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Dietary selection of distinct gastrointestinal =
microorganisms drives fiber utilization
dynamics in goats
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Abstract

Background Dietary fiber is crucial to animal productivity and health, and its dynamic utilization process is shaped
by the gastrointestinal microorganisms in ruminants. However, we lack a holistic understanding of the meta-

bolic interactions and mediators of intestinal microbes under different fiber component interventions compared
with that of their rumen counterparts. Here, we applied nutritional, amplicon, metagenomic, and metabolomic
approaches to compare characteristic microbiome and metabolic strategies using goat models with fast-fermenta-
tion fiber (FF) and slow-fermentation fiber (SF) dietary interventions from a whole gastrointestinal perspective.

Results The SF diet selected fibrolytic bacteria Fibrobacter and Ruminococcus spp. and enriched for genes encod-

ing for xylosidase, endoglucanase, and galactosidase in the rumen and cecum to enhance cellulose and hemicel-
lulose utilization, which might be mediated by the enhanced microbial ATP production and cobalamin biosynthesis
potentials in the rumen. The FF diet favors pectin-degrading bacteria Prevotella spp. and enriched for genes encoding
for pectases (PL1, GH28, and CE8) to improve animal growth. Subsequent SCFA patterns and metabolic pathways
unveiled the favor of acetate production in the rumen and butyrate production in the cecum for SF goats. Metagen-
omic binning verified this distinct selection of gastrointestinal microorganisms and metabolic pathways of different
fiber types (fiber content and polysaccharide chemistry).

Conclusions These findings provide novel insights into the key metabolic pathways and distinctive mechanisms
through which dietary fiber types benefit the host animals from the whole gastrointestinal perspective.

Keywords Gastrointestinal microorganisms, Fiber utilization process, Short-chain fatty acids, Cobalamin biosynthesis,
Fiber types
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transform agri-food systems that would enable produc-
ing food with human-unavailable biomass such as plant
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cell wall carbohydrates [3]. Ruminants, such as goats, cat-
tle, and sheep, are distinguishable from monogastric ani-
mals due to their capacity to convert plant cell wall fibers
into high-quality animal products such as milk and meat
[4], as a consequence, producing the ruminant products
consumes fewer grain resources [5]. Of particular inter-
est, in addition to the significance of providing beneficial
nutrients such as healthy unsaturated fatty acids and bio-
active phospholipids [6, 7], caprine agriculture is particu-
larly well-suited for small-scale agricultural operations
and has better tolerance to poor environmental condi-
tions [8].

The complex rumen microbial ecosystem, including
bacteria, archaea, protozoa, and fungi [9], has been an
immense source of diverse enzymes for plant polysac-
charide depolymerization [10]. Generally, the abundant
and recalcitrant sugar polymers of plant cell walls are pri-
marily depolymerized into small oligosaccharides, with
the aid of various and synergistic enzymes possessed in
specialist cellulolytic and hemicellulolytic rumen micro-
organisms, including endoglucanase, cellobiohydrolase,
a-glucosidase, and B-xylosidase [11]. Secondly, the solu-
ble oligosaccharides are imported into microbial cells and
metabolized through Embden—Meyerhoff—Parnas path-
way and pentose phosphate pathway for utilization of
hexoses and pentoses. Finally, these sugars are fermented
into short-chain fatty acids (SCFAs), CO,, and H, by
most members of the rumen microbiome [4]. In addition,
recent studies emphasize the importance of hydrogen as
a key molecule in the rumen ecosystem with regard to
methane production and community dynamics [12], and
dietary selection of metabolically distinct microorgan-
isms drives hydrogen metabolism and energy harvest-
ing strategy in ruminants [13]. Despite this progress, the
mechanism underlying the cross-feeding and metabolic
interactions among different rumen microorganisms is
still an unsolved mystery. Furthermore, microbial pro-
cesses responsible for degradation of plant polysaccha-
rides have been less explored in the intestine [14], where
fiber digestion could be compensated by increased micro-
bial fermentation in the hindgut in response to fiber-rich
diets [15]. Therefore, it is in urgent need to decipher the
dynamic enzymatic hydrolysis of plant polysrom a whole
gastrointestinal perspective.

Cobalamin, also known as vitamin B,,, represents
an indispensable microelement in living organism for
its role as a cofactor in various of physiological process
[16], especially in carbon processing and energy metabo-
lism [17]. Since its de novo biosynthesis is an energeti-
cally expensive process involving over thirty enzymatic
steps, cobalamin can only be synthesized by a small
subset of prokaryotic organisms [18]. In light of large-
scale metagenomic analyses, 675 genomes related to
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cobalamin biosynthesis were recovered from the gastro-
intestinal microbes of ruminants, with 53 genomes con-
tain complete cobalamin de novo biosynthesis genes [19].
Jiang et al. [19] pointed out the decreased abundance
of Fibrobacter spp., a major agent of cobalamin biosyn-
thesis, might contribute to the reduction of cobalamin
biosynthesis potential after feeding high-grain diet, indi-
cating that dietary fