent digestibility of Cellulose,
insoluble dietary fiber (IDF) and total dietary fiber (TDF) decreased with dietary fiber level,
we found that the apparent digestibility of Cellulose, IDF and TDF of Suhuai pigs was
not changed when provided with diet containing 19.10% TDF (as feed basis). The pigs
provided with diet containing 19.10% TDF had higher microbial richness, proportions
of several fiber-degrading bacteria taxa at genus level and predicted microbial functions
(such as carbohydrate metabolism, energy metabolism) in cecum compared to those
fed with basal diet. In addition, the fiber-induced increasing of fiber-degrading bacteria
promoted the VFAs metabolism, which potentially helped Suhuai pigs to maintain growth
rate. However, as TDF reached to 24.11% (as feed basis), the apparent digestibility of
fiber decreased and the positive effect on intestine microbiota in caecum were absent.
Together, our data suggest that appropriate fiber level could increase the diversity and
metabolic capacity of distal gut microbiota to improve the utilization efficiency of fiber
resources without altering the growth rate of pigs.
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Abbreviations: ADF, Acid detergent fiber; ADFI, Average daily feed intake; ADG, Average daily gain; AIA, Acid-insoluble
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Genes and Genomes; LSD, Least-significant difference; ME, metabolic energy; NDF, Neutral detergent fiber; OTSS, Osborne
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Investigation of Communities by Reconstruction of Unobserved States; SRA, Sequence Read Archive; SDF, Soluble dietary
fiber; TDF, Total dietary fiber; VFA, Volatile fatty acid.
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INTRODUCTION

Total dietary fiber (TDF) is the sum of a wide range of
carbohydrates known as non-starch polysaccharides including
pectins, cellulose, hemicellulose, β-glucans, and fructans as well
as oligosaccharides and starch that are resistant to hydrolysis in
the small intestine (Jarrett and Ashworth, 2018). According to its
solubility, TDF can be divided into soluble dietary fiber (SDF)
and insoluble dietary fiber (IDF) (Zhang et al., 2013). Although
not fully digested, dietary fiber can change the nature of the
contents of the gastrointestinal tract, which in turn affects the
absorbtion of other nutrients and chemicals. And dietary fiber
are the most commonly studied prebiotics (Gamage et al., 2018),
which are generally fermented by the gut microbiota to yield
energy and metabolic end products of microbial fermentation,
such as volatile fatty acid (VFA) (Tremaroli and Backhed, 2012;
Slavin, 2013; Janssen and Kersten, 2015). It is known that a diverse
range of fiber-rich ingredients are added to pig diets all round
the world. However, studies have long been reported that diets or
ingredients with a high fiber content may negatively affect feed
intake and nutrient digestibility in growing pigs (Kyriazakis and
Emmans, 1995; Wilfart et al., 2007; Zhang et al., 2013). Despite
these studies have indicated the great influence of dietary fiber
to growth performance and nutrient digestibility, there is limited
information available regarding the estimation of suitable dietary
fiber inclusion level without affecting growth performance and
nutrient digestibility.

Pigs lack the enzymes to degrade the bulk of dietary fibers.
Therefore, these non-digestible carbohydrates were unaffected
when pass through the upper gastrointestinal tract and are
mainly fermented in large intestine by the anaerobic microbiota.
Fermentation results in multiple groups of metabolites of which
VFA are one of the primary metabolites (Greenberg et al., 2006).
It was estimated that fiber fermentation products contribute
0.15 for growing-finishing pigs’ energy requirement (Dierick
et al., 1989). Recently, Zhao et al. (2018) found that dietary
corn bran or wheat bran may enhance the growth performance
of weaned piglets via altering gut microbiota and improving
butyrate production. However, there are few studies regarding the
characteristics of caecal and colonic metabolites in finishing pigs
when fed diets with different fiber levels.

Large scale study on the metagenomes of pigs revealed that
96% of the functional pathways found in the human gene catalog
are present in the swine gut microbiome gene catalog, confirming
the importance of pigs as human biomedical models (Xiao et al.,
2016). The mammalian gastrointestinal tract harbors 500–1000
bacterial species that play important roles in the health and
disease of the host (Guevarra et al., 2018; Birchenough et al.,
2019). There are a variety of factors can modulate gut microbiota.
Among them, age and diet are two of predominant modulator
of the gut microbiota (Jeffery and O’Toole, 2013; Jones et al.,
2019; Wang et al., 2019c). In addition, an overall increasing trend
in microbial diversity and richness of the gut microbiome was
observed during the pre-harvest lifespan of the pigs (Chen et al.,
2017; Lu et al., 2018). The higher cellulolytic activity of adult
pigs was also reviewed compared with young pigs (Lindberg,
2014). However, the concrete changes in the gut microbiota

of finishing pigs to adapt to the increasing of dietary fiber
level are not clear.

Chinese indigenous pig breeds had good performance in
crude fiber digestion (Kemp et al., 1991; Fevrier et al., 2009).
And Chinese Suhuai pig is a new national lean-type pig breed,
containing 25% Chinese indigenous Huai pig ancestry and 75%
Large White ancestry, possesses strong ability to digest high
fibrous feedstuffs (Zhang et al., 2016; Wang et al., 2019a). White
polished rice is the main food for more than 3 billion people in
the world (García-Lara, 2010), and defatted rice bran (DFRB) is
the byproduct of the rice milling process. DFRB is a potential
fiber supplement for animal feeding. Previously, using DFRB as
the main fiber source, we fed Chinese Suhuai pigs with diets
containing 16.70%, 17.75%, 19.10%, 20.05%, and 24.11% TDF
(as feed basis), respectively. We found that dietary fiber level
had no effect on the average daily feed intake (ADFI), average
daily gain (ADG) and F/G of Chinese Suhuai pigs, whereas the
apparent digestibility of crude protein (CP) and ether extract (EE)
decreased with dietary fiber level and the apparent digestibility of
acid detergent fiber (ADF) decreased as TDF level was increased
from 16.70% to 24.11%. However, the apparent digestibility of
ADF had not changed as TDF level reached to 19.10% (Pu
et al., 2019). We hypothesized that appropriate dietary fiber level
potentially had a positive effect on the intestinal microbiota of
Suhuai fattening pigs, which in turn enhanced the ability to digest
fiber, and thus could potentially provide more VFAs as energy
supplement for the growth of pigs.

