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Feed efficiency (FE) appears to vary even within closely related pigs, and may be partly
affected by the diversity in the composition and function of gut microbes. To investigate
the components and functional differences of gut microbiota of low and high FE pigs,
high throughput sequencing and de novo metagenomics were performed on pig cecal
contents. Pigs were selected in pairs with low and high feed conversion ratio. The
microorganisms of individuals with different FE were clustered according to diversity.
The genus Prevotella was the most enriched in both groups, and the abundance of
species Prevotella sp. CAG:604 was significantly increased in low efficiency individuals
compared to that in animals showing high efficiency. In contrast, other differential
species, including lactic acid bacteria, were all enriched in the group with good
feeding characteristics. Functional analysis based on the Kyoto Encyclopedia of Genes
and Genomes databases demonstrated that differential genes for the metabolism of
carbohydrates were most abundant in both groups, but pathways of pyruvate-related
metabolism were more intense in pigs with higher FE. All these data indicated that the
microbial environment was closely related to the growth traits of pigs, and regulating
microbial composition could aid developing strategies to improve FE for pigs.

Keywords: metagenomics, cecal microbiome, feed efficiency, feed conversion ratio, pigs

INTRODUCTION

Genetics and the environment together shape the performance of domestic animals, and diet plays
an extremely important role in production (Aggrey et al., 2010). A major way to reduce costs in
the pig industry is to improve feed efficiency (FE), because feed accounts for more than 60% of the
production cost (Jing et al., 2015). To enhance pig production, FE should be improved, and this
can be measured using residual feed intake (RFI) or feed conversion ratio (FCR). The FCR is the
amount of feed consumed per unit of body weight gain during a specified period, and is calculated
as the feed intake divided by the weight gained. Thus, an animal with a high FCR is less efficient
at converting feed into body mass than one with a low FCR. In previous studies, the heritability
values for FCR ranged from 0.13 to 0.31 (Do et al., 2013).
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Owing to the rapid development of metagenomic studies, the
gut microbiota was identified as markedly influencing animal
health and performance. Correlations have been determined
between intestinal microbes and host. The scientific community’s
understanding of intestinal microflora has improved. The gut
microbiota improves the energy harvesting capacity (Turnbaugh
et al., 2006). Changes in the gut physiology and gut microbial
composition were reported to improve FE, together with genetic
changes (Lumpkins et al., 2010). The microflora can have a
negative impact on the host in various ways, including using
excessive amounts of energy, and causing host energy diversion
to the immune system by inducing inflammatory responses
(Turnbaugh et al., 2006). Variation in the diversity of gut
microbes has been associated with differences between different
breeds of pigs (Yang et al., 2014), and various growth stages (Kim
et al., 2015) or intestinal segments (Kim and Isaacson, 2015),
as a result of different genetic and environmental factors. Some
nutrients such as resistant starch (RS), which cannot be digested
completely in the small intestine, need to be fermented by cecal
and colonic microbes to produce short-chain fatty acids (SCFAs)
(Knudsen et al., 2012). Feed conversion efficiency is closely
related to the genetic diversity of the gut microbiota (Singh et al.,
2012, 2014). Therefore, even for animals reared under the same
environmental conditions, there is a clear link between the gut
microbiota and pig productivity.

The gut microbiota was demonstrated to participate in
the regulation of energy harvesting efficiency of the host,
which was significantly associated with body weight gain (Looft
et al., 2012, 2014; Kim et al., 2015; Kim and Isaacson, 2015).
The microorganisms harbored in the gastrointestinal tract of
animals have coevolved with their hosts (Ley et al., 2006).
The study of community structure and functional capacity of
gut microbiota was helpful for better understanding of the
relationships between microbial function and host physiology
and metabolism. Revealing the taxonomic composition and
functional capacity of gut microbiota and their interaction with
the host should facilitate understanding the roles they play in
the host, and may improve pig production by increasing the
component of FE associated with microorganisms. The study on
the fecal microbiome in different fatness found that the cecal
microbiome has the stronger ability to degrade xylan, pectin and
cellulose (Yang et al., 2016) and taxon and functional capacity
of fecal microbiota in low and high FCR broilers (Singh et al.,
2014), there also has been not many researches on the functional
capacity of gut microbial species associated with FE in animals,
including pigs.

