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Abstract: High-fiber, low-cost agricultural byproducts offer a sustainable alternative for mitigating
the competition for crops between humans and livestock. Pigs predominantly utilize dietary fibers
through the process of microbial fermentation within the gut. This study explored the gut microbiota
and the capacity for carbohydrate degradation in 30 individual Lantang pigs, a breed indigenous to
China. Through metagenomic analysis, a total of 671 metagenome-assembled genomes (MAGs) were
assembled and assigned into 14 bacterial and 1 archaeal phylum, including 97 species from uncultured
microbes. The phylum with the highest abundance were identified as Bacillota_A, Bacteroidota, and
Bacillota. Remarkably, the investigation revealed nearly 10,000 genes implicated in the degradation
of carbohydrates, with a pronounced prevalence within five principal bacterial genera: Prevotella,
Cryptobacteroides, Gemmiger, Vescimonas, and Faecousia. Additionally, 87 distinct types of carbohydrate-
degrading enzymes were exclusively identified within the gut microbiota of the Lantang pig. These
insights not only enhance our understanding of the microbial diversity specific to native Chinese pig
breeds but also augment the body of research regarding porcine fiber degradation capabilities. The
implications of this study are twofold: it provides strategic directions for optimizing feed efficiency
and reducing breeding costs, and it furnishes an expanded gene pool for the microbial synthesis of
industrial enzymes in the future.

Keywords: dietary fiber; enzymes; archaea; Prevotella; Chinese native pig

1. Introduction

China, being the foremost consumer of pork, harbors a diverse array of native pig
breeds [1,2]. The Lantang pig, a breed indigenous to South China, is known by its excellent
traits, such as strong adaptability to hot and humid environments, as well as a preference
for a high-fiber diet [3]. Nonetheless, the majority of mammals, including Lantang pigs, are
lacking in the enzymes necessary for digesting complex carbohydrates [4]. The degradation
of dietary carbohydrates and host-derived polysaccharides primarily relies on the gut
microbiota and the numerous carbohydrate-active enzymes (CAZymes) produced by the
primary degraders [5]. CAZymes are naturally fermented by microbes—in short, fiber-
degrading microbes that produce enzymes such as cellulases—which break down cellulose
and other complex polysaccharides and indigestible plant fibers in the gut into smaller
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sugar molecules that can be fermented by the colonic microbiota into short-chain fatty acids
(SCFAs), primarily acetate, ropionate, and butyrate [6–8]. A recent study has discovered
that the levels of SCFAs are notably higher in the colons of Jinhua pigs, which have a lower
fat content [9]. These compounds play crucial roles in mammalian energy metabolism,
intestinal physiology, and immune function [10,11].

Plant cell walls are composed of multiple complex biopolymers, including cellulose,
hemicellulose, and lignin [12,13]. These substances impart toughness and resistance to plant
cell walls. Breaking the chemical bonds and structures within plant cell walls requires the
involvement of multiple glycoside hydrolase (GH) families [14]. Currently, these enzyme
activities are classified into 187 GH families based on their sequence and their functional
and structural characteristics. In addition to GH activity enzymes, the degradation of
complex polysaccharides also involves carbohydrate esterases (CE) and polysaccharide
lyases (PL) [15,16]. The degradative capabilities of enzymes are of significant importance
in biotechnology and industrial applications [17,18].

The rapid development of high-throughput sequencing technologies and bioinfor-
matics tools have improved in-depth studies of the gastrointestinal microbiota of animals.
The mammalian gut microbiome represents a complex and dynamic microbial ecosys-
tem, influenced by genetic and environmental factors, with diet being a decisive factor
in the variation of gut microbial communities [19–21]. Native pig breeds exhibit superior
fiber digestion capabilities [22]. A comparison of the gut microbiota between Ningxiang
and Large White pigs revealed that the Ruminococcaceae_NK4A214_group, Parabacteroides,
and Ruminantium_group genera are more abundant in Ningxiang pigs, all of which have
the capacity to degrade plant polysaccharides [23]. The gut microbiome of Lantang pigs
is primarily composed of Bacillota_A and Bacteroidota, formerly recognized as Firmi-
cutes and Bacteroidetes, respectively, which are also prevalent in the human gut and the
rumen [24,25].