Therefore, based on our previous experimental design and
samples, the current study was carried out to further investigate
the effects of diets with different fiber levels on growth rate,
fiber digestibility, microbiota composition and its metabolic
characteristics of Suhuai finishing pigs.

MATERIALS AND METHODS

Animals and Treatment
Animals and experimental design of the current study is the
same with our previous study (Pu et al., 2019). A total of 35
Suhuai barrows with body weight of 62.90± 0.78 kg were selected
and allotted into 5 groups: the control group, and treatment
I-IV using a completely randomized design. All pigs were fed
by the Osborne Testing Stations System (OTSS, provided by
OSB Livestock Technology Co., Ltd., Shanghai, China), which
can accurately record daily intake, body weight individually. So,
each pig is identified as a replicate and hence 7 replicates in
each group. The whole process consisted of a 10-day pre-feeding
period followed by a 28-day experimental period. There were
five pens (2.5 m width × 5.25 m length), and pigs in the same
group were housed in the same pen, respectively. All pigs were
fed ad libitum by OTSS throughout the whole experiment period.
The pigs had free access to water via a low-pressure bowl drinker.
The temperature and relative humidity of the pig house were
maintained at 24 ± 2◦C and 69.82 ± 1.73% using direct-current
frequency conversion floor heating air conditioner (Guangdong
Eelaix Environmental Technology Co., Ltd., Guangdong, China).
During pre-feeding period of 10 d, all pigs were fed with the
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basal diet. During the 28 days of the trial period, the pigs in the
control group and treatment I–IV were provided with diets: the
basal diet (the same basal diet used in pre-feeding period), 7%,
14%, 21%, and 28% of DFRB (as feed basis) substituted equivalent
corn, respectively. The basal diet was formulated according to
the Feeding Standard of Swine 60–90 kg Standard of Meat-fat
Type Growing-finishing Pig (NY/T 65-2004). The diets were
produced by Huaian Zhengchang Feed Co., Ltd. (Jiangsu, China).
The chemical composition and analyzed nutritional contents
of the experimental diets were shown in Table 1. The TDF
content was 16.70%, 17.75%, 19.10%, 20.05%, and 24.11% (as feed
basis), respectively. At the beginning of the experiment design,
according to the “unique difference principle”, we not only used
DFRB to replace corn to form fiber differences in each group,
but also slightly adjusted the content of wheat bran, soybean
meal and soybean oil in each group to make the calculated
values of crude protein, amino acid and metabolic energy (ME)
in each group’s feed formula close to the same. The analyzed
chemical compositions of the DFRB and corn were shown in
Supplementary Table S1. All animals were healthy and did not
receive any antibiotic during the whole experimental period.

Data Collection and Sampling
All pigs were slaughtered on the d 28 of experiment period.
The data of growth performance were acquired from OTSS. The
fresh fecal samples were collected at the end of the experiment
period for determining nutritional apparent digestibility. The
samples for determining nutritional apparent digestibility were
mixed with 15 mL of 10% sulfuric acid solution and 200 g fresh
fecal sample in plastic bag, then stored at −20◦C. Meanwhile,
caecal and colonic mucosa samples were collected for 16S rRNA
gene amplicon sequencing. The samples of the caecal and colonic
contents were collected for measuring the concentrations of VFAs
and cellulase activity. The samples for conducting 16S rRNA
gene sequencing, and measuring the concentrations of VFAs were
immediately snap-frozen in liquid nitrogen and stored at−80◦C.

Growth Rate Analysis
Based on the real-time data of daily intake and body weight
of each pig recorded by OTSS. The growth rate was obtained
by linear regression of the body weight change of the
experimental pigs. The slope of linear regression was considered
as the growth rate.

Nutritional Apparent Digestibility
Analysis
The faeces and diet samples were dried at 65◦C in the oven
before determination. Acid-insoluble ash (AIA) was used as
an endogenous marker to determine the nutritional apparent
digestibility in diets. Diets, ingredients, and fecal samples were
analyzed for dry matter (DM), AIA, acid detergent lignin, IDF,
and SDF using standard procedures as previously described
(Navarro et al., 2018). Total dietary fiber (TDF) in all samples
were determined as the sum of IDF and SDF. The content of
Hemicellulose and Cellulose were calculated as follows:

TABLE 1 | Composition and analyzed nutrient levels of experimental
diets (as-fed basis).