In this study, high throughput sequencing of metagenomes
were undertaken to investigate differences between the microbial
communities found in the cecal contents of female finishing
Landrace pigs with high and low FE. We determined whether
the different structural and functional characteristics of the
bacterial populations between the two groups (high and
low FE) were correlated with pig production performance. The
putative microorganisms identified were associated with nutrient
digestion and growth traits. This study may lead to an improved
understanding of digestion in the large intestine, while providing
novel insights into growth traits.

MATERIALS AND METHODS

Animals and Tissues
In this trial, feed intake and body weight of 120 female Landrace
pigs of 120–165 days of age were recorded using a Velos (Nedap
Co., Ltd., Groenlo, Netherland) automated individual feeding
system, which recorded each pig’s intake of feed and weight by
recognizing the electronic ear mark during the feed eating per
time. The FCR (FCR, feed intake divided by the weight gained)
was then obtained. The pigs were provided the same commodity
feed and clean water ad libitum throughout the experiment, and
housed in an environmentally controlled room (10 pigs in each
pen), provided by the Tianjin Ninghe Primary Pig Breeding Farm
(Ninghe, China). All the experimental pigs were kept healthy
and were provided a full range of feed lacking antibiotics and
medicines. Pedigree information of all animals was available. The
FCR in the high FE group (20 animals) was significantly different
from that of the low FE group (20 animals) (Supplementary
Figure S1). Two full-sib pairs and two half-sib pairs were selected,
with each pair having opposite FCR phenotypes (Supplementary
Table S1). We defined the low (Lce) group as individuals with
low FE and high FCR values, and pigs with high FE and low FCR
values were in the high (Hce) group.

The eight selected pigs were euthanized at 166 days of age,
and digesta samples were collected from the cecum lumen of each
pig within 20 min of euthanization. All samples were collected in
sterile tubes and stored in liquid nitrogen as soon as possible until
required for further analysis. All the methods were carried out
in accordance with the approved guidelines (GB/T 17236–2008)
from the Quality Supervision, Inspection, and Quarantine of
the People’s Republic of China. All experimental protocols
were approved by the Animal Welfare Committee of China
Agricultural University (permit number: DK996).

DNA Preparation and Sequencing
DNA was extracted and purified from cecal contents using
QIAamp DNA Stool Mini Kit (Qiagen Ltd., Germany)
following the manufacturer’ s instructions. The integrity of
DNA was checked using 1% agarose gel electrophoresis, and
the concentration of DNA was measured using a UV-Vis
spectrophotometer (NanoDrop 2000c, United States).

Metagenomic DNA libraries were constructed with an insert
size of 350 base pairs (bp) for each sample following the
manufacturer’s instructions (Illumina) (Qin et al., 2010). The
libraries for metagenomic analysis were sequenced on an
Illumina HiSeq 2500 platform by an Illumina HiSeq - PE150 bp
strategy.

All the sequencing data were deposited in the National
Center for Biotechnology Information Short Read Archive under
Accession no. SRP108960.

Data Analysis
Quality Control
Illumina raw reads were treated to remove reads with low
qualities, trim the read sequences, remove adaptor, and remove
the host sequences. Specifically, reads with adaptor or more than
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3 N bases were removed. The 3′ end of the read was trimmed
and bases with low quality (Phred score < 20) were removed,
as were reads with original length shorter than 50 bp. Host (pig)
genomic DNA sequences were removed by SOAPaligner (v 2.21)
(Li et al., 2008).

Taxonomy Annotation
The remaining clean reads were assembled by the SOAPdenovo
software (v 1.05) (Li et al., 2008), mapping to microbial genomes
in NCBI. The parameter is −m 4 −r 2 −m 100 −x 1000
(Qin et al., 2014). Then, the aligned reads were classified at
Kingdom, Phylum, Class, Order, Family, Genus, and Species
levels, and abundance was determined. The taxonomy profile
was constructed at different levels. Principal component analysis
(PCA) was used to determine whether there was any similarity
between the composition of samples from the same condition.
Box plots were generated with the coordinate values of each
group, to judge if the first principal component and the second
principal component had a significant effect on the sample
distribution. Based on the non-parametric Kruskal–Wallis (KW)
sum-rank test, LDA Effect Size (LEfSe) analysis was performed
at the species level to determine the community or species
that had a significant effect on the division of the samples
(Segata et al., 2011).