Despite extensive research on the meat quality and growth performance of Lantang
pigs [26], studies on the specific mechanisms of fiber degradation, influencing factors, and
comparisons with other native pig breeds are relatively limited. Within this context, we
hypothesize that, compared to other pig breeds such as Duroc pigs, the gastrointestinal
microbiota of Lantang pigs possesses a unique composition and demonstrates specialized
functionality, particularly in the diversity and activity of CAZymes, leading to a superior
capacity for fiber degradation. We posit that this fibrolytic advantage primarily stems from
a higher abundance and broader diversity of specific microbial taxa and CAZymes within
the gut of Lantang pigs. The synergistic effect of these components significantly enhances
the efficiency of plant fiber breakdown and utilization, thereby positively impacting the
energy metabolism, intestinal health, and overall growth performance of Lantang pigs.

To reveal unknown microbial species in the gut capable of degrading complex carbo-
hydrates, we performed shotgun metagenomic sequencing on the fecal samples of Lantang
pigs. By assembling MAGs and analyzing the abundance features of these MAGs, we
identified carbohydrate families unique to the Lantang pig’s gut. Moreover, we discovered
an abundance of carbohydrate-degrading enzymes in the MAGs of uncultured species.
This article aims to provide comprehensive profiles of the CAZymes in Lantang pigs, which
would provide guidance for the microbial resource utilization of Lantang pigs.

2. Materials and Methods
2.1. Experimental Design

This study aimed to analyze and compare the gut microbiota composition of Lan-
tang pigs and Duroc pigs. Conducted at a commercial breeding farm in Shaoguan City,
Guangdong Province, China, a total of 60 pigs, comprising 30 Lantang pigs and 30 Duroc
pigs, were selected as the sample sources. The Duroc pigs were aged 50 ± 5 days, with an
average weight of 11.8 kg, while the Lantang pigs were aged 95 ± 5 days, with an average
weight of 17.3 kg. After weaning at 21 days, the pigs were transferred to individual pens,
which were spacious enough to allow them free movement and rotation, ensuring basic
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standards of animal welfare were met. Throughout the experimental period, we fed the
pigs with commercial feed. Feeding was ceased one day prior to sample collection, though
water was freely available.

Samples were collected using cotton swabs to obtain rectal feces. These samples
were immediately placed into pre-labeled plastic cryogenic tubes, then immersed in liquid
nitrogen to preserve freshness and prevent alterations in microbial composition. Within
12 h of collection, the samples were transferred to a −80 ◦C freezer in the laboratory for
subsequent analysis.

It is noteworthy that all pigs remained healthy throughout the study period and were
not administered any antibiotics or probiotics to avoid affecting the composition of the
gut microbiota. This research strictly followed the “Regulations on the Management of
Laboratory Animals” established by the Ministry of Science and Technology of the People’s
Republic of China, ensuring the scientific integrity and ethical compliance of the experiment.
Furthermore, the study received approval from the Animal Ethics Committee of Foshan
University (Approval no. 2019029902).

2.2. Genomic DNA Extraction and Metagenomic Sequencing

Bacterial DNA was extracted utilizing TIANGEN reagents by Novogene Bioinfor-
matics Technology Co., Ltd. (Beijing, China), following the manufacturer’s protocols. To
ensure sample freshness and experimental accuracy, samples were preserved in liquid
nitrogen and promptly transported to the laboratory for storage at −80 ◦C. During DNA
extraction, fecal material was placed in 2 mL centrifuge tubes containing 1.5 mL of PBS
buffer, followed by centrifugation at 6000 rpm for 5 min. Gel electrophoresis using agarose
assessed DNA purity and integrity, while the Nanodrop system determined DNA purity
through the OD 260/280 ratio. Accurate DNA quantification was performed using Qubit
2.0. Upon passing quality checks, DNA underwent random fragmentation using a Covaris
ultrasonicator (Covaris, Woburn, MA, USA), followed by end repair, A-tailing, adapter
ligation, purification, and PCR amplification to complete the entire library preparation
process. After the library construction, initial quantification using Qubit 2.0 was followed
by library dilution, fragment size analysis using an Agilent 2100 (Agilent, Santa Clara, CA,
USA), and precise quantification of effective library concentration using Q-PCR to ensure
library quality. Based on the effective concentration and the desired volume of target data
for sequencing, different libraries were pooled for clustering on the cBOT system, followed
by high-throughput sequencing on the Illumina NovaSeq 6000 platform (Illumina, San
Diego, CA, USA).