Item Groups

Control Treatment Treatment Treatment Treatment

group I II III IV

Ingredients %

DM 88.56 88.68 88.93 89.16 88.46

Corn 68.61 62.00 55.00 48.00 41.00

Wheat bran 15.4 15.80 16.15 16.67 17.21

Defatted rice bran
(DFRB)

0.00 7.00 14.00 21.00 28.00

Soybean meal 13.3 11.70 10.40 8.95 7.50

Soybean oil 0.00 0.84 1.83 2.78 3.74

Lysine 0.03 0.04 0.03 0.03 0.03

Salt 0.30 0.30 0.30 0.30 0.30

Limestone 0.82 0.85 0.85 0.85 0.85

CaHPO4 0.75 0.68 0.65 0.63 0.58

Choline 0.04 0.04 0.04 0.04 0.04

Premix1 0.40 0.40 0.40 0.40 0.40

Nutrient level2

ME, MJ·kg−1∗ 12.13 12.13 12.22 12.27 12.31

CP % 15.60 16.67 16.13 15.73 16.40

EE % 5.19 5.08 5.32 5.27 5.38

NDF % 8.89 11.80 12.93 14.35 17.94

ADF % 5.53 6.25 6.53 7.08 8.13

IDF % 16.14 17.19 18.42 19.32 23.37

SDF % 0.52 0.56 0.68 0.73 0.82

TDF % 16.70 17.75 19.10 20.05 24.11

Cellulose % 4.06 4.43 4.71 5.09 5.79

Hemicellulose % 3.37 5.55 6.40 7.28 9.81

Lignin % 0.46 0.54 0.72 0.96 1.13

Calcium % 0.55 0.55 0.55 0.55 0.55

Available
phosphorus %

0.27 0.27 0.27 0.27 0.27

L-lysine % 0.65 0.65 0.65 0.66 0.65

Methionine +
cystine %

0.45 0.45 0.46 0.47 0.47

1The premix was from Shanghai FuLangTe Animal Health Products Co., Ltd
(Shanghai, China). The premix provided the following per kg of diets: vitamin A
8 000 IU, vitamin D3 1 500 IU, vitamin E 100 mg, vitamin K3 4 mg, vitamin B1

2 mg, vitamin B2 8 mg, vitamin B6 3 mg, vitamin B12 0.04 mg, niacin 30 mg,
pantothenic acid 35 mg, folic acid 0.6 mg, biotin 0.13 mg, Choline 150 mg, Fe
60 mg, Cu 5 mg, Zn 60 mg, Mn 10 mg, Se 0.15 mg and I 0.1 mg. 2DM, CP,
EE, NDF, ADF, Hemicellulose, IDF, SDF, TDF, cellulose, and Lignin were measured
values, while the other nutrient levels were calculated values.

Hemicellulose= NDF− ADF
Cellulose= ADF− (Ash+ Lignin)

Where: the data of neutral detergent fiber (NDF) and acid
detergent fiber (ADF) were provided from our previous research
(Pu et al., 2019).

The nutritional apparent digestibility was calculated
as follow:

CADD(%) = 100× (1− (DCF × AIAD)/(DCD × AIAF))

Where: CADD is the apparent digestibility of nutrients
in experimental diets; DCF is the nutrient content in feces;
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AIAD is the acid insoluble ash in feeds; DCD is the nutrient
content in feeds; AIAF is the acid insoluble ash content
in feces.

The average intake of IDF, SDF and TDF were calculated
as follows:

Average IDF intake= IDF content (%)× ADFI (g / d)
Average SDF intake= SDF content (%)× ADFI (g / d)
Average TDF intake= TDF content (%)× ADFI (g / d)

VFAs Analysis
The VFAs concentrations in the content samples of caecum and
colon were determined by gas chromatography (GC) as described
previously (Lan et al., 2007). The sample peaks were identified
by comparing their retention times with internal standards of
acetate, propionate, butyrate, isobutyrate, valerate, isovalerate
and metaphosphoric-crotonic acid.

DNA Extraction and Sequencing Analysis
In this study, the apparent digestibility of Cellulose, IDF and
TDF in treatment II was not different from that in the control
group. While the apparent digestibility of Cellulose, IDF and
TDF was significantly lower in treatment IV than that in the
control group. We speculated that it may be the differences
of distal gut microbiota, which caused the difference of fiber
apparent digestibility. Therefore, 42 samples from control group,
treatment II and IV (seven for each group) of caecum and colon
were selected for 16S rRNA gene amplicon sequencing. Microbial
DNA was extracted from caecal and colonic mucosal samples
using the E.Z.N.A. R© soil DNA Kit (Omega Bio-tek, Norcross, GA,
United States) according to manufacturer’s protocols.

The V3-V4 hypervariable regions of the bacteria 16S rRNA
gene were amplified with primers 338F (5′-ACTCCTACGGGA
GGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTA
AT-3′) by thermocycler PCR system (GeneAmp 9700, ABI,
United States). Purified amplicons were pooled in equimolar and
paired-end sequenced (2 × 300) was performed on an Illumina
MiSeq platform (Illumina, San Diego, United States) according to
the standard protocols by Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China). Operational taxonomic units (OTUs)
were clustered with 97% similarity cutoff using UPARSE (version
7.11) with a novel ‘greedy’ algorithm performed chimera filtering
and OTU clustering simultaneously. The taxonomy of each 16S
rRNA gene sequence was analyzed by RDP Classifier algorithm2

against the Silva (SSU123) 16S rRNA database using confidence
threshold of 70% (Wang et al., 2019b).

All the bacterial 16S rRNA amplicon sequencing data have
been deposited in NCBI’s Short Read Archive under the accession
number SRP239855.

Activity of Fiber Degrading Enzyme
Analysis
A 150 mL of 1% (w/v) solution of carboxymethyl cellulose,
D-Salicin, microcrystalline cellulose and filter papers were used

1http://drive5.com/uparse/
2http://rdp.cme.msu.edu/

as the reaction substrate. A 50 µl crude enzyme solution
extracted from each sample was added to determine the activity
of carboxymethyl cellulose, microcrystalline cellulase, salicinase
and filter paper enzyme using Microplate Reader at 600 nm
(OD600), respectively.