Construction of Gene Set and Differential Gene
Analysis
Using SOAPdenovo software (version 1.05), which is based on the
De-Bruijn graph (Li et al., 2010), the filtered data were assembled
by different sizes of Kmer (51, 55, 59, and 63). Scaffolds were
broken into new scaftigs at their gaps. Meanwhile, we estimated
the number of scaftigs ≥ 500bp, and selected assembly results
with maximum N50 values (Qin et al., 2014).

MetaGeneMark (v 2.10) was employed for prediction of
bacterial open reading frames (ORFs) (Noguchi et al., 2006).
Gene sequence lengths less than 100 bp were filtered out, and
the remaining sequences were translated into the corresponding
amino acid sequences.

All predicted genes were clustered (identity > 95%,
coverage > 90%) using CD-HIT1 (Li and Godzik, 2006).
Selecting the longest gene sequence in each cluster and removing
the redundant genes allowed construction of a non-redundant
gene set.

Clean reads were compared to the non-redundant gene set by
SOAPaligner (Li et al., 2008) matching the parameters described
above. The abundance of each gene in the sample can be
calculated based on the number of reads mapped to each gene.
The sum of the abundance of each gene in one sample is 1, and
the abundance is expressed as the relative abundance. According
to the abundance of each gene, the differential genes were
screened via the Wilcox rank-sum test, p-value was calculated
(Qin et al., 2014).

Functional Annotation Analysis
The set of genes was aligned with the Kyoto Encyclopedia
of Genes and Genomes (KEGG) gene database using BLAST

1http://www.bioinformatics.org/cd-hit/

(BLAST Version2 2.2.28+) to obtain the KO annotation
information from the KEGG database (Kanehisa et al., 2004).
The differential genes between the groups by rank sum test were
aligned with the KEGG database. Thus, the metabolic pathway
information of each differential gene was obtained.

Gene sequences were used by BLAST to compare with
the Carbohydrate-Active enzymes database (CAZy) to get the
information on species source, the functional classification of
EC, the gene and protein sequence, and the protein structure
of CAZymes (Lombard et al., 2014), and with the Antibiotic
Resistance Genes Database (ARDB) to obtain the type, quantity,
and function information of antibiotic resistance genes (Liu and
Pop, 2009).

RESULTS

Sequencing of the Cecal Microbiota
The DNA of cecal digesta was extracted, fragmented, and
sequenced by Illumina HiSeq PE-150, which generated a total
of 62 Gbp of clean reads for eight samples, with an average
sample size in the high group of 7.4 Gbp, and 8.1 Gbp in the low
group. However, only 10 million reads were mapped to microbial
genomes (Supplementary Table S2), because about three quarters
of the reads originated from eukaryotic DNA, which belongs
to feed residue. The microbial DNA could not be separated
from eukaryotic DNA of the feed residue easily in experimental
conditions, leading to a high proportion of contaminating reads.
In addition, there were possibly many reads from microbes that
exist in the environment but do not have genomic sequences
present in the NCBI database (Hong et al., 2016).

Taxonomic Composition of Cecal
Microbiota
The taxonomic composition was calculated using metagenomics
methods at the phylum and genus levels (Supplementary
Figures S2, S3). A study by Looft et al. (2014) showed
that, at the phylum level, Bacteroidetes was the dominant
group in the cecum (Looft et al., 2014), and this result was
close to the results from metagenomics analysis in this study.
Approximately half of the bacteria were unclassified or accounted
for extremely small percentages of all groups at the genus
level.

To evaluate the similarity of individuals in a group, and to
elucidate whether the microbial composition had a connection
with FE, PCA was performed based on the abundance profiling
of microbes at the genus and species levels. Figure 1A shows that
there were clear significant differences between the Hce and Lce
groups in the first dimension (P = 0.029).