2.3. Bioinformatics

Quality control of raw reads was conducted using Trimmomatic v0.39 [27] with the
following parameters: -threads 30 LEADING:3 TRAILING:3 SLIDINGWINDOW:5:20
MINLEN:60. Subsequently, host contamination was removed by mapping all trimmed
reads to the pig reference genome (Scrofa 11.1) using bowtie2 v2.5.1 [28,29]. Quality reports
for the metagenomic reads of each sample were generated using seqkit v2.6.1 [30].

To reconstruct microbial genomes from metagenomic data, we employed the spades
v3.15.5 [31] tool for metagenomic assembly and contig construction. Contigs from each
sample were binned using the MetaBAT2 v2.12.1 [32]. A total of 2758 MAGs were ob-
tained, which were then assessed for completeness and contamination using the CheckM
v1.2.2 [33]; MAGs with completeness greater than 50% and contamination less than 10%
were retained [34,35], resulting in 1302 MAGs. Finally, the MAGs were deduplicated using
dRep v3.4.5 [36] with the following parameters: -comp 50 -con 10 -sa 0.99 -p 30. This
resulted in 671 non-redundant MAGs for further analysis. Additionally, after merging the
contigs assembled from all samples, a complete gene set was constructed using Prodigal
v2.6.3 [37], followed by deduplication with the CD-hit v4.8.1 [38].

The GTDB-tk v1.0.2 [39] tool and the latest GTDB database release v214—containing
394,932 genomes representing 80,789 bacterial species and 7777 genomes representing
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4416 archaeal species—were used to infer the taxonomic lineage and construct phylogenetic
trees of MAGs, visualized using iTol v6 [40]. To explore the carbohydrase profile of the
Lantang pig, the latest database from CAZy [41] was downloaded. All genomes were then
annotated for CAZymes using Diamond v2.1.8 [42].

3. Results
3.1. Metagenome-Assembled Genomes

In this study, approximately 217.85 billion reads were obtained through metagenomic
sequencing. Following quality filtering, clean reads were assembled using genome as-
sembly tools. Ensuring completeness of more than 50% and contamination of less than
10%, 1302 MAGs were obtained. Of these, 491 MAGs had completeness greater than 90%
and contamination less than 5%, including 11 MAGs with 100% completeness and 0%
contamination. Subsequently, duplicates were removed based on 99% average nucleotide
identity (ANI) to eliminate redundant MAGs. Eventually, a non-redundant MAG set was
composed of 671 MAGs.

The assembly quality statistics of the 671 MAGs are summarized in Supplementary
Table S1. The genome size of these MAG ranges from 0.55 Mb to 4.86 Mb, with an average
size of 1.86 Mb. The length of N50 for MAGs ranges from 4 kb to 325 kb. Among the
671 MAGs, 241 MAGs (35.92%) exhibit assembly quality nearing completeness (with com-
pleteness greater than 90% and contamination less than 5%). A total of 121 MAGs showed
an extremely high quality with a completeness of more than 95% and contamination of less
than 5%, including three MAGs with 100% completeness and 0% contamination, belonging
to the genera Megasphaera, Ellagibacter, and Methanobrevibacter_A, with Methanobrevibacter_A
being of archaeal origin. As previously mentioned in our article, archaea play a crucial role
in the porcine gut [43].