Statistical Methods
All data were presented as the mean ± SEM. Comparison of
growth rate among treatment groups and control group by
covariance analysis using SPSS 20.0. Contrast statements were
used to determine the linear, quadratic effects of inclusion level
of DFRB on the data of nutritional apparent digestibility and
VFAs using SPSS 20.0. Comparing the differences of various
indicators among groups were conducted using by one-way
ANOVA followed by Least-significant difference (LSD) post-
hoc test using SPSS 20.0. The correlations between the relative
abundance of the bacterial genera, fiber apparent digestibility,
average TDF intake and concentrations of VFAs were determined
by Spearman’s correlation analyses (two-tailed test) using Origin
9.5. The phenotypic data of NDF and ADF came from our
previous research (Pu et al., 2019). Statistical significance was
defined as P < 0.05. Tendency was considered at 0.05≤ P < 0.10.
Correlation network analysis among average fiber intake,
microbiota and VFAs was conducted using Cytoscape 3.4.0
(Shannon et al., 2003).

RESULTS

Growth Rate of Suhuai Pigs Was Not
Adversely Affected by Dietary Fiber Level
In this study, analysis of covariance was used to compare the
growth rate of treatment groups with control group, respectively.
No difference was found in growth rate of pigs between each of
the four treatment groups and the control group (Figure 1 and
Supplementary Table S2).

Appropriate Dietary Fiber Level Did Not
Affect the Fiber Apparent Digestibility
in Suhuai Pigs
At the end of the experiment period, apparent digestibility of
Cellulose, IDF and TDF decreased linearly (P < 0.01), and
changed quadratically with the increasing of dietary fiber level
(P < 0.01) (Table 2). In addition, apparent digestibility of
SDF had a decreased trend (linear, P < 0.10). While apparent
digestibility of Hemicellulose increased linearly (P < 0.01), and
changed quadratically (P < 0.01) (Table 2). Using LSD post-
hoc test, we found that there was no difference in the apparent
digestibility of Cellulose, IDF and TDF between treatment
II and the control group, whereas apparent digestibility of
Cellulose, IDF and TDF in treatment III and IV were significantly
lower than that in control group (P < 0.05) (Table 2). Not
surprisingly, significantly negative correlations were observed
between feed apparent digestibility (e.g., ADF, Cellulose, IDF
and TDF) and average TDF intake using Spearman’s correlation
analysis (P < 0.05). While, significant positive correlation
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FIGURE 1 | Comparison of linear growth rate between each of treatment groups and control. (A) Treatment I and control, (B) Treatment II and control. (C) Treatment
III and control. (D) Treatment IV and control. According to the weight change of pigs in the treatment groups and the control, the linear regression was calculated,
then the difference between the pair-wise linear regression was compared, respectively. Slope means linear growth rate.

TABLE 2 | Responses of feed apparent digestibility to dietary fiber levels.

Items Groups SEM P value

Control I II III IV Lineara Quadraticb

Cellulose % 71.33 62.49 63.46 51.05* 52.52* 1.77 0.000 0.000

Hemicellulose % 41.78 51.95 61.51 55.17 58.95 1.83 0.002 0.001

IDF % 67.34 65.08 66.00 58.49* 57.42* 1.08 0.001 0.002

SDF % 57.16 53.45 54.09 40.12 55.02 1.99 0.056 0.145

TDF % 66.96 65.02 65.81 57.60* 56.79* 0.11 0.001 0.001

aP value for testing linear change with the increase of dietary fiber. bP value for testing quadratic change with the increase of dietary fiber. *P < 0.05 treatment groups vs.
control group. LSD post-hoc test was conducted.

between average TDF intake and the apparent digestibility of
Hemicellulose was observed (P < 0.05). In addition, the apparent
digestibility of NDF and SDF had no correlation with average
TDF intake (Figure 2).

Suhuai Pigs Fed Diet With 19.10% TDF
Had Higher Microbial Richness, and
Proportion of Several Fiber-Degrading
Bacteria Taxa at Genus Level
A total of 1,214,947 and 1,481,284 high quality sequences
were generated from caecal and colonic samples, with an

average of 63,944 and 70,537 reads per caecal and colonic
sample, respectively. In all cases, the established rarefaction
curves showed that extra sampling would be of limited
benefit (Supplementary Figure S1). Total OTUs obtained in
caecum were as follows: at the level of OTUs, there were
1,376, 1,408, 1,339 in control group, treatment II and IV,
respectively. And there were 96,132 and 58 special OTUs in the
control group, treatment II and IV, respectively (Supplementary
Figure S1E). Total OTUs obtained in colon were as follows:
1,458, 1,510 and 1,475 in control group, treatment II and
IV, respectively. And there were 64, 97, and 91 special
OTUs in the control group, treatment II and IV, respectively
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FIGURE 2 | Correlation analysis between apparent digestibility of feed and
average TDF intake.

(Supplementary Figure S1F). Both the number of total OTUs
and special OTUs of caecum and colon in treatment II were
higher than those in the control group. One-way ANOVA
analysis of alpha diversity revealed that the caecal microbial
richness index (Sobs, Ace and Chao) of pigs in treatment II
significantly higher than those in the control group (P < 0.05)
(Figure 3A). No differences in diversity and richness of
colonic microbiota of pigs between treatment groups and the
control group were found (Figure 3B and Supplementary
Table S3). Principal coordinate analysis (PCoA) based on
unweighted UniFrac distance metric of the 16S rRNA sequences
highlighted that there was a clear separation of the microbial
community between treatment II and the control group (Adonis
P < 0.05). Whereas no separation was observed between
treatment II and the control group (Figure 3C). Dissimilarity
in constitution of colonic microbiota of pigs between treatment
II and the control group was noted using PCoA based on
Bray_Curtis distance metric (Adonis P < 0.01), while no
separation was observed between treatment II and control
group (Figure 3D).