Different Species of Cecal Microbiota
between High and Low FE Groups
The PCA analysis revealed that differences in the organismal
structure of cecal microbiota were present between the Hce and

2http://blast.ncbi.nlm.nih.gov/Blast.cgi
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FIGURE 1 | Microbial composition at the genus and species levels differs between cecal digest samples of high and low feed efficiency (FE). (A) Principal
component analysis (PCA) of metagenomics based genera. (B) PCA of metagenomics based species. The boxes were tested by Wilcoxon test in the first dimension
and second dimension between groups.

Lce groups (Figure 1). Differences in metagenomic taxonomic
composition at the species level were identified. Over 300
species exhibited significant differences by the Wilcoxon test,
and are shown in Supplementary Table S3. Interestingly, a
comparable enrichment analysis of species between the two
groups by linear discriminant analysis (LDA) plot revealed that
some species were unique biomarkers to cecal microbes of the
high or low FE group (Figure 2). The LDA Effect Size (LEfSe)
based on non-parametric Kruskal–Wallis (KW) sum-rank test
results showed only one species, Prevotella sp. CAG:604, had
a significant effect, and could be considered as a potential
biomarker for the Lce group. The remainder belonged to the
Hce group, and Oscillibacter sp_ER4 had the highest LDA
score. Oscillibacter is known as a probiotic and producer of
anti-inflammatory metabolites (Li et al., 2016). These biomarkers
associated with nutrient metabolism and disease prevention
showed significantly different abundance, consistent with the
better overall health of the Hce group compared with that of the
Lce group.

By mapping to the microbial genome, metagenomics species
(MGS) were identified in both groups, with 314 species showing
significant abundance differences (by Wilcoxon rank-sum tests)
(Supplementary Table S3). From taxonomic characterization of
the MGS, the top 20 different species showing enrichment are
plotted in Figure 3. Nineteen of the top twenty species that
differed were more enriched in the Hce group. Prevotella sp.
CAG:604 was the only single species concentrated more in the
low group compared to that in the high group. Prevotella sp.
CAG:604 contains some genes that encode proteins involved in
nutrient and energy metabolism, such as BN731_01873, ychF,
gpmI, queF, speA, fmt, etc. There were three MGS of Lactobacillus

(Lactobacillus ruminis, L. amylophilus, and Lactobacillus sp.
N54.MSG-719) in the nineteen species enriched in the Hce group,
with Lactobacillus spp. often considered as probiotics.

A heatmap plot (Figure 4) shows when the major different
species were clustered based on species similarity and relative
abundance, Prevotella sp. CAG:604 was clustered to a unique
branch compared to other species. These results indicated that
the species Prevotella sp. CAG:604 might be a potential biomarker
for distinguishing between the cecum microbiota of the high and
low FE groups.

Comparison of Functionality of the Cecal
Microbiome between High and Low FE
Groups
The functional classification results could help to clarify the
metabolic differences between groups. The different aspects
between high and low FCR phenotypes may possibly indicate the
microbes that affect nutrient metabolism.

The different predicted genes are listed in Supplementary
Table S4, with more than forty thousand (48221) assembled
sequences showing significant differences by Wilcox rank-sum
test with a P-value < 0.05 (Qin et al., 2014). To elucidate
the distribution of samples based on different genes, PCA was
performed for the eight samples (Supplementary Figure S4).
The composition of predicted genes displayed visible differences
between the groups.

The different genes were aligned to the CAZy, and categorized
into seven CAZy types (Supplementary Figure S5) (Lombard
et al., 2014). Glycoside hydrolases were enriched most in both
high and low groups, and next were the glycosyl transferases.
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FIGURE 2 | LDA Effect Size (LEfSe) analysis of cecal microbiota between high feed conversion ratio (FCR) and low groups at the species level. LDA (linear
discriminant analysis) plot indicates biomarkers found by ranking accordingly to their effect size (2.0) of the species.