3.2. Classification of Genomes Based on Taxonomy

The attained MAGs were compared against the Genome Taxonomy Database (GTDB),
facilitating an objective classification analysis across both bacterial and archaeal categories.
Figure 1 presents a phylogenetic tree of 669 non-redundant genomes. Since only two ar-
chaea were classified, both within the Euryarchaeota phylum, under the genus Methanobre-
vibacter_A—with one being Methanobrevibacter_A smithii and the other not identified in the
database—we only display the classification of 669 bacterial genomes here. This phylo-
genetic tree visually illustrates the proportional representation of each bacterial phylum.
The most abundant phylum were Bacillota_A (375 MAGs, 56%), Bacteroidota (114 MAGs,
17%), and Bacillota (105 MAGs, 16%), collectively comprising 89% of the total phylum
identified. The remaining phylum included the following: Actinomycetota (29 MAGs),
Spirochaetota (21 MAGs), Bacillota_C (11 MAGs), Cyanobacteriota (3 MAGs), Chlamydiota
(3 MAGs), Pseudomonadota (2 MAGs), Fibrobacterota (2 MAGs), Patescibacteria (1 MAG),
Fusobacteriota (1 MAG), Desulfobacterota (1 MAG), and Campylobacterota (1 MAG). The
14 phylum were further classified into 45 families, with the three most abundant families
all stemming from the Bacillota_A phylum: Lachnospiraceae (109), Oscillospiraceae (76),
and Ruminococcaceae (62). At the genus level, a total of 199 genus were classified, with the
most abundant being Prevotella (43), Cryptobacteroides (31), and Gemmiger (26). Additionally,
a genus within the Ruminococcaceae family was not identified in the database and is
represented by the placeholder “g__”. At the species level, annotations were made for
303 species, with the top three species by abundance being Cryptobacteroides sp004552965
(13), UBA636 sp002299675 (12), and Collinsella sp002391315 (11), respectively. Notably, the
number of species represented by the placeholder “s__” amounts to 97. This indicates that
there are 97 species yet to be cultured, underscoring the potential for further enriching the
GTDB in the future. The bacterial abundance distribution at the phylum and genus levels
in Lantang and Duroc pigs is illustrated in Figure 2. In comparison with the microbial
communities of Duroc pigs, overall, the total bacterial quantity and diversity within the
intestinal tract of Lantang pigs are significantly higher than those observed in Duroc pigs.
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Overall, all 671 genomes could be classified to the family level at least, using the GTDB
database (see Supplementary Table S1). Notably, certain bacteria have been confirmed
to possess fiber-degrading capabilities, for instance, 43 MAGs represent the genus Pre-
votella, which exhibits significant fibrolytic activity [44]. It can produce xylanase to break
down plant fibers [45]. Prevotella also contains numerous enzymes capable of degrading
polysaccharides [46]. Additionally, two MAGs represent the genus Ruminococcus, which in-
cludes proficient cellulose-degrading species such as Ruminococcus albus and Ruminococcus
flavefaciens. These species can produce copious amounts of cellulase and hemicellulase to
decompose fibers. Ruminococcus flavefaciens is capable of degrading cellulose and hemicellu-
lose via the cellulolytic pathway [47]. Cellulosomes represent sophisticated multienzymatic
assemblies synthesized by anaerobic cellulolytic bacteria to facilitate the breakdown of lig-
nocellulosic biomass. These complexes consist of a scaffoldin core, serving as the structural
foundation, to which diverse enzymatic units are attached for biomass degradation.



Fermentation 2024, 10, 207 6 of 12Fermentation 2024, 10, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 2. Quantities of bacteria in Lantang pigs and Duroc pigs at different taxonomic levels. (A) 
The graph represents the bacterial quantities at different phylum levels. (B) The graph represents 
the bacterial quantities at different genus levels. 

Overall, all 671 genomes could be classified to the family level at least, using the 
GTDB database (see Supplementary Table S1). Notably, certain bacteria have been con-
firmed to possess fiber-degrading capabilities, for instance, 43 MAGs represent the genus 
Prevotella, which exhibits significant fibrolytic activity [44]. It can produce xylanase to 
break down plant fibers [45]. Prevotella also contains numerous enzymes capable of de-
grading polysaccharides [46]. Additionally, two MAGs represent the genus Ruminococcus, 
which includes proficient cellulose-degrading species such as Ruminococcus albus and Ru-
minococcus flavefaciens. These species can produce copious amounts of cellulase and hem-
icellulase to decompose fibers. Ruminococcus flavefaciens is capable of degrading cellulose 
and hemicellulose via the cellulolytic pathway [47]. Cellulosomes represent sophisticated 
multienzymatic assemblies synthesized by anaerobic cellulolytic bacteria to facilitate the 
breakdown of lignocellulosic biomass. These complexes consist of a scaffoldin core, serv-
ing as the structural foundation, to which diverse enzymatic units are aĴached for biomass 
degradation. 

