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Abstract: Alternatives to antibiotic treatments are required owing to the ban on the use of these
drugs as growth promoters in food animal production. Tributyrin appears to play a role in improving
growth performance in pigs, albeit with varying degrees of effectiveness. So far, very little is known
about its effects on gut microbiota composition. In this study, we investigated the gut microbiota
changes of piglets receiving, at weaning, 0.2% tributyrin added to their basal diet. Microbiota
composition was assessed through 16S-rRNA gene sequencing on stools collected from tributyrin
and control groups. The functional profiles of microbial communities were predicted from amplicon
abundance data. A comparison between dietary groups revealed that tributyrin strongly modulated
gut microbiota composition in piglets, increasing the relative abundance of a number of bacterial
genera such as Oscillospira, Oscillibacter, Mucispirillum and Butyrivibrio. These genera were positively
correlated to animal average daily gain (ADG) and/or body weight (BW). Based on the function
profile prediction, the gut microbiome of the tributyrin group possessed an enhanced potential for
energy metabolism and a reduced potential for carbohydrate metabolism. In conclusion, our results
indicated that tributyrin can promote changes to gut microbial communities, which could contribute
to improving animal performance after weaning.

Keywords: weaning; piglets; gut microbiota; tributyrin; animal performance

1. Introduction

Early weaning represents a practice that offers economic benefits for farmers, and for
this reason, it is adopted by most intensive breeding practitioners in developed countries.
Weaning is a period in the life of piglets characterized by several stressing factors that
lead to reduced performance and contribute to the development of intestinal dysfunctions
such as postweaning diarrhea. It is well known that, during weaning, several factors
shape the gut microbiota composition [1]. Among these, changes of diet represent one of
the most impactful conditions [2] and can be related to diarrhea. Other factors, such as
infectious agents [3–5] and the weaning-mediated evolution of the gut microbiota [6–8] are
also responsible for the development of these intestinal diseases.

Antibiotic treatments still represent the only strategy for controlling diseases related to
weaning, though a series of feed supplements have been proposed as effective alternatives
to drug treatments [9–11] following the ban of food animal growth-promoting antibiotics by
the European Union in 2003 (EC No 1831/2003) [12]. In this context, tributyrate glyceride,
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also called tributyrin, appears to be a good candidate for alleviating intestinal dysfunctions,
modulating immune response and improving growth performance in piglets. Despite
the large number of papers addressing tributyrin impact on weaning piglets, its efficacy
as a growth promoter is sometimes controversial [13–16] probably because of different
experimental conditions in farm trials. Indeed, the efficiency of tributyrin, as with all
other growth promoter candidates, may vary based on its mechanisms of action, the basal
diet composition and the animal’s health conditions. Despite several studies concerning
butyric acid and its derivatives, their mechanisms of action are still unclear. Morphological
changes of the intestinal mucosa are one of the impacting factors on the animal’s welfare,
and some studies indicated that tributyrin could alleviate these weaning-related symptoms.
In particular, tributyrin demonstrated effectiveness in modifying crypt depth and villus
height in different intestinal sections [13,15–18].

Thus, all these results suggest that tributyrin supplementation, albeit with varying
degrees of effectiveness, plays a role in alleviating the detrimental effects on gastrointestinal
barrier properties caused by early weaning that can lead to inflammatory status. Moreover,
Gu et al. [19] have reported an anti-inflammatory action of tributyrin in piglets as a
consequence of the intraperitoneal injection of Escherichia coli lipopolysaccharide (LPS), a
model of enteropathogenic infections. Another proposed mechanism of tributyrin action is
the reduction in reactive oxygen species (ROS) [20] and the protection of mitochondrial
function against oxidative stress [17].

Antimicrobial activities of organic acids and their derivatives, including monobutyrin,
have been reported in an in vitro study [21]. The antimicrobial effects of butyrate glyc-
erides on Salmonella Typhimurium and Clostridium perfringens were studied in poultry [22].
However, there is little information regarding the effects of tributyrin on pigs’ intestinal mi-
crobiota, with most of the studies being concerned with bacteria considered as an indicator
of animal health [14,16]. In our previous study [14], we identified significant differences
in body weight (BW), average daily gain (ADG) and several blood parameters in piglets
receiving tributyrin during the weaning period, as compared to the control. In that study,
we specifically addressed the impact of tributyrin on lactobacilli and bifidobacterial, al-
though other gut bacterial populations have been associated with high feed efficiency in
pigs [23,24]. The aim of the present work was thereby to comprehensively assess the gut
microbiota composition of pigs fed tributyrin by means of high-throughput 16S-rRNA gene
sequencing. In the present work, the fecal samples from the aforementioned animal trial
were exploited to gain insight into the structure and metabolic potential of gut microbial
communities, along with the production of short-chain fatty acids (SCFAs). Microbiological
data were correlated with physiological and performance parameters measured in the
previously mentioned work, in order to investigate how changes to gut microbiota could
impact both animal health and performance.

2. Materials and Methods
2.1. Animals and Sample Collection

The animals used in the present study were selected among those involved in the
trial described by Sotira et al. [14]. For the full details concerning animal experimentation
and ethics, basal diet composition, breeding type and experimental design, we refer the
reader to this previous publication. The trial was approved by the animal welfare body
of University of Milan (authorization number 31/2019) according to Italian regulation on
animal experimentation and ethics (DL 26/2014) and to European regulation (Dir. 2010/63).
All procedures were carried out according to relevant guidelines and regulations. Briefly,
120 weaned piglets (28 ± 2 days) were allotted in a randomized complete block design
into two experimental groups: control (CTR) and tributyrin (TRI). Each group constituted
60 pigs (6 replicate pens with 10 pigs per pen). The groups were homogeneous for gender,
weight and litter. Furthermore, the two groups were raised in the same room with a free
floor surface where temperature (27 ◦C) and humidity (60%) were controlled. Water and
feed were supplied ad libitum. The area available for each animal was 0.40 m2, according
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to the Directive 2008/120/EC. After one-week of adaptation in which the animals received
the basal diet (corresponding to the day 0 and 35 days from birth), experimental diets
were fed ad libitum for each group for 40 days. The CTR group received the basal diet
whereas the TRI group received the same basal diet supplemented with 0.2% of tributyrin
(ACIFIS® Tri-B, New Feed Team srl, Lodi, Italy). The experimental diets were isoenergetic
and isoproteic and complied with the NRC requirements [25] for postweaned piglets, as
already reported by Sotira et al. [14] (Table S1). Two animals per pen were then randomly
selected for each treatment group for faecal sample collection. At day 40, corresponding
to 75 days from the birth of piglets, stool samples were individually collected from rectal
ampulla and immediately frozen in dry ice. Once transferred to the laboratories, they were
stored frozen at −80 ◦C until DNA extraction.