Many coexisting microbes compete for nutrients in the cecal
fluid, and some microbes may produce antibiotics or toxins to
inhibit the growth of others. Analyzing genes by the ARDB

can allow annotation of the abundance and the strength of
antibiotic resistance genes (Hong et al., 2016). The heatmap of
Supplementary Figure S6 shows that from the abundant AR
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FIGURE 3 | Boxplot for top 20 differentially enriched species between the Hce and Lce groups. Hce, cecal microbiota of high FE group. Lce, cecal microbiota of low
FE group.

types after z-score processing, the type “MacAB” was the most
aligned in both groups. However, the AR types clustered by
samples were separated into two major areas. This suggested
that the microbe-contributed AR genes were different between
the two groups, and regulating the microbial composition might
affect the growth of undesirable microbes in response to certain
antibiotics.

Differential genes were dominated by the carbohydrate
metabolism category in the clustering base subsystem of KEGG
pathways, as expected, in Figure 5, where the differential genes
between the groups by rank sum test were aligned with the KEGG
database. The metabolic pathway information of each differential
gene was obtained. Amino acid metabolism, energy metabolism,
nucleotide metabolism, metabolism of cofactors and vitamins,
and transcription were represented in relatively high abundance
in both groups.

The differential pathways were then investigated
(Supplementary Table S5), and 11 pathways were significantly
different with p < 0.05. Apart from nitrogen metabolism and
other glycan degradation, nine of the eleven pathways showed
higher expression in the Hce group: ATP-binding cassette (ABC)
transporters, bacterial chemotaxis, D-Arginine and D-ornithine
metabolism, flagellar assembly, lysine degradation, phenylalanine
metabolism, sulfur relay system, synthesis and degradation of
ketone bodies, and two-component system. Bacterial chemotaxis
and flagellar assembly are closely related, affected microbiological
performance and development. ABC transporters play roles in
the import of essential nutrients, the export of toxic molecules,
and also mediate the transport of many other physiological
substrates (Davidson et al., 2008). The differential pathways
categorized as synthesis and degradation of ketone bodies, sulfur
relay system, lysine degradation, other glycan degradation,
D-Arginine and D-ornithine metabolism, and phenylalanine
metabolism were classified to nutrient metabolism. The higher

abundance of these pathways indicted that the positive activities
of some nutrient metabolism pathways in Landrace pigs may be
involved in faster growth.

In addition, some differential genes in the Hce group that
were related to ABC transporters, lysine degradation, and
phenylalanine metabolism could be mapped to Desulfovibrio
piger, which is considered to be an intestinal sulfate-reducing
bacterium (Kushkevych, 2015) expressing pyruvate-ferredoxin
oxidoreductase. Lactobacillus was matched to the two-
component system in the Hce group, but Prevotella matched in
the Lce group. Prevotella also matched nitrogen metabolism and
other glycan degradation, two pathways that were enriched in
the Lce group.

As shown in Figure 6, the differential genes were mapped to
KEGG, the significantly abundant pathways differing between
groups were obtained, and the majority of the pathways were
interrelated and connected with degradation of nutrients. All
the pathway information of Figure 6 is annotated at the
KEGG website. The EC 2.6.1.21 (D-amino-acid transaminase)
enriched in Hce is responsible for degradation of amino
acids. EC 2.3.1.9 is defined as acetyl-CoA C-acetyltransferase,
which is involved in many pathways of degradation and
metabolism.

DISCUSSION

To reduce false-positive results caused by genetic background
noise and the number of replicates (Xing et al., 2016), two
full-sib pairs and two half-sib pairs of pigs with opposing FCR
phenotypes were used. Previous studies on broilers involving
feed conversion efficiency trials have revealed that fecal bacteria
are linked to body weight gain (Singh et al., 2014). The
compositions and functional annotations of cecal microbiota

Frontiers in Microbiology | www.frontiersin.org 6 August 2017 | Volume 8 | Article 1546

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01546 August 9, 2017 Time: 14:59 # 7

Tan et al. Cecal Microbiome of Landrace Finishing Pigs

FIGURE 4 | Heatmap cluster analysis of species based on differentially abundant cecal microbiota between the high and low FE groups. The relative levels of
abundance are depicted visually from green to red; red represents the highest abundance, whereas green represents the lowest level of abundance. Vertical
clustering indicates the similarity in expression between all species in different samples. Horizontal clustering indicates the similarity in abundance of the species of
each sample.
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FIGURE 5 | Distribution of category of differential genes by KEGG. KEGG, Kyoto Encyclopedia of Genes and Genomes; Hce, cecal predicted genes of high FE
group. Lce, cecal predicted genes of low FE group.