3.3. Overview of Carbohydrate Genes in the Microbiome 
A total of 671 MAGs predicted 911,124 protein-coding genes. We identified 19,264 

genes encoding putative CAZy enzymes (Supplementary Table S2). According to the 
CAZy enzyme classification, the gene library with carbohydrate-active domains was di-
vided into six categories [48], including 8621 glycoside hydrolases (GHs), 7081 glycosyl-
transferases (GTs), 2269 carbohydrate-binding module enzymes (CBMs), 904 carbohy-
drate esterases (CEs), 210 auxiliary activities enzymes (AAs), and 178 polysaccharide ly-
ases (PLs). GHs and CEs are the primary enzymes for fiber degradation, accounting for 
approximately 50% of all CAZyme-encoding genes. At various taxonomic levels of bacte-
rial phylum, the relative abundance of carbohydrate enzymes of different categories is 
depicted in Figure 3A. Numerous studies have demonstrated that among carbohydrate 
enzymes, the GH, CE, and PL families constitute degradative enzymes [49]. Gene counts 
pertaining to distinct phylum have been summarized and are presented in Table 1. On 
average, members of the Fusobacteriota phylum exhibit the highest encoding capacity for 
carbohydrate-degrading enzymes (73), exceeding those in Cyanobacteriota (37), Campyl-
obacterota (27), and Spirochaetota (25). Notably, Bacillota_A, with the largest genome 

Figure 2. Quantities of bacteria in Lantang pigs and Duroc pigs at different taxonomic levels. (A) The
graph represents the bacterial quantities at different phylum levels. (B) The graph represents the
bacterial quantities at different genus levels.

3.3. Overview of Carbohydrate Genes in the Microbiome

A total of 671 MAGs predicted 911,124 protein-coding genes. We identified 19,264 genes
encoding putative CAZy enzymes (Supplementary Table S2). According to the CAZy
enzyme classification, the gene library with carbohydrate-active domains was divided into
six categories [48], including 8621 glycoside hydrolases (GHs), 7081 glycosyltransferases
(GTs), 2269 carbohydrate-binding module enzymes (CBMs), 904 carbohydrate esterases
(CEs), 210 auxiliary activities enzymes (AAs), and 178 polysaccharide lyases (PLs). GHs
and CEs are the primary enzymes for fiber degradation, accounting for approximately
50% of all CAZyme-encoding genes. At various taxonomic levels of bacterial phylum, the
relative abundance of carbohydrate enzymes of different categories is depicted in Figure 3A.
Numerous studies have demonstrated that among carbohydrate enzymes, the GH, CE, and
PL families constitute degradative enzymes [49]. Gene counts pertaining to distinct phylum
have been summarized and are presented in Table 1. On average, members of the Fusobac-
teriota phylum exhibit the highest encoding capacity for carbohydrate-degrading enzymes
(73), exceeding those in Cyanobacteriota (37), Campylobacterota (27), and Spirochaetota
(25). Notably, Bacillota_A, with the largest genome representation (356 out of 671 genomes),
demonstrates an average per-genome count of 18 for GHs, PLs, and CEs. The compre-
hensive distribution of genes associated with carbohydrate degradation at the family
level is delineated in Supplementary Table S3. Bacterial taxa within the Lachnospiraceae,
Bacteroidaceae, Oscillospiraceae, Ruminococcaceae, and Muribaculaceae families are rec-
ognized for their distinguished fibrolytic attributes [50,51], with the number of genes
encoding GHs being 2, 141, 840, 819, 690, and 112, respectively. To specifically explore the
microbial potential for dietary fiber degradation in the gut of Lantang pigs, we counted the
number of carbohydrate-degrading enzyme genes and their corresponding degradation
family numbers based on the encoded carbohydrate enzyme classification information, as
shown in Figure 3B. In the course of this study, we identified a comprehensive array of
6232 carbohydrate-degrading enzyme families and 9703 corresponding degradative genes.
Among these, 90 bacterial species, which lacked annotations in the GTDB database, were
represented in the analysis by their generic classifications. Notably, the phylum Bacillota_A,
Spirochaetota, and Bacteroidota were characterized by their substantial contribution to the
repertoire of carbohydrate-degrading enzymes. Within the Bacillota_A phylum specifically,
an exceptionally high prevalence of degradative enzymes was documented, underscoring
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its significant role in carbohydrate degradation, with the top three being MAG026 (129 GHs,
14 CEs, 1 PL), MAG468 (122 GHs, 13 CEs, 3 PLs), and MAG123 (GHs 119, CEs 11, PLs 4).
Notably, large numbers of GHs were also found in some unnamed bacterial families, such
as UBA9506 (averaging 109 GH families per genome), HGM11514 (69), and CAG-74 (58);
interestingly, these also belong to the Bacillota_A phylum. From this, we can infer that the
Bacillota_A phylum plays a dominant role in the process of fiber degradation.
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Furthermore, this investigation also applied identical sequencing and bioinformatics
methodologies to analyze fecal samples from 30 Duroc pigs. Compared with the findings
from the Duroc group, the analysis revealed that the Lantang pig group harbored 87 unique
CAZY enzyme genes. This subset included 53 GHs, 14 GTs, 13 PLs, 4 CBMs, and 3 CEs. The
differentiation based on GH enzyme classes was visually depicted in Figure 3C, highlighting
genera such as Ruminococcus, Prevotella, Eubacterium_R, and CAG-353. These genera
were noted for their higher representation and the structural domains of their associated GH
families were biochemically characterized to predominantly act upon cellulose, specifically
through enzymes GH5, GH6, GH9, GH12, GH44, GH45, and GH48.
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Table 1. Distribution and quantity statistics of carbohydrate degradation genes at the bacterial
phylum level.