2.2. DNA Extraction, 16S rRNA Gene Amplification and Sequencing

Total bacterial DNA was extracted from 50 mg (wet weight) using the FastDNA™
SPIN Kit for Soil (MP Biomedicals, Eschwege, Germany), following the manufacturer’s
instructions. The genomic DNA was then quantified using the Qubit HS dsDNA fluores-
cence assay (Life Technologies, Carlsbad, CA, USA), while the quality of the extracted
DNA was assessed using agarose gel electrophoresis. DNA amplification was performed
using primers 343F and 802R, which allowed the amplification of the V3–V4 regions of
the bacterial 16S rRNA gene. Amplification was carried out as described above [26]. The
PCR products were then analyzed using agarose gel electrophoresis and quantified using
the Qubit HS dsDNA fluorescence assay (Life Technologies, Carlsbad, CA, USA). Finally,
a pool of amplicons was prepared by adding the PCR products of each sample in an
equimolar concentration and then purified using a DNA Clean & Concentrator™-5 Kit
(Zymo Research, Irvine, CA, USA).

Sequencing was performed at Fasteris SA (Geneva, Switzerland) using Illumina’s
MiSeq v3 platform with 2 × 300 bp mode. Raw reads were filtered for low quality (quality
score ≥ 30) by Trimmomatic tool version 0.32 (http://www.usadellab.org/cms/index.
php?page=trimmomatic, accessed on 26 August 2020) [27] by sliding window trimming
(window size: 4 bases, quality: 15). Reads showing a length shorter than 60 bases
were excluded. Overlapped reads were mapped against the SILVA database (Version
SSURef_NR99_115_tax_silva_DNA.fasta) using Burrows–Wheeler Alignment Tool version
0.7.5a (http://bio-bwa.sourceforge.net/, accessed on 28 August 2020) [28]. The SSU dataset
was composed of high-quality 16S/18S rRNA sequences (99% criterion) applied to remove
redundant sequences. In order to merge alignments and to compute the number of reads
onto each OTU, the SAM tools package was used [28]. Sequence files were deposited in the
European Nucleotide Archive (ENA) database under the accession number PRJEB40653.

2.3. Gas-Chromatographic Analysis of Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs) were extracted from a 3 g sample dissolved in 9 mL
of distillate water by stirring for a few minutes. Following centrifugation at 480× g for
15 min, 2 mL of supernatant was added to 1 mL of a pivalic acid solution (internal standard,
1 g L−1 in distilled water) and 1 mL of a 0.12 M oxalic acid solution. This suspension was
mixed using a vortex and then centrifuged at 480× g. The upper phase was microfiltered.

The gas-chromatographic analysis was carried out using a Shimadzu 2025 gas chro-
matograph equipped with an AOC-20i autosampler (Shimadzu Srl, Milan, Italy), an FID
detector and a 30 m × 0.250 mm, 0.25 µm DB-FFAP capillary column (Agilent Technologies,
Inc. Santa Clara, CA, USA). The injector and detector temperatures were 200 and 220 ◦C,
respectively. The injection was carried out in split mode (1:100), and a volume of 1 µL
was injected. The analysis was carried out at a constant flow of hydrogen gas using a
programmed temperature: the initial temperature was 60 ◦C and held for 5 min. The
temperature was then raised to 160 ◦C at 5 ◦C min−1 and finally to 190 ◦C at 10 ◦ C min−1

and held for 7 min.

http://www.usadellab.org/cms/index.php?page=trimmomatic
http://www.usadellab.org/cms/index.php?page=trimmomatic
http://bio-bwa.sourceforge.net/
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Data acquisition and processing were conducted using the LabSolutions Lite software
(version 5.82, Shimadzu Srl, Milan, Italy). SCFA identification was based on the retention
time of the volatile free acid mix standard (Sigma-Aldrich, St. Louis, MO, USA), used as
the external standard. Pivalic acid was used as the internal standard.

2.4. Statistical Analysis

The statistical analysis of the sequences was performed using the MicrobiomeAnalyst
tool [29,30]. Alpha diversity was calculated based on Chao, Observed species, Simpson
and Shannon metrics, and significant differences were calculated using a t test ANOVA.
Beta diversity was determined via the Bray–Curtis index using a PERMANOVA statistic
method, and community beta diversity across samples was visualized using a Principal
coordinate analysis (PCoA) plot. Significant differences in the taxa abundance between
the two groups of samples were identified using the edgeR algorithm with 0.05 adjusted
p-value cut-off. In order to predict, in silico, the functional profile of the gut microbial
populations across the two dietary groups, the Marker Data Profiling tool included in the
MicrobiomeAnalyst software was used. The purpose was to generate a corresponding
KEGG Onthology (KO) assignment table using the Tax4Fun source. The KO table was then
uploaded via the Shotgun data profiling option in order to analyze the differential relative
abundance of genes across the two dietary groups. A Cluster of Orthologous Groups (COG)
of proteins table, obtained from the same tool, was analyzed using the EdgeR algorithm,
with a 0.05 adjusted p-value cut-off.

GraphPad Prism v.5 (Graphpad Software, San Diego, CA, USA) was used to perform
the t test analysis of short-chain fatty acid concentrations in order to underline the differ-
ences between the two groups of animals. Differences were considered significant when
p < 0.05. Spearman’s correlation analysis was performed in order to test the association be-
tween performances and physiological parameters across the two dietary groups of animals
using GraphPad Prism v.8 (Graphpad Software, San Diego, CA, USA). The corresponding
heatmap and table containing both r and p values were automatically generated.

3. Results
3.1. Microbiota Composition and Community Diversity Associated with Tributyrin Supplementation

The total number of filtered sequences obtained in the samples collected from tributyrin
and control animal groups was 2,405,009. The median sequencing coverage was 100,209 se-
quences per sample with minimal and maximal coverages of 65,975 and 171,531 reads, respec-
tively. Based on principal coordinates analysis (PCoA), we observed significant diet-specific
differences in gut bacterial communities (Figure 1), with the supplementation of tributyrin
accounting for about 20% of the total variance (Permanova analysis, R2 = 0.19, p < 0.01).

Tributyrin supplementation had no significant influence on fecal bacterial alpha diver-
sity calculated by Chao 1 (p = 0.195), observed OTUs (p = 0.102), Simpson (p = 0.737) and
Shannon (p = 0.144) indices. These results indicated that no significant differences were
observed in term of species diversity and richness among dietary groups.

At the phylum level, the fecal microbiota collected from the control group was dom-
inated by Firmicutes (77.97%) followed by Actinobacteria (13%) and Bacteroidetes (6.52%),
whereas animals receiving tributyrin supplementation showed a microbiota dominated by
Firmicutes (73%) followed by Bacteroidetes (15%) and Actinobacteria (1%) (Figure 2A). In this
group, the relative abundance of Firmicutes and Actinobacteria decreased significantly in
fecal samples (FRD = 0.002 and FDR = 0.0235, respectively), while a significant increase was
detected in the levels of Proteobacteria (FDR = 0.0150). Additionally, the relative abundance
of Cyanobacteria, Deferribacteres and Spirochaetae (Supplementary Table S2) increased in
tributyrin-fed piglets.
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At the family level, Desulfovibrionaceae, Mycoplasmataceae, Alcaligenaceae, Campylobac-
teriaceae, VadinBB60 and Deferribacteraceae proved to be significantly enriched in samples
collected from the tributyrin group. In addition, the tributyrin supplementation caused
significant reductions in the relative abundances of Coriobacteriaceae, Peptococcaceae, Pep-
tostreptococcaceae, Erysipelotrichaceae, Lachnospiraceae and Family XIII Incertae Sedis (Figure 2B
and Supplementary Table S2).