FIGURE 6 | Summarized KEGG pathways of genes significantly abundant in Hce group comparing to Lce. Hce, cecal predicted genes of high FE group. Lce, cecal
predicted genes of low FE group. Genes significantly abundant in the Hce are annotated in red; the black solid lines correspond to only one reaction on KEGG
pathway; the yellow solid lines indicate a link to another map; the dotted lines indicate more than one reaction.

were characterized for pigs with divergent FE phenotypes during
the finishing period here. We searched for the presence of unique
genera and/or genes potentially associated with digestion and
absorption of nutrients.

The number of mapped reads was a little smaller, but
excluding host DNA (average about 2%) and eukaryotic DNA
of the feed residue (appropriate 75%), the proportion of mapped
reads will be up to 20%, besides that the number of contigs was
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normal by the reference (Xiao et al., 2016). While the assembled
contig length was 155.7 M ± 40.5 M, and total gene number was
999,791 ± 255,664 in Xiao et al found. The assembled contig
length was 143.7 M, and total gene number was 650,604 in
average in my study.

Firmicutes and Bacteroidetes were the most abundant phyla
in cecal microbiota of piglets in both groups, accounting for
more than 80% of the bacterial community, consistent with
previous studies (Pedersen et al., 2013; Kim and Isaacson, 2015).
The predominant three genera in the cecum of both groups
were Prevotella, Bacteroides, and Lactobacillus. The Lce group
had a higher proportion of Prevotella than the Hce group
(Supplementary Figure S3). A higher abundance of Prevotella
is probably related to the presence of fructo-oligosaccharides
and starch in the lower intestine (Metzler-Zebeli et al., 2013).
Prevotella was also considered to be a polysaccharide-degrading
bacterial genus, associated with the ability to degrade mucin and
plant-based carbohydrates (Lamendella et al., 2011; Patel et al.,
2014).

Previous reports showed that Lactobacillus was involved in
the metabolism of bile acids, which is related to obesity and
metabolic syndrome, and the metabolism of phenolic, benzoyl,
and phenyl derivatives, which is associated with weight loss
(Nicholson et al., 2012). The different abundance of Lactobacillus
might cause the diversity of energy metabolites in the high
and low FE groups. Lactobacillus, a member of the lactic acid
bacteria (LAB), is commonly used as a probiotic. Some species of
Lactobacillus help to shape the composition of the gut microbiota
by producing antimicrobial bacteriocins (Kim and Isaacson,
2015). Bacteroides fermented various sugar derivatives from
plant material and have some benefits for the host, and members
of Bacteroides affect the lean or obese phenotype in humans
(Ridaura et al., 2013). Several species of Lactobacillus are LAB that
are used as probiotics, which convert carbohydrates to lactic acid
in homofermentation or heterofermentation, or to acetic acid
in heterofermentation. The acidified environment produced by
these two acids can inhibit the growth of other microbes (Sami
et al., 1997).

The other top different MGS were also correlated with
conversion and metabolism: Acetivibrio ethanolgignens could
not degrade cellulose, but can produce ethanol; Butyricicoccus
sp. N54.MGS-46 may be a butyrate-producing microbe (Takada
et al., 2016); and Roseburia, Lachnospiraceae and butyrate-
producing bacterium SM4/1 were also regarded as butyrate-
producing bacteria (Duncan et al., 2002; Meehan and Beiko,
2014). Other studies showed that many species belonging to
the family Erysipelotrichaceae were enriched in diet-induced
obese animals (Turnbaugh et al., 2008). The more vigorous
bacteria produced volatile fatty acids and their derivatives
in the Hce group compared to that in the Lce group,
suggesting that the digestion of the Hce group is more
effective than that that of the Lce group and consistent with
high FE.