Suhuai Pigs Fed Diet With 19.10% TDF
Had Higher Proportions of Several
Fiber-Degrading Bacteria Taxa at Genus
Level
At the phylum level, Firmicutes, Bacteroidetes and Proteobacteria
were 3 dominant phyla in two intestinal locations, which
accounted for 65.92%, 20.32%, and 8.78% in caecum, 60.91%,
26.57%, and 6.68% in colon, respectively. At the genus
level, Lactobacillus (14.44%), Ruminococcaceae_UCG-005
(8.99%), Streptococcus (8.08%), Prevotellaceae_NK3B31_group
(4.78%), Phascolarctobacterium (4.06%), Campylobacter
(3.59%) and Treponema_2 (3.01%) were the top seven

genera in caecal samples (Figure 4A). While Lactobacillus
(14.81%), Streptococcus (8.06%), Ruminococcaceae_UCG-
005 (7.25%), Prevotellaceae_NK3B31_group (6.24%),
norank_f__Bacteroidales_S24-7_group (4.21%), Campylobacter
(4.11%) and Prevotella_9 (3.00%) were the top seven genera
in colonic samples (Figure 4B). Two-tailed student’s t test
was performed between treatment II, IV and the control
group in the location of caecum and the results revealed that
pigs in treatment II had significantly higher proportions
of 35 taxa than those in the control group (P < 0.05,
Supplementary Figure S2A). The top six flux changes in
relative abundance were in the Clostridium_sensu_stricto_1,
Rikenellaceae_RC9_gut_group, Parabacteroides, unclassified_f_
Prevotellaceae, Ruminiclostridium_6 and unclassified_f_
Ruminococcaceae. Notably, comparing to those in the
control group, treatment II had higher abundance of a
constellation of fiber-degrading bacteria, particularly the
unclassified_f_Ruminococcaceae, Ruminococcaceae_UCG-
010, norank_f__Lachnospiraceae (Abdessamad et al., 2013),
Acetitomaculum (Greening and Leedle, 1989) Butyrivibrio
(Kalmokoff and Teather, 1997; Figure 4C) and the beneficial
bacteria (e.g., Erysipelotrichaceae_UCG-004 and Akkermansia,
Supplementary Figure S2A) (P < 0.01). The proportions of
13 taxa were significantly different between treatment II and
the control group. Of them, four genera of Ruminococcace had
lower proportion in treatment II than those in the control group
(Supplementary Figure S2B).

In the location of colon, pigs in treatment II group had
significantly greater proportions of 22 taxa than those in
control group. Of them, a reported bacterium (a genus of
Lachnospiraceae) was related to fiber degrading (Abdessamad
et al., 2013). While only 13 taxa had lower abundance in
treatment II compared to those in the control group (P < 0.05)
(Supplementary Figure S2C). The top six flux changes in
relative abundance were in the Campylobacter, Prevotella_9,
Rikenellaceae_RC9_gut_group, unclassified_f_Lachnospiraceae,
Helicobacter and Prevotella_1. The proportions of 15 taxa were
significantly different between treatment II and the control group
(P < 0.05) (Supplementary Figure S2D).

Dietary Fiber Promotes the Increase
of the Functionality Activity of the
Microbiota and Microbial Metabolites
We predicted microbial functions of different microbiota
between treatment groups and the control group (P < 0.01) using
Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) analysis referred to Cluster
of Orthologous Groups of proteins (COG) database and
Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology
database. Two-tailed student’s t test showed that all of the
top 10 of microbial functions of COG and KEGG had higher
abundance in treatment II compared to those in the control group
(including Carbohydrate transport and metabolism, Amino acid
transport and metabolism, Energy production and conversion
and Metabolism of Cofactors and Vitamins) (P < 0.01)
(Figures 5A, B). No different function was observed between
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FIGURE 3 | Diagram of microbial community’s comparison of between treatment groups and control group. Alpha diversity of caecal bacterial communities (A) and
colonic bacterial community (B). Scatterplot from PCoA of caecal bacterial communities (C) based on unweighted UniFrac distance and colonic bacterial
communities (D) based on Bray_Curtis distance. One-way ANOVA followed by LSD post-hoc test was conducted. *P < 0.05; ns, not significant.

treatment II and the control group. Similar results were found
in the colon (Supplementary Figure S3).

In addition, we measured the activities of four enzymes
involved in fiber degradation using ELISA assay kits. The results
revealed that the salicinase activity in caecum of pigs in treatment
II was significantly higher than that of those in the control
group and treatment II (P < 0.05). While the microcrystalline
cellulose activity in caecum of pigs in treatment II and IV
were significantly lower than that of those in the control group
(P < 0.01) (Supplementary Figure S4A). In colon, there was
no significant difference in the activity of four fiber degrading
enzymes between each of treatment groups and the control group
(Supplementary Figure S4B).