Moreover, at the genus level, significant increases in Oscillospira, Desulfovibrio,
Pseudoflavonifractor, Butyrivibrio, Sutterella, Oscillibacter, Mycoplasma, Campylobacter,
Anaerotruncus, Mucispirillum and the RC9 gut group genera was found in the tribu-
tyrin group samples. In addition, Mogibacterium, Collinsella, Peptococcus, Atopobium,
Subdoligranulum, an uncultured bacterium, Syntrophococcus, Marvinbryantia, Blautia,
Enterorhabdus, Oribacterium and Denitrobacterium genera levels were significant reduced
following tributyrin supplementation (Figure 2C and Supplementary Table S3).

Moreover, Random Forest analysis revealed that at the family level, Coriobacteriaceae
and Family XIII Incertae Sedis were the most important features in discriminating between
the two groups of animals. Among the members of the aforementioned families, the genera
Mogibacterium, Collinsella, Peptococcus and Atopobium were the most important discriminant
genera, since their representative points are on the right and at the top of the graph,
indicating their higher predictive values (Figure 3).
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3.2. Functional Prediction

The operational taxonomic unit (OTU) table obtained through sequence analysis was
uploaded to the MicrobiomeAnalyst software using the Marker Data Profiling option. The
Kegg Onthology assignment table was generated using Tax4Fun and was then used for
further analysis via the Shotgun data profiling option provided by the same software.
Random Forest analysis revealed that the most discriminant COG functional categories
between the two groups of samples were carbohydrate and nucleotide metabolisms, more
prominently represented in the control group, whereas energy and amino acid metabolisms
were enriched in the tributyrin group (Figure 4). Based on EdgeR analysis, only the
energy metabolism pathways were found to be significantly increased (FDR = 0.007) in
the tributyrin group, combined with a significant reduction in carbohydrate metabolism
(FDR = 0.007). In particular, in the control group, we found enriched genes encoding sugar
transport, mainly components of phosphotransferase systems (K02768, K02769, K02793,
K02795 and K02796). Conversely, in the tributyrin samples, genes encoding amino acid
utilization as an energy source (K00830, K00830 and K02204) were enriched, compared to
the control group. Other genes were identified as being more prominently represented in
the samples of the tributyrin group, some of which were related to gluconeogenesis (K03841
and K16153) and others to the glyoxylate cycle (K00122, K01638, K00283 and K00605).
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3.3. SCFA Concentration in Stools

The SCFA concentration in the stools of both dietary groups of animals was recorded.
The most abundant SCFAs were acetate, propionate and butyrate, which did not reveal
significant differences between the two animal groups, along with isovalerate and valer-
ate. However, the tributyrin group of piglets revealed a 1.31-fold increase in their fecal
concentration of isobutyrate, and this difference between the two groups of animals was
statistically significant (p = 0.0269) (Table 1).

Table 1. Mean values of short-chain fatty acid (SCFA) concentrations of tributyrin (TRI) and control (CTR) piglet samples.
Data are presented as mmol% ± SD.

Acetate Propionate Isobutyrate Butyrate Isovalerate Valerate

CTR (n = 12) 58.63 ± 6.15 23.93 ± 4.45 1.74 ± 0.91 9.93 ± 2.41 2.25 ± 1.37 3.51 ± 1.09

TRI (n = 12) 57.22 ± 3.35 22.72 ± 2.64 2.29 ± 0.82 10.84 ± 1.68 3.00 ± 1.24 3.93 ± 0.95

p-value 0.8852 0.2983 0.0269 0.4357 0.1410 0.5067
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3.4. Correlation between Microbiota and Piglet Physiological/Performance Parameters

Spearman’s correlations were calculated between the physiological and performance
data evaluated in our previous work and significant genera were found via statistical
analysis. The correlation results are graphically presented in Figure 5, while the detailed
data are presented in Supplementary Table S4.

Microorganisms 2021, 9, x FOR PEER REVIEW  10 of 15 
 

 

= 0.67; p = 0.0003) were positively correlated with urea concentration values. Conversely, 

negative correlations were found between urea and Butyrivibrio (r = −0.43; p = 0.037) and 

Desulfovibrio (r = −0.44; p = 0.032). 

 

Figure 5. The Spearman correlation heatmap graphically represents the correlation between Average Daily Gain (ADG), 

Body Weight  (BW),  isobutyrate, urea,  total cholesterol, High‐Density Lipoproteins  (HDLs), Low‐Density Lipoproteins 

(LDLs) and significant different genera between the two dietary groups. The colors display the r‐value. * p ≤ 0.05; ** p ≤ 

0.01; *** p ≤ 0.001 and **** p ≤ 0.0001. p value significances were graphically reported only  for correlation between  the 

aforementioned parameters and bacterial genus. 

4. Discussion 

The primary aim of this work was to investigate the effects of tributyrin on the gut 

microbiota of weaned piglets. Secondly, we focused our attention on how the composition 

of  these communities could be associated with animal performances. Using 16S  rRNA 

gene sequencing, we detected a number of compositional changes of fecal bacterial pop‐

ulations  indicating that tributyrin substantially altered the gut microbial community of 

piglets. Actinobacteria was the most significantly decreased phylum in tributyrin‐fed ani‐

mals, driven by a significant reduction in the family Coriobacteriaceae and the genera Col‐

linsella and Atopobium. In addition, Random Forest analysis revealed that the most discri‐

minant genera between the two dietary groups of animals were Mogibacterium, Collinsella, 

Peptococcus, and Atopobium. All these genera decreased in the tributyrin group compared 

with controls. Little information regarding these genera is available. Collinsella is known 

to establish persistent colonization of intestinal mucosa via utilization of mucins in both 

pigs and humans [31–33]; its close association with the mucus layer suggests a direct in‐

teraction between these microorganisms and the host’s  intestinal tissues. A decrease  in 

the relative abundance of Collinsella has been previously described in several studies [34–

36] as being associated to reduced gut permeability and hence to an improved functional‐

ity of the intestinal barrier. Mogibacterium, a genus belonging to the Clostridium Family XIII 

Figure 5. The Spearman correlation heatmap graphically represents the correlation between Average Daily Gain (ADG),
Body Weight (BW), isobutyrate, urea, total cholesterol, High-Density Lipoproteins (HDLs), Low-Density Lipoproteins
(LDLs) and significant different genera between the two dietary groups. The colors display the r-value. * p ≤ 0.05;
** p ≤ 0.01; *** p ≤ 0.001 and **** p ≤ 0.0001. p value significances were graphically reported only for correlation between
the aforementioned parameters and bacterial genus.