Phylum MAGs
GHs CEs PLs Total

No. Mean No. Mean No. Mean No. Mean

Actinomycetota 27 121 4.5 12 0.4 0 0.0 133 4.9
Bacillota 99 585 5.9 66 0.7 5 0.1 656 6.6

Bacillota_A 356 5837 16.4 625 1.8 92 0.3 6554 18.4
Bacillota_C 11 180 16.4 22 2.0 1 0.1 203 18.5
Bacteroidota 107 1229 11.5 106 1.0 62 0.6 1397 13.1

Campylobacterota 1 24 24.0 2 2.0 1 1.0 27 27.0
Chlamydiota 2 0 0.0 0 0.0 0 0.0 0 0.0

Cyanobacteriota 3 93 31.0 14 4.7 3 1.0 110 36.7
Desulfobacterota 1 6 6.0 0 0.0 0 0.0 6 6.0

Fibrobacterota 2 24 12.0 3 1.5 1 0.5 28 14.0
Fusobacteriota 1 62 62.0 9 9.0 2 2.0 73 73.0

Methanobacteriota 1 2 2.0 0 0.0 0 0.0 2 2.0
Patescibacteria 1 0 0.0 1 1.0 0 0.0 1 1.0

Pseudomonadota 2 11 5.5 3 1.5 0 0.0 14 7.0
Spirochaetota 20 447 22.4 41 2.1 11 0.6 499 25.0