We next determined the VFAs levels in caecum and
colon using GC. The results showed the concentrations of
acetate, propionate, isobutyrate and total VFA in caecum
significantly increased with the dietary fiber level (Linear,
P < 0.05) (Supplementary Table S4). And the concentrations
of acetate and total VFA in colon significantly increased

with dietary fiber level (Linear, P < 0.05). While the
concentration of valerate significantly decreased (Linear,
P < 0.05) (Supplementary Table S4). In addition, in the location
of caecum, one-way ANOVA revealed that the concentrations
of isobutyrate and isovalerate in treatment II were higher than
those in the control group (P < 0.01). And the concentration
of isobutyrate in treatment II were higher than that in the
control group (P < 0.01) (Supplementary Table S4). In the
location of colon, the concentration of acetate in treatment
II was higher than that in the control group (P < 0.01)
(Supplementary Table S4).

Correlation Network Analysis Among
Microbiota Composition, VFAs and
Fiber Intake
Although most fiber apparent digestibility decreased with the
increase of DFRB substitution level, we noticed that fiber
intake significantly increased (Supplementary Figure S5). We

Frontiers in Microbiology | www.frontiersin.org 7 April 2020 | Volume 11 | Article 533

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00533 April 7, 2020 Time: 17:5 # 8

Pu et al. Fiber Regulated Pig Microbiota

FIGURE 4 | The gut microbiota composition of Suhuai pigs at phyla and genera level. (A) Relative distribution of the 20 most dominant bacterial genera and the
phyla to which they belong in caecal samples. (B) Relative distribution of the 20 most dominant bacterial genera and the phyla to which they belong in colonic
samples. Different shades of color represent different taxa. The pie chart depicts different genera. The outer ring around the pie chart depicts different phyla.
Numbers in brackets denote the range of relative abundance of the bacteria. (C) Relative abundance of five fiber-degrading bacteria were significantly higher in
treatment II compared to those in the control group (P < 0.01).

speculated that the increase of fiber intake may be one
of critical reasons for the change of intestinal microbiota.
Therefore, to investigate the specific effects of fiber intake on
intestinal microbiota, we analyzed the correlation among the
intake of three kinds of fibers (IDF, SDF, and TDF) and the
main taxa (the top 50 of genera). Overall, different network
structures were observed in each of the three types of fibers
(Figure 6). Our results showed that Oscillospira, and some
genera of Ruminococcace and Lachnospiraceae in caecum were
significantly positively correlated with the intake of IDF, SDF and
TDF (P < 0.05) (Figure 6A). Similar correlations were also found
in colon (Figure 6B).

To investigate the relationship between VFAs production and
fiber intake, we conducted a correlation analysis among the
concentrations of VFAs and average TDF intake. Consistent with
the results of one-way ANOVA, the concentrations of acetate,
propionate, isobutyrate and total VFA in caecum positively
correlated with the average TDF intake (Figure 7A), and the
concentration of acetate in colon had a positive correlation trend
with average TDF intake (P < 0.10) (Figure 7B).

In addition, to investigate how the gut microbial community
was related to different patterns of VFAs productions, we
analyzed the correlation between predominant taxa at

genus level (the top 50 of genera) and VFAs productions
(Figure 8). Correlation analysis revealed a number of significant
correlations. In caecum and colon, the productions of VFAs were
significantly correlated with various microbiota (P < 0.05). Of
them, Phascolarctobacterium was positively correlated with acetic
acid, propionic acid and total VFA production, and the genera of
Ruminococcaceae were positively correlated with acetic acid and
total VFA production in caecum (Figure 8). In colon, the genera
of Peptostreptococcaceae and Ruminococcaceae were positively
correlated with the production of acetic acid and butyric acid
(Supplementary Figure S6).

DISCUSSION

Growth Rate of Suhuai Pigs Was Not
Adversely Affected by Dietary Fiber Level
With the further study on the physicochemical properties and
nutritional functions of dietary fiber, Riva et al. (2019) found that
dietary fiber is essential for the normal physiological metabolism
of monogastric animals. Our results revealed that the linear
growth rates of pigs in treatment I–IV had no difference
compared to those in the control group, which indicated Suhuai
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FIGURE 5 | Comparison of caecal microbial functions between treatment groups and control group. (A) Comparison of the top 10 microbial functions of COG
between treatment II, IV with control, respectively. (B) Comparison of the top 10 microbial functions of KEGG between treatment II, IV with control, respectively.
One-way ANOVA followed by LSD post-hoc test was conducted. #P < 0.01 between treatment II and control group.
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FIGURE 6 | Correlation network analysis between fiber intake and microbiota. Networks display Spearman rank correlations between the relative abundance of
bacteria at genus level and fiber intake in caecum (A) and colon (B). The preceding letters “g” in the bracket represent genus bacteria. Solids represent the
correlations with corrected values of 0.00 < P < 0.05, and dashed lines represent the correlations with corrected values of 0.05 ≤ P < 0.10. Red lines represent
positive correlation and green lines represent negative correlation.

FIGURE 7 | Correlation analysis between the concentrations of VFAs and average TDF intake. (A) Correlation analysis between the concentrations of VFAs in
caecum and average TDF intake. (B) Correlation analysis between the concentrations of VFAs in colon and average TDF intake.

fattening pigs could tolerate the diet with 28% DFRB. Similar
results have been reported previously (Zervas and Zijlstra,
2002b,a). However, contradictory results have been reportedwell,
they claimed indicating that the more soluble fibers increased
the satiety via high water holding capacity, thus caused the
decrease of feed intake (Kyriazakis and Emmans, 1995; Freire
et al., 2000; García-Lara, 2010). The reasons that lead to different
results with similar studies are complicated. Many factors can
cause the different growth performance (e.g., genetic background,
nutritional level, feeding management). We speculated that
Suhuai pig breed, inheriting the rough feeding from Huai pig (a
domestic pig breed), could adapt high fiber diet. Another possible
hypothesis was that each diet had the same level of energy and

protein, and met the energy needs of Suhuai pigs, which made
pigs could have adequate energy to grow.