Positive correlations were found between Butyrivibrio (r = 0.45, p = 0.03), Desulfovibrio
(r = 0.59, p = 0.002), Oscillibacter (r = 0.53, p = 0.007), Sutterella (r = 0.54, p = 0.007) and
ADG. Conversely, Atopobium (r = −0.56, p = 0.005), Collinsella (r = −0.81, p = 0.000002), En-
terorhabdus (r = −0.44, p = 0.03), Marvinbryantia (r = −0.53, p = 0.007), Mitsuokella (r = −0.49,
p = 0.015), Mogibacterium (r = −0.68, p = 0.0003), Peptococcus (r = −0.65, p = 0.0006) and Syn-
trophococcus (r = −0.47, p = 0.019) revealed negative correlations within the aforementioned
animal parameters. Moreover, Oscillibacter (r = 0.44, p = 0.03) and Oscillospira (r = 0.55,
p = 0.0056) were also positively correlated with animal BW.

Interestingly, a positive correlation was found between isobutyrate and both Oscil-
libacter (r = 0.57; p = 0.003607) and Oscillospira (r = 0.60, p = 0.0017), whereas Atopobium
(r = −0.45; p = 0.026), Collinsella (r = −0.37; p = 0.07), Mitsuokella (r = −0.71; p = 0.00009)
and Syntrophococcus (r = −0.42; p = 0.043) were negatively correlated.

Atopobium (r = 0.48; p = 0.017), Blautia (r = 0.53; p = 0.007), Collinsella (r = 0.42; p = 0.043),
Marvinbryantia (r = 0.60; p = 0.0020), Mogibacterium (r = 0.62; p = 0.0013), and Peptococcus
(r = 0.67; p = 0.0003) were positively correlated with urea concentration values. Conversely,
negative correlations were found between urea and Butyrivibrio (r = −0.43; p = 0.037) and
Desulfovibrio (r = −0.44; p = 0.032).
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4. Discussion

The primary aim of this work was to investigate the effects of tributyrin on the gut
microbiota of weaned piglets. Secondly, we focused our attention on how the composition
of these communities could be associated with animal performances. Using 16S rRNA gene
sequencing, we detected a number of compositional changes of fecal bacterial populations
indicating that tributyrin substantially altered the gut microbial community of piglets. Acti-
nobacteria was the most significantly decreased phylum in tributyrin-fed animals, driven
by a significant reduction in the family Coriobacteriaceae and the genera Collinsella and
Atopobium. In addition, Random Forest analysis revealed that the most discriminant genera
between the two dietary groups of animals were Mogibacterium, Collinsella, Peptococcus,
and Atopobium. All these genera decreased in the tributyrin group compared with controls.
Little information regarding these genera is available. Collinsella is known to establish
persistent colonization of intestinal mucosa via utilization of mucins in both pigs and
humans [31–33]; its close association with the mucus layer suggests a direct interaction
between these microorganisms and the host’s intestinal tissues. A decrease in the rel-
ative abundance of Collinsella has been previously described in several studies [34–36]
as being associated to reduced gut permeability and hence to an improved functionality
of the intestinal barrier. Mogibacterium, a genus belonging to the Clostridium Family XIII
Incertae Sedis, has been shown to increase in mucosa-associated microbiota of colon cancer
patients [37] but to decrease, together with Collinsella, in the feces of neonatal pigs admin-
istered with a beneficial prebiotic preparation [38]. Burrough et al. [39] reported a high
relative abundance of Mogibacterium in both mucosal scrapings and luminal samples from
pigs with swine dysentery. Mogibacterium spp. produce phenyl acetate as their unique
final metabolic product [40] and they have been associated with ammonia assimilation
in the rumen of cows [41]. Tributyrin supplementation also resulted in lower numbers
of Peptococcus; this taxon has been often detected in the gut of pigs and its levels have
been reported to be negatively associated with feed conversion ratio [42] but positively
correlated with preweaned weight gain [43]. Based on our correlation results, Collinsella
displayed a strong negative correlation with both ADG and BW, suggesting a potential re-
lationship between this population and pig performance. Our results are in line with those
of Kubasova et al. [44], who showed that the microbiota of high-residual feed intake pigs
were enriched in Collinsella compared with animals that were more efficient. Mogibacterium,
Peptococcus and Atopobium correlated negatively to ADG parameter as well. A positive
correlation between Mogibacterium and blood urea concentration was also found; from such
a result, we can only speculate that the decrease in this genus in tributyrin-fed animals is
somewhat linked to the decrease in plasma urea previously described.

The higher abundance of Proteobacteria observed in the stool of tributyrin-fed piglets
was driven by a significant increase in the Desulfovibrio genus. Indeed, this could be related
to an increased hydrogen production in the lumen, as the growth of members of this genus
is highly dependent on this gas. Since Desulfovibrio species are hydrogen consumers, they
play a key role in removing this fermentation inhibitor from the intestinal lumen [45]. This
important role in the progression of fermentation could explain the positive correlation of
Desulfovibrio with the ADG parameter we identified.

In addition to the above-described populations, other bacterial taxa resulted differ-
entially present in the gut microbiota of tributyrin-fed piglets [46]. Most of the genera
that are significantly increased in the tributyrin group have been described in previous
works as enriched in high-feed efficiency pigs. In particular, McCormack et al. [23] reported
that, in weaning piglets, the Butyrivibrio genus was present only in animals showing high
performances, which could be due to the enhanced ability of their gut microbiota to ferment
complex carbohydrates. In the same study, the Oscillibacter genus was associated with im-
proved weight gain [47]. Both Butyrivibrio and Oscillibacter were the genera that increased
mostly significant in the tributyrin group, along with Mucispirillum. Likewise, the latter
genus showed higher relative abundance in low residual feed intake (RFI) animals [24] and
was found to be present uniquely during the postweaning phase. Mucispirillum is an oppor-
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tunistic mucin utilizer that has been identified as part of an immunogenic commensal group
in humans. This genus adheres to the intestinal mucus and interacts with the host immune
system; through a T-dependent IgA response, they never become dominant [48]. This infor-
mation is reassuring with regard to the role of Mucispirillum, since it has sometimes been
assumed to be harmful to the integrity of the mucus layer [49]. Our results seem to confirm
these positive roles played by Butyrivibrio and Mucispirillum in animal performances, as
indicated by their positive correlations with ADG values. Moreover, Oscillibacter positively
correlated with BW. As for Oscillospira, species belonging to this genus are capable of using
alternative energy sources such as mucins and glucoronate [50]; the reduced number of
sugar transporter genes in their genomes has been correlated to their inability to use plant
glycans. In humans, Oscillospira was positively correlated with harder stools [51], and
the abundant reduction in this genus was associated with inflammatory status [52]. If
confirmed in swine, both of these properties could be useful during the weaning period
to counteract some of the negative effects of solid-diet introduction, such as diarrhea and
inflammation. Based on our analysis, Oscillospira was positively correlated with both ADG
and BW. Other significant differences were detected in the tributyrin group for another
genus, Sutterella, which could potentially affect gut metabolism. Indeed, Argüello et al. [53]
have hypothesized the interfering with the gut colonization of pathogenic Proteobacteria
by competition or by stimulation of the immune system. While the role of Sutterella is still
unclear, the genus has been positively associated with average daily feed intake (ADF) [54].
Our results also confirm a positive correlation of this genus with ADG and ADF, though
we did not detect significant differences in feed intake between the two animal groups.