4. Discussion

The gut microbiota comprises a complex community of microorganisms that colonize
the gastrointestinal tract, existing in symbiosis with their host [52]. The host provides a
habitat for the survival and evolution of microorganisms. In return, the microbial commu-
nity benefits the host by supplying essential nutrients, aiding in the digestion of dietary
components, and enhancing immune function [53–56]. Mammals typically lack the en-
zymes necessary to decompose complex carbohydrates, particularly plant-based dietary
fibers [57,58]. The selection of dietary fibers exerts a significant impact on the gut micro-
biome of the host [59]. Microbial communities play a crucial role in the digestion of these
complex carbohydrates. To better understand microbial degradation of feed carbohydrates
in the gut ecosystem of Lantang pigs, this study conducted metagenomic sequencing on
fecal samples from 30 Lantang and 30 Duroc pigs, and assembled 699 bacterial MAGs
and 2 archaeal MAGs, including 97 species from uncultured microorganisms. These were
predominantly found in the genus Faecousia (6), Ventricola (6), Ruminococcus_E (5), and CAG-
269 (5). These MAGs play various physiological and biochemical roles within the intestines
of Lantang pigs. Notably, the Lachnospiraceae and Ruminococcaceae families contain
109 and 61 genomes, respectively, many of which are major butyrate producers with the
metabolic capacity to degrade and utilize plant-derived fibers as nutrients [60,61]. There are
32 genus more prevalent in the fecal microbiota of Duroc pigs than in Lantang pigs, while
121 genus are more prevalent in Lantang pigs, with Prevotella being the most dominant,
known for its potent fiber-degrading activity [62,63]. The enhanced fiber-digesting capabil-
ity observed in Lantang pigs may be attributed to a higher abundance of fiber-digesting
bacteria in the large intestine.

To compare the capabilities of the two pig breeds in terms of carbohydrate-degrading
enzymes, we aligned sequences with the CAZy database using software to identify pu-
tative genes for CAZymes. A total of 911,124 protein-coding genes were predicted from
671 MAGs of Lantang pigs. Of these, 6232 carbohydrate-degrading enzyme families and
9703 degrading genes were identified. GHs are the most abundant enzymes in the gut
microbiota of mammals, primarily hydrolyzing glycosidic bonds in glycosides, with sub-
strate specificity similar to that of GTs [64]. Duroc pig samples contained 5197 GHs, while
Lantang pig samples contained 8622 GHs, with unique carbohydrate-degrading enzymes
present in Lantang pig samples. For example, enzymes such as GH5, GH11, GH13, GH43,
GH45, and PL22 are capable of breaking down indigestible fibers into monosaccharides.



Fermentation 2024, 10, 207 9 of 12

Concurrently, genus such as Ruminococcus, Prevotella, and Hallerella continuously ferment
food, facilitating the production of these enzymes.

Pigs lack the enzymes necessary for the hydrolysis of dietary fibers. And the break-
down of dietary fiber in the pig’s digestive system is primarily mediated by microbial
fermentation. Soluble fibers typically ferment more rapidly than insoluble fibers [65].
When selecting diets for Lantang pigs, it is recommended to prioritize feeds enriched with
soluble fibers. Compared to monogastric animals like pigs, ruminants possess a multi-
chambered stomach structure and a unique rumination process that significantly enhances
fiber degradation rates [66]. So, investigating the differences in microbial communities and
fiber degradation capacities between monogastric and ruminant animals constitutes an
intriguing research avenue.

5. Conclusions

Despite shotgun metagenomics offering a pathway to characterize the taxonomic and
functional potential of carbohydrate processing in complex microbial communities, this
technology still faces many limitations [67]. The use of high-quality, filtered metagenome-
assembled genomes (MAGs) significantly enhances the credibility of research. In this study,
compared to Duroc pigs, we found a significant and unique fibrolytic microbial community
in the intestines of Lantang pigs, dominating the enzyme-driven fiber degradation process.
The activity of these microbes and enzymes enables Lantang pigs to convert indigestible
dietary fiber into essential energy. Furthermore, we identified 97 microbial species not listed
in the GTDB database and 75 carbohydrate enzymes not recorded in the CAZy database.
These discoveries not only broaden our understanding of microbial diversity but also
provide valuable resources for further exploring the potential of microbes in environmental
and industrial applications. Moreover, utilizing these data to enrich existing microbial
and enzyme databases lays an important foundation for microbial ecology, phylogenetic
analysis, and biotechnological development, potentially offering solutions for future food
competition challenges between humans and livestock.

Supplementary Materials: The following supporting information can be downloaded at: https:
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detailed information on each genome, including integrity and contamination, GC% content, genome
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for GTDB-tk; Table S2: List of CAZymes families encoded in the genomes assembled from metage-
nomic datasets; Table S3: Statistics on the distribution and quantity of carbohydrate degradation
genes at the family level.
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