In addition, the calculated values of CP were 14.05, 14.02,
14.07, 14.07, and 14.08, respectively. However, the actual
measured values of the CP showed in Table 1 had a little
difference with the calculated value of CP. We regretted that the
difference was exist between the calculated value and the actual
measured value of CP, which may be due to the deviation between
the calculated value and the measured value of each ingredient
of formula. However, the differences of CP among these groups
are smaller than the differences of fiber among these groups.
Similarly, the difference of ME between the highest group and
the lowest group is 0.18 MJ·kg−1, which less than that of fiber

Frontiers in Microbiology | www.frontiersin.org 10 April 2020 | Volume 11 | Article 533

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00533 April 7, 2020 Time: 17:5 # 11

Pu et al. Fiber Regulated Pig Microbiota

FIGURE 8 | Correlation network analysis between the concentrations of VFAs and microbiota in caecum. Networks display Spearman rank correlations between the
relative abundance of bacteria at genus level and the concentrations of acetate (A), propionate (B), isobutyrate (C), butyrate (D), isovalerate (E), valerate (F), and
total VFA (G). Square nodes represent the correlations with corrected values of 0.00 < P < 0.05, and round nodes represent the correlations with corrected values
of 0.05 ≤ P < 0.10. Red lines represent positive correlation and green lines represent negative correlation.

gradient. Therefore, we supposed that fiber was the main factor
of no differences in body weight of pig. Of course, protein and
ME might have little effect on body weight of pigs in each group.

Adding Appropriate Fiber in Diet
Increases the Diversity and Metabolic
Capacity of Distal Gut Microbiota
Without Altering Fiber Digestibility
Dietary fiber can be broadly categorized as insoluble or soluble,
while the former resists fermentation, the latter is readily
metabolized by gut bacteria (Singh et al., 2018). Similarly, some
nutritional studies had shown that the digestibility of highly
soluble ingredients such as soybean husk and beet meal were

significantly higher than that of insoluble straw (Noblet and
Goff, 2001). It was unexpected but need to be noted that in
the present study, the apparent digestibility of SDF was much
lower than that of IDF (no statistical test). Later, we found
that most of the fibers contained in DFRB were insoluble,
while the content of soluble fibers is very small (Supplementary
Table S1). It has been reported when the content of insoluble
fiber in diet was too high, the fiber structure would interfere
with the contact opportunities of digestive enzymes and other
nutrients (Bindelle et al., 2008). We speculated that the reason
for the low digestibility of SDF might be due to that a very
small amount of SDF had less chance of contacting with the
corresponding degradation enzyme or the contact area was
limited, therefore, it was not fully degraded. On the contrary, the
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content of IDF in DFRB was very high, the contact opportunity
and contact area of IDF were more than SDF, thus it had
higher digestibility. In addition, most studies compared the
effects of soluble fiber diet and insoluble fiber diet on animal
digestibility. However, the comparative study on the digestibility
of SDF and IDF in the diet with insoluble fiber as the main
diet is limited. Navarro et al. (2019) found that after feeding
pigs with different content of Canola, total tract apparent
digestibility of IDF was higher than SDF, which was consistent
with our findings. In addition, most studies compared the
effects of soluble fiber diet and insoluble fiber diet on animal
digestibility. However, the comparative study on the digestibility
of SDF and IDF in the diet with insoluble fiber as the main
diet is limited.

Compared with insoluble substances, the addition of soluble
fibrous substances had less influence on the absorption and
utilization of other nutrients (Owusu-Asiedu et al., 2006;
Renteria-Flores et al., 2008). The digestion of fibers in pigs
mainly depends on the distal gut microbiota (Niu et al.,
2019). Although fiber digestibility strikingly decreased with
fiber intake in the present study, digestibility of cellulose, IDF
and TDF of pigs could maintain when TDF level reached to
19.10%. To explain this phenomenon from the perspective of
gut microbiota and clarify the characteristics of the distal gut
microbiota and microbial metabolism, we determined the caecal
and colonic microbiota of Suhuai pigs control group, treatment
II and IV. The results revealed that the diet containing 19.10%
TDF (treatment II) increased the richness of the microbiota
and the proportions of several fiber-degrading bacteria taxa
at genus level, such as two genera of Ruminococcaceae, one
genus of Lachnospiraceae, Acetitomaculum and Butyrivibrio.
Jackson MI et al. found adding fiber to food could increase
the abundance of faecal Lachnospiraceae in dogs and improve
intestinal health (Jackson and Jewell, 2019). Prebiotic functions
of Lachnospiraceae were also discovered by Valcheva et al.
(2019). Whereas few differences were seen between treatment
IV (containing 24.11% TDF) and the control group. Wang
et al. (2018) found that the richness of intestinal microbiota
in the 15% alfalfa group was significantly lower than that in
the control group. The authors explained that the results were
supposed to be related to the abundance of some bacterial
taxonomies, including phyla Proteobacteria, Actinobacteria,
Gemmatimonadetes, and Chloroflexi in 15% alfalfa group were
lower than that in the control group. In our present study,
there were lots of genera had higher relative abundance in the
diet with 19.10% TDF than those in the diet with 24.11% TDF
(Supplementary Figure S2), which might be the immediate cause
of the lower richness of microbiota in the diet with 24.11%
TDF compared with those in the diet with 19.10% TDF. Singh
et al. (2018); Jones et al. (2019) found too much dietary fiber
could have an adverse effect on intestinal microbiota. Therefore,
we speculated that the fiber level of the diet with 28% DFRB
was too high, which might be not conducive to the growth of
intestinal microbiota.