Changes in fecal SCFA concentrations can reflect the different balance between groups
of bacteria present in the gut microbiota. However, the SCFA concentration in stools must be
considered as an approximation of gut microbiota metabolism products since, immediately
after their production, enteric cells remove them from the intestinal lumen [55]. In spite of
the changes detected in gut microbiota composition due to tributyrin, the determination
of SCFA did not reveal significant differences between the two groups of animals, with
the exception of a significant increase in isobutyrate. The higher amount of isobutyrate
in the tributyrin group could indicate that the supplementation improved diet protein
catabolism since this branched short-chain fatty acid is the result of valine degradation [56].
The increase in isobutyrate has been proposed as a parameter of diet protein utilization
that characterizes the microbiota of high-feed efficiency pigs [23]. Little is known about
the physiological impact of this branched short-chain fatty acid, even though isobutyrate
has been shown to be involved in glucose and lipid metabolisms [57]. Interestingly, in our
study Oscillospira and Oscillibacter showed a weak though significant positive correlation
with fecal levels of isobutyrate.

Finally, in order to investigate changes in the functional capacity of gut microbiota
as a result of dietary intervention, a functional metagenomics prediction approach was
adopted. The analysis of the pathways of both animal groups using the KEGG reference
pathways allowed us to highlight the reduction in carbohydrate metabolisms in the trib-
utyrin group and, in particular, genes involved in sugar transport such as PTS transport
systems. Conversely, in the same group of animals, genes involved in energy metabolism
were enriched. The reduction in carbohydrate metabolism and, in particular, the sugar
transport systems, seemed to be compensated by other metabolic pathways, such as those
of amino acid catabolism, gluconeogenesis and the glyoxylate cycle. Commonly, bacteria
use amino acid as an energy source after their deamination or decarboxylation. On the
other hand, the increase in isobutyrate production could be ascribed to an increase in amino
acid catabolic pathways.

Concerning the enrichment of genes involved in both gluconeogenesis and glyoxylate,
it has been suggested that both pathways are used as a response to limited sources of
fermentable carbohydrates. The glyoxylate shunt has been investigated in E. coli, Salmonella
and other pathogens [58], though it is widespread among bacteria. The entire glyoxylate
pathway of Butyrivibrio proteoclasticus is available in the KEGG database. Though we
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found no additional details, we can speculate that other species belonging to the genus
Butyrivibrio can harbor genes encoding for this pathway as well as other intestinal bacteria.
Accordingly, it is very difficult to hypothesize a putative implication of these pathways
for the host’s health and performances. However, it is important to underline that these
prediction analyses are based on genome sequencing data and, therefore, do not provide
information concerning gene expression and its regulation. Conversely, tributyrin selected
groups of bacteria that harbor genes coding for glyoxylate shunt enzymes. Further analysis
is required, and a metabolomics approach could help in evaluating both the reduction in
carbohydrate metabolisms and the increase in gluconeogenesis and glyoxylate pathways
following tributyrin supplementation.

As far as we are aware, this is the first investigation focused on the effects of tributyrin
supplementation on the gut microbiota of weaned piglets and demonstrating a relevant
impact of this treatment on the composition and metabolic potential of fecal microbial com-
munities. Thus, the beneficial effects of tributyrin may not be limited to supplementation
of an extra source of energy to the enterocytes, which positively affects the integrity of
the intestinal mucosa. Indeed, our results indicate that gut microbiota, in association with
host-derived/related factors, may also play a role in exerting a positive impact on animal
performances. The major limitation of this study is that the tested animals did not exhibit
diarrhea episodes or health problems, yet our intent was to work in breeding conditions,
without any challenge with pathogenic microorganisms. Nevertheless, the findings of the
present study warrant further investigation to also elucidate the effects of tributyrin in
artificial infection experiments mimicking swine enteric diseases.
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Author Contributions: Conceptualization, M.L.C., L.R., A.P. and L.M.; methodology, A.P., M.L.C.
and V.P.; formal analysis, F.M., S.S., M.D. and A.S.; investigation, F.M., V.P., M.L.C. and S.S.; data
curation, V.P., F.M., S.S., L.R., A.P. and M.L.C.; writing—original draft preparation, A.S., M.L.C., V.P.
and F.M.; writing—review and editing, V.P., S.S., A.P. and L.R.; supervision, L.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This work is part of the FOODTECH PROJECT (ID 203370). The project is cofunded by the
European Regional Development Fund (ERDF).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the animal welfare body of University of Milan
(authorization number 31/2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequence files are available at the European Nucleotide Archive (ENA)
database under the accession number PRJEB40653.

Acknowledgments: We thank ProPhos Chemical as project coordinator, Ferraroni S.p.a for the feed
preparation and supply and Selmini for helping us in formulating both diets.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Guevarra, R.B.; Lee, J.H.; Lee, S.H.; Seok, M.J.; Kim, D.W.; Kang, B.N.; Johnson, T.J.; Isaacson, R.E.; Kim, H.B. Piglet gut microbial

shifts early in life: Causes and effects. J. Anim. Sci. Biotechnol. 2019, 10, 1–10. [CrossRef]
2. Gao, J.; Yin, J.; Xu, K.; Li, T.; Yin, Y. What Is the Impact of Diet on Nutritional Diarrhea Associated with Gut Microbiota in Weaning

Piglets: A System Review. Biomed Res. Int. 2019, 2019. [CrossRef] [PubMed]

https://www.mdpi.com/2076-2607/9/3/584/s1
https://www.mdpi.com/2076-2607/9/3/584/s1
http://doi.org/10.1186/s40104-018-0308-3
http://doi.org/10.1155/2019/6916189
http://www.ncbi.nlm.nih.gov/pubmed/31976326


Microorganisms 2021, 9, 584 13 of 15

3. Mesonero-Escuredo, S.; Strutzberg-Minder, K.; Casanovas, C.; Segalés, J. Viral and bacterial investigations on the aetiology of
recurrent pig neonatal diarrhoea cases in Spain. Porc. Health Manag. 2018, 4, 1–6. [CrossRef]

4. Ruiz, V.L.A.; Bersano, J.G.; Carvalho, A.F.; Catroxo, M.H.B.; Chiebao, D.P.; Gregori, F.; Miyashiro, S.; Nassar, A.F.C.; Oliveira,
T.M.F.S.; Ogata, R.A.; et al. Case-control study of pathogens involved in piglet diarrhea Veterinary Research. BMC Res. Notes
2016, 9. [CrossRef]