From heatmaps and PCA plots, intra-group samples could
be separated from inter-group ones. The Prevotella sp. CAG:604
enriched in the Lce group was clustered away from other
species enriched in the Hce group. The differential genes

between the groups were analyzed with the KEGG gene
database, and metabolic pathway information of differential
genes was obtained. Carbohydrate metabolism was the metabolic
pathway most enriched in both groups of differential genes. The
non-digestible carbohydrates in the small intestine, including
cellulose, xylan, and resistant starch, are fermented in the large
intestine by microbiota to yield energy for microbial growth, and
the end products are volatile fatty acids and their derivatives
(Tremaroli and Backhed, 2012).

Carbohydrate metabolism was observed in both groups but
involved significantly different genes. CAZymes in assembled
different genes were screened for potential complex carbohydrate
degradation (Supplementary Figure S5). Glycoside hydrolases
(GHs) were enriched in both groups, indicating that the majority
were related to carbohydrate hydrolysis. However, they were
not the same genes in the two groups. Moreover, this result
illustrated the pathways of carbohydrate metabolism might be
variant between the Hce and Lce groups. From Supplementary
Figure S5, more genes were concentrated in the Lce group,
inconsistent with results from other studies that higher CAZy
enzymes were associated with better digestive capacity of
pigs (Ramayo-Caldas et al., 2016). When the results were
clustered by differences in genes, rather than pathways, they
differed.

The predicted genes were specifically annotated using the
ARDB. Highly abundant annotations listed in a heatmap
(Supplementary Figure S6) showed that the individuals of
two groups could be grouped into two categories based
on antibiotic resistance genes, with the concentrations in
different categories. AR gene analysis suggested that diversity
existed between individuals with various growth phenotypes.
Suppressing the growth of undesirable microbes by regulating
microbial composition might be helpful to promote healthy
growth of animals (Hong et al., 2016). Health programs could
possibly be developed to improve the growth efficiency of pigs
by targeting different levels of the specific resistance gene in
individuals with different FE.

The KEGG results were consistent with previous reports.
The Hce group harbored a relatively high abundance of
genes associated with pyruvate- and butyrate-related metabolism
(Figure 6), part of carbohydrate metabolism, and one of the main
sources of SCFAs that were later absorbed by the host (Krishnan
et al., 2015). By mapping the differential genes in different
pathways to the bacterial genome, D. piger was related to ABC
transporters, lysine degradation, and phenylalanine metabolism,
Lactobacillus matched to the two-component system in the Hce
group, and Prevotella was related to nitrogen metabolism, other
glycan degradation and the two-component system in the Lce
group. These results were consistent with higher abundance
of Lactobacillus in the Hce group and Prevotella in the Lce
group.

Moreover, these differential pathways could be installed in
series, and the EC 2.3.1.9 and EC 2.6.1.21 participating in
these metabolic pathways were highly expressed in the Hce
group. EC 2.3.1.9 (Acetoacetyl-CoA thiolase) catalyzes the
cleavage of acetoacetyl-CoA into acetyl-CoA and its reverse
reaction (Fox et al., 2014), and EC 2.6.1.21 (D-Amino acid
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aminotransferase) catalyzes the inter-conversion between various
D-amino acids and alpha-keto acids (Fuchikami et al., 1998).
They are responsible for fatty acid degradation and potentially
produce medium chain fatty acids for energy supplementation,
helping growth of the host.

The pathways of bacterial chemotaxis and flagellar assembly
were also increased in the Hce group, suggesting a better growth
environment for microorganisms in the Hce group than in the
Lce group. These metabolic differences, and especially resulting
compounds, possibly influence both microbial composition and
growth of the host.

CONCLUSION

In summary, there were differences in the cecal microbiota of
individuals with different FE. Microorganisms that differed in
abundance were mainly related to carbohydrate metabolism
and may affect the growth of the host. The cecum of
individuals with high FE contained more potential probiotics
such as some species of Lactobacillus. Functional analysis
revealed that the differentially expressed genes affect the
host’s energy absorption mainly through the pathway of
pyruvate-related metabolism. Taken together, these results
indicated that the microbial environment was closely related
to the growth traits of pigs, and regulation of microorganism
composition could be applied to the pig production
industry.
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