The microbial conversions of dietary fiber to monosaccharides
in the gut involved a number of principal events (reactions)
mediated by the enzymatic repertoire of specific members of the

gut microbiota. Major end products from these fermentations
are the VFAs (Koh et al., 2016). In this study, we found
that Suhuai pigs fed the diet containing 19.10% TDF had
higher abundance of microbial functions (e.g., carbohydrate
metabolism, energy metabolism). In addition, the activity
of salicinase in pigs fed the diet containing 19.10% TDF
was significantly higher than those in the control group.
Salicinase is a kind of fibrinolytic enzyme, can specifically
act on β - cellobiose to produce glucose and hydrolyze a
variety of β - glycoside bonds (Bayer et al., 1994; Kuhad
et al., 2011). While pigs fed the diet containing 19.10% TDF
had no advantage in activity of other three fiber-degrading
enzymes. Therefore, we speculated that diet containing 19.10%
TDF might promoted the decomposition of disaccharides
into monosaccharides, thus promoted the metabolism of
carbohydrate and energy and other microbial functions. Taken
together, these findings might explain why the fiber digestibility
of Suhuai pigs fed the diet containing 19.10% TDF did not
decrease. However, the underlying mechanism is unknown and
needs further study.

In addition, we found pigs provided with diet containing
19.10% had higher proportions of the genus Akkermansia and
Erysipelotrichaceae_UCG-004 than those in the control group
(Akkermansia muciniphilla has been identified as a mucin-
degrading bacteria that resides in the mucus layer and its
abundance has been shown to positively correlate with enhancing
intestinal barrier function and health profile of host (Karlsson
et al., 2012; Everard et al., 2013; Clarke et al., 2014). And the
members of family Erysipelotrichaceae may be the promising
microbial targets for tackling metabolic disorders (Palm et al.,
2014; Dinh et al., 2015).

The Fiber-Degrading Bacteria Immensely
Promote the Vfas Metabolism and
Maintain the Growth Rate of Suhuai Pigs
VFAs, a series of bacterial fermentation end-products by
degrading dietary fiber, provide pigs with 5–20% of their total
energy (Ashida et al., 2011; Tilg and Kaser, 2011). Our previous
study found that there was no difference in feed intake among
groups, while the apparent digestibility of CP and EE decreased
significantly with the increasing of dietary fiber level (Pu et al.,
2019). Theoretically, the reduction of CP and ME digestibility
would be detrimental to the growth performance of pigs.
However, the growth performance was not affected in current
study. In order to study the reason why apparent digestibility
of CP, EE, and fiber decreased but the growth rate was not
affected after the Suhuai pigs were fed with high-fiber diet. We
measured the productions of VFAs in the caecum and colon. It
was estimated that microbial fermentation products contribute
0.15 for growing-finishing pigs’ energy requirement (Dierick
et al., 1989) and 0.3 for gestating sows’ energy requirement
(Varel and Yen, 1997). In the present study, we found that
concentrations of acetate, propionate, isobutyrate and total VFA
in caecum and the concentrations of acetate and total VFA in
colon increased with dietary fiber level. Moreover, we found that
average TDF intake increased significantly with the fiber level.
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Furthermore, the correlation analysis revealed that the relative
abundance of the genera of Ruminococcae, Lachnospiraceae and
Peptostreptococcaceae increased significantly with the intake of
SDF, IDF and TDF. Ruminococcae, Lachnospiraceae have been
reported to be related to fiber degradation and VFAs productions
(Abdessamad et al., 2013), and Peptostreptococcaceae has been
reported to be related to low protein intake (Fan et al.,
2017). Interestingly, these bacteria were concurrently positively
correlated with the production of acetate, propionate, and total
VFA in the cecum and colon. These results indicated that
the increase of fiber intake promoted the metabolism of fiber-
degrading related microbiota in pig hindgut and increased the
productions of VFAs. Therefore, we speculated that, on one hand,
the results of our study suggested that the increasing of VFAs
productions might make up part of the energy needed for pig
growth and development when the digestibility of CP and EE
decreased. On the other hand, the growth performance was not
affected, which might be because the experimental period of
28 days was relatively short and has not shown the adverse effect
of high fiber diet on the growth performance of pigs.

In addition, it’s remarkable that, in the present study, pigs
fed the diet with 24.11% TDF did not increase microbial
diversity, fiber-degrading bacteria and the functionality activity
of microbiota. However, the diets with 24.11% TDF increases
the concentrations of VFAs in the cecum and colon of pigs.
We thought there were two possible reasons may explain that:
(1) our result revealed that dietary fiber levels promoted the
fiber intake (Supplementary Figure S5), which promoted the
total amount of fiber digestion; (2) the length of large intestine
increased with the increase of dietary fiber level (linear, P = 0.083,
unpublished) and we thus speculated that the diets with 24.11%
TDF might increase the living space of distal gut microbiota
and promote fiber digestion, thus promoted the increasing of
VFAs concentrations.

Taken together, our findings suggest that appropriate high
fiber level could increase the richness and metabolic capacity
of distal gut microbiota without altering fiber digestibility and
growth rate of finishing pigs.

CONCLUSION

The increase of dietary fiber level did not affect the growth
rate of Suhuai finishing pigs, but it promoted the increase of
VFAs productions. When the TDF level reached to 19.10%,
the apparent digestibility of fiber was not affected. Moreover,
microbial alpha diversity and the abundance of five fiber-
degrading bacteria was increased. However, as TDF reached to
24.11%, the apparent digestibility of fiber decreased and the
positive effect on intestine microbiota in caecum were absent.
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