5. Katsuda, K.; Kohmoto, M.; Kawashima, K.; Tsunemitsu, H. Frequency of enteropathogen detection in suckling and weaned pigs
with diarrhea in Japan. J. Vet. Diagn. Investig. 2006, 18, 350–354. [CrossRef]

6. Dou, S.; Gadonna-Widehem, P.; Rome, V.; Hamoudi, D.; Rhazi, L.; Lakhal, L.; Larcher, T.; Bahi-Jaber, N.; Pinon-Quintana, A.;
Guyonvarch, A.; et al. Characterisation of early-life fecal microbiota in susceptible and healthy pigs to post-weaning diarrhoea.
PLoS ONE 2017, 12. [CrossRef]

7. Yang, H.; Huang, X.; Fang, S.; He, M.; Zhao, Y.; Wu, Z.; Yang, M.; Zhang, Z.; Chen, C.; Huang, L. Unraveling the Fecal Microbiota
and Metagenomic Functional Capacity Associated with Feed Efficiency in Pigs. Front. Microbiol. 2017, 8, 1555. [CrossRef]
[PubMed]

8. Sun, J.; Du, L.; Li, X.L.; Zhong, H.; Ding, Y.; Liu, Z.; Ge, L. Identification of the core bacteria in rectums of diarrheic and
non-diarrheic piglets. Sci. Rep. 2019, 9, 1–10. [CrossRef]

9. Boyen, F.; Haesebrouck, F.; Vanparys, A.; Volf, J.; Mahu, M.; Van Immerseel, F.; Rychlik, I.; Dewulf, J.; Ducatelle, R.; Pasmans, F.
Coated fatty acids alter virulence properties of Typhimurium and decrease intestinal colonization of pigs. Vet. Microbiol. 2008.
[CrossRef]

10. de Lange, C.F.M.; Pluske, J.; Gong, J.; Nyachoti, C.M. Strategic use of feed ingredients and feed additives to stimulate gut health
and development in young pigs. Livest. Sci. 2010, 134, 124–134. [CrossRef]

11. Thacker, P.A. Alternatives to antibiotics as growth promoters for use in swine production: A review. J. Anim. Sci. Biotechnol. 2013,
4, 35. [CrossRef]

12. EU Directive 1831/2003 of the European Parliament and of The Council on additives for use in animal nutrition. Off. J. Eur. Union
2003, 268, 29–43.

13. Hou, Y.Q.; Liu, Y.L.; Hu, J.; Shen, W.H. Effects of lactitol and tributyrin on growth performance, small intestinal morphology and
enzyme activity in weaned pigs. Asian-Australas. J. Anim. Sci. 2006, 19, 1470–1477. [CrossRef]

14. Sotira, S.; Dell’Anno, M.; Caprarulo, V.; Hejna, M.; Pirrone, F.; Callegari, M.L.; Tucci, T.V.; Rossi, L. Effects of tributyrin
supplementation on growth performance, insulin, blood metabolites and gut microbiota in weaned piglets. Animals 2020, 10, 726.
[CrossRef]

15. Zhang, W.X.; Zhang, Y.; Zhang, X.W.; Deng, Z.X.; Liu, J.X.; He, M.L.; Wang, H.F. Effects of dietary supplementation with
combination of tributyrin and essential oil on gut health and microbiota of weaned piglets. Animals 2020, 10, 180. [CrossRef]

16. Sakdee, J.; Poeikhampha, T.; Rakangthong, C.; Poungpong, K.; Bunchasak, C. Effect of tributyrin supplementation in diet on
production performance and gastrointestinal tract of healthy nursery pigs. Pakistan J. Nutr. 2016, 15, 954–962. [CrossRef]

17. Wang, C.; Cao, S.; Shen, Z.; Hong, Q.; Feng, J.; Peng, Y.; Hu, C. Effects of dietary tributyrin on intestinal mucosa development,
mitochondrial function and AMPK-mTOR pathway in weaned pigs. J. Anim. Sci. Biotechnol. 2019, 10, 93. [CrossRef] [PubMed]

18. Tugnoli, B.; Giovagnoni, G.; Piva, A.; Grilli, E. From acidifiers to intestinal health enhancers: How organic acids can improve
growth efficiency of pigs. Animals 2020, 10, 134. [CrossRef]

19. Gu, Y.; Song, Y.; Yin, H.; Lin, S.; Zhang, X.; Che, L.; Lin, Y.; Xu, S.; Feng, B.; Wu, D.; et al. Dietary supplementation with tributyrin
prevented weaned pigs from growth retardation and lethal infection via modulation of inflammatory cytokines production, ileal
FGF19 expression, and intestinal acetate fermentation. J. Anim. Sci. 2017, 95, 226–238. [CrossRef]

20. Cao, S.T.; Wang, C.C.; Wu, H.; Zhang, Q.H.; Jiao, L.F.; Hu, C.H. Weaning disrupts intestinal antioxidant status, impairs intestinal
barrier and mitochondrial function, and triggers mitophagy in piglets. J. Anim. Sci. 2018, 96, 1073–1083. [CrossRef]

21. Kovanda, L.; Zhang, W.; Wei, X.; Luo, J.; Wu, X.; Atwill, E.R.; Vaessen, S.; Li, X.; Liu, Y. In vitro antimicrobial activities of organic
acids and their derivatives on several species of Gram-negative and Gram-positive bacteria. Molecules 2019, 24, 3770. [CrossRef]
[PubMed]

22. Namkung, H.; Yu, H.; Gong, J.; Leeson, S. Antimicrobial activity of butyrate glycerides toward Salmonella Typhimurium and
Clostridium perfringens. Poult. Sci. 2011, 90, 2217–2222. [CrossRef]

23. McCormack, U.M.; Curião, T.; Buzoianu, S.G.; Prieto, M.L.; Ryan, T.; Varley, P.; Crispie, F.; Magowan, E.; Metzler-Zebeli, B.U.;
Berry, D.; et al. Exploring a possible link between the intestinal microbiota and feed efficiency in pigs. Appl. Environ. Microbiol.
2017, 83. [CrossRef] [PubMed]

24. McCormack, U.M.; Curião, T.; Metzler-Zebeli, B.U.; Magowan, E.; Berry, D.P.; Reyer, H.; Prieto, M.L.; Buzoianu, S.G.; Harrison,
M.; Rebeiz, N.; et al. Porcine Feed Efficiency-Associated Intestinal Microbiota and Physiological Traits: Finding Consistent
Cross-Locational Biomarkers for Residual Feed Intake. mSystems 2019, 4. [CrossRef]

25. NCR. Nutrient Requirements of Swine, 11th ed.; The National Academies Press: Washington, DC, USA, 2012.
26. Patrone, V.; Minuti, A.; Lizier, M.; Miragoli, F.; Lucchini, F.; Trevisi, E.; Rossi, F.; Callegari, M.L. Differential effects of coconut

versus soy oil on gut microbiota composition and predicted metabolic function in adult mice. BMC Genom. 2018, 19. [CrossRef]
27. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.

[CrossRef]

http://doi.org/10.1186/s40813-018-0083-8
http://doi.org/10.1186/s13104-015-1751-2
http://doi.org/10.1177/104063870601800405
http://doi.org/10.1371/journal.pone.0169851
http://doi.org/10.3389/fmicb.2017.01555
http://www.ncbi.nlm.nih.gov/pubmed/28861066
http://doi.org/10.1038/s41598-019-55328-y
http://doi.org/10.1016/j.vetmic.2008.05.008
http://doi.org/10.1016/j.livsci.2010.06.117
http://doi.org/10.1186/2049-1891-4-35
http://doi.org/10.5713/ajas.2006.1470
http://doi.org/10.3390/ani10040726
http://doi.org/10.3390/ani10020180
http://doi.org/10.3923/pjn.2016.954.962
http://doi.org/10.1186/s40104-019-0394-x
http://www.ncbi.nlm.nih.gov/pubmed/31788241
http://doi.org/10.3390/ani10010134
http://doi.org/10.2527/JAS.2016.0911
http://doi.org/10.1093/jas/skx062
http://doi.org/10.3390/molecules24203770
http://www.ncbi.nlm.nih.gov/pubmed/31635062
http://doi.org/10.3382/ps.2011-01498
http://doi.org/10.1128/AEM.00380-17
http://www.ncbi.nlm.nih.gov/pubmed/28526795
http://doi.org/10.1128/mSystems.00324-18
http://doi.org/10.1186/s12864-018-5202-z
http://doi.org/10.1093/bioinformatics/btu170


Microorganisms 2021, 9, 584 14 of 15

28. Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics 2010, 26, 589–595.
[CrossRef] [PubMed]

29. Chong, J.; Liu, P.; Zhou, G.; Xia, J. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat. Protoc. 2020, 15, 799–821. [CrossRef] [PubMed]

30. Dhariwal, A.; Chong, J.; Habib, S.; King, I.L.; Agellon, L.B.; Xia, J. MicrobiomeAnalyst: A web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data. Nucleic Acids Res. 2017, 45, W180–W188. [CrossRef]

31. Clavel, T.; Desmarchelier, C.; Haller, D.; Gérard, P.; Rohn, S.; Lepage, P.; Daniel, H. Intestinal microbiota in metabolic diseases:
From bacterial community structure and functions to species of pathophysiological relevance. Gut Microbes 2014, 5, 544–551.
[CrossRef]

32. Looft, T.; Bayles, D.O.; Alt, D.P.; Stanton, T.B. Complete genome sequence of Coriobacteriaceae strain 68-1-3, a novel mucus-
degrading isolate from the swine intestinal tract. Genome Announc. 2015, 3. [CrossRef] [PubMed]

33. Tailford, L.E.; Crost, E.H.; Kavanaugh, D.; Juge, N. Mucin glycan foraging in the human gut microbiome. Front. Genet. 2015, 5, 81.
[CrossRef]

34. Chen, J.; Wright, K.; Davis, J.M.; Jeraldo, P.; Marietta, E.V.; Murray, J.; Nelson, H.; Matteson, E.L.; Taneja, V. An expansion of rare
lineage intestinal microbes characterizes rheumatoid arthritis. Genome Med. 2016, 8, 43. [CrossRef] [PubMed]

35. Leclercq, S.; Matamoros, S.; Cani, P.D.; Neyrinck, A.M.; Jamar, F.; Stärkel, P.; Windey, K.; Tremaroli, V.; Bäckhed, F.; Verbeke, K.;
et al. Intestinal permeability, gut-bacterial dysbiosis, and behavioral markers of alcohol-dependence severity. Proc. Natl. Acad. Sci.
USA 2014, 111, E4485–E4493. [CrossRef]

36. Mokkala, K.; Röytiö, H.; Munukka, E.; Pietilä, S.; Ekblad, U.; Rönnemaa, T.; Eerola, E.; Laiho, A.; Laitinen, K. Gut Microbiota
Richness and Composition and Dietary Intake of Overweight Pregnant Women Are Related to Serum Zonulin Concentration, a
Marker for Intestinal Permeability. J. Nutr. 2016, 146, 1694–1700. [CrossRef]

37. Chen, W.; Liu, F.; Ling, Z.; Tong, X.; Xiang, C. Human intestinal lumen and mucosa-associated microbiota in patients with
colorectal cancer. PLoS ONE 2012, 7. [CrossRef]

38. Berding, K.; Wang, M.; Monaco, M.H.; Alexander, L.S.; Mudd, A.T.; Chichlowski, M.; Waworuntu, R.V.; Berg, B.M.; Miller, M.J.;
Dilger, R.N.; et al. Prebiotics and bioactive milk fractions affect gut development, microbiota, and neurotransmitter expression in
piglets. J. Pediatr. Gastroenterol. Nutr. 2016, 63, 688–697. [CrossRef] [PubMed]

39. Burrough, E.R.; Arruda, B.L.; Plummer, P.J. Comparison of the luminal and mucosa-associated microbiota in the colon of pigs
with and without swine dysentery. Front. Vet. Sci. 2017, 4. [CrossRef]

40. Nakazawa, F.; Poco, S.E.; Sato, M.; Ikeda, T.; Kalfas, S.; Sundqvist, G.; Hoshino, E. Taxonomic characterization of Mogibacterium
diversum sp. nov. and Mogibacterium neglectum sp. nov., isolated from human oral cavities. Int. J. Syst. Evol. Microbiol. 2002, 52,
115–122. [CrossRef] [PubMed]

41. Liu, J.H.; Zhang, M.L.; Zhang, R.Y.; Zhu, W.Y.; Mao, S.Y. Comparative studies of the composition of bacterial microbiota associated
with the ruminal content, ruminal epithelium and in the faeces of lactating dairy cows. Microb. Biotechnol. 2016, 9, 257–268.
[CrossRef]

42. Tan, Z.; Wang, Y.; Yang, T.; Ao, H.; Chen, S.; Xing, K.; Zhang, F.; Zhao, X.; Liu, J.; Wang, C. Differences in gut microbiota
composition in finishing Landrace pigs with low and high feed conversion ratios. Antonie van Leeuwenhoek Int. J. Gen. Mol.
Microbiol. 2018, 111, 1673–1685. [CrossRef]

43. Ding, X.; Lan, W.; Liu, G.; Ni, H.; Gu, J.D. Exploring possible associations of the intestine bacterial microbiome with the
pre-weaned weight gaining performance of piglets in intensive pig production. Sci. Rep. 2019, 9, 1–10. [CrossRef]

44. Kubasova, T.; Davidova-Gerzova, L.; Babak, V.; Cejkova, D.; Montagne, L.; Le-Floc’h, N.; Rychlik, I. Effects of host genetics and
environmental conditions on fecal microbiota composition of pigs. PLoS ONE 2018, 13, e0201901. [CrossRef] [PubMed]

45. Gibson, G.R.; MacFarlane, G.T.; Cummings, J.H. Sulphate reducing bacteria and hydrogen metabolism in the human large
intestine. Gut 1993, 34, 437–439. [CrossRef]

46. Gardiner, G.E.; Metzler-Zebeli, B.U.; Lawlor, P.G. Impact of intestinal microbiota on growth and feed efficiency in pigs: A review.
Microorganisms 2020, 8, 1886. [CrossRef]

47. Lam, Y.Y.; Ha, C.W.Y.; Campbell, C.R.; Mitchell, A.J.; Dinudom, A.; Oscarsson, J.; Cook, D.I.; Hunt, N.H.; Caterson, I.D.; Holmes,
A.J.; et al. Increased Gut Permeability and Microbiota Change Associate with Mesenteric Fat Inflammation and Metabolic
Dysfunction in Diet-Induced Obese Mice. PLoS ONE 2012, 7, e34233. [CrossRef]

48. Million, M.; Tomas, J.; Wagner, C.; Lelouard, H.; Raoult, D.; Gorvel, J.P. New insights in gut microbiota and mucosal immunity of
the small intestine. Hum. Microbiome J. 2018, 7–8, 23–32. [CrossRef]

49. Belzer, C.; Gerber, G.K.; Roeselers, G.; Delaney, M.; DuBois, A.; Liu, Q.; Belavusava, V.; Yeliseyev, V.; Houseman, A.; Onderdonk,
A.; et al. Dynamics of the microbiota in response to host infection. PLoS ONE 2014, 9. [CrossRef] [PubMed]

50. Chen, Y.R.; Zheng, H.M.; Zhang, G.X.; Chen, F.L.; Chen, L.D.; Yang, Z.C. High Oscillospira abundance indicates constipation and
low BMI in the Guangdong Gut Microbiome Project. Sci. Rep. 2020, 10, 1–8. [CrossRef] [PubMed]

51. Tigchelaar, E.F.; Bonder, M.J.; Jankipersadsing, S.A.; Fu, J.; Wijmenga, C.; Zhernakova, A. Gut microbiota composition associated
with stool consistency. Gut 2016, 65, 540–542. [CrossRef]

52. Gophna, U.; Konikoff, T.; Nielsen, H.B. Oscillospira and related bacteria—From metagenomic species to metabolic features.
Environ. Microbiol. 2017, 19, 835–841. [CrossRef]

http://doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
http://doi.org/10.1038/s41596-019-0264-1
http://www.ncbi.nlm.nih.gov/pubmed/31942082
http://doi.org/10.1093/nar/gkx295
http://doi.org/10.4161/gmic.29331
http://doi.org/10.1128/genomeA.01143-15
http://www.ncbi.nlm.nih.gov/pubmed/26450725
http://doi.org/10.3389/fgene.2015.00081
http://doi.org/10.1186/s13073-016-0299-7
http://www.ncbi.nlm.nih.gov/pubmed/27102666
http://doi.org/10.1073/pnas.1415174111
http://doi.org/10.3945/jn.116.235358
http://doi.org/10.1371/journal.pone.0039743
http://doi.org/10.1097/MPG.0000000000001200
http://www.ncbi.nlm.nih.gov/pubmed/27031373
http://doi.org/10.3389/fvets.2017.00139
http://doi.org/10.1099/00207713-52-1-115
http://www.ncbi.nlm.nih.gov/pubmed/11837293
http://doi.org/10.1111/1751-7915.12345
http://doi.org/10.1007/s10482-018-1057-1
http://doi.org/10.1038/s41598-019-52045-4
http://doi.org/10.1371/journal.pone.0201901
http://www.ncbi.nlm.nih.gov/pubmed/30086169
http://doi.org/10.1136/gut.34.4.437
http://doi.org/10.3390/microorganisms8121886
http://doi.org/10.1371/journal.pone.0034233
http://doi.org/10.1016/j.humic.2018.01.004
http://doi.org/10.1371/journal.pone.0095534
http://www.ncbi.nlm.nih.gov/pubmed/25014551
http://doi.org/10.1038/s41598-020-66369-z
http://www.ncbi.nlm.nih.gov/pubmed/32518316
http://doi.org/10.1136/gutjnl-2015-310328
http://doi.org/10.1111/1462-2920.13658


Microorganisms 2021, 9, 584 15 of 15

53. Argüello, H.; Estellé, J.; Leonard, F.C.; Crispie, F.; Cotter, P.D.; O’Sullivan, O.; Lynch, H.; Walia, K.; Duffy, G.; Lawlor, P.G.; et al.
Influence of the Intestinal Microbiota on Colonization Resistance to Salmonella and the Shedding Pattern of Naturally Exposed
Pigs. mSystems 2019, 4. [CrossRef] [PubMed]

54. Yang, H.; Xiao, Y.; Wang, J.; Xiang, Y.; Gong, Y.; Wen, X.; Li, D. Core gut microbiota in Jinhua pigs and its correlation with strain,
farm and weaning age. J. Microbiol. 2018, 56, 346–355. [CrossRef]

55. den Besten, G.; Lange, K.; Havinga, R.; van Dijk, T.H.; Gerding, A.; van Eunen, K.; Müller, M.; Groen, A.K.; Hooiveld, G.J.;
Bakker, B.M.; et al. Gut-derived short-chain fatty acids are vividly assimilated into host carbohydrates and lipids. Am. J. Physiol.
Gastrointest. Liver Physiol. 2013, 305. [CrossRef] [PubMed]

56. Oliphant, K.; Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: Major fermentation by-products and
their impact on host health. Microbiome 2019, 7, 1–15. [CrossRef] [PubMed]

57. Heimann, E.; Nyman, M.; Pålbrink, A.-K.; Lindkvist-Petersson, K.; Degerman, E. Branched short-chain fatty acids modulate
glucose and lipid metabolism in primary adipocytes. Adipocyte 2016, 5, 359–368. [CrossRef]

58. Dolan, S.K.; Welch, M. The Glyoxylate Shunt, 60 Years On. Annu. Rev. Microbiol. 2018, 72, 309–330. [CrossRef]

http://doi.org/10.1128/mSystems.00021-19
http://www.ncbi.nlm.nih.gov/pubmed/31020042
http://doi.org/10.1007/s12275-018-7486-8
http://doi.org/10.1152/ajpgi.00265.2013
http://www.ncbi.nlm.nih.gov/pubmed/24136789
http://doi.org/10.1186/s40168-019-0704-8
http://www.ncbi.nlm.nih.gov/pubmed/31196177
http://doi.org/10.1080/21623945.2016.1252011
http://doi.org/10.1146/annurev-micro-090817-062257

	Introduction 
	Materials and Methods 
	Animals and Sample Collection 
	DNA Extraction, 16S rRNA Gene Amplification and Sequencing 
	Gas-Chromatographic Analysis of Short-Chain Fatty Acids 
	Statistical Analysis 

	Results 
	Microbiota Composition and Community Diversity Associated with Tributyrin Supplementation 
	Functional Prediction 
	SCFA Concentration in Stools 
	Correlation between Microbiota and Piglet Physiological/Performance Parameters 

	Discussion 
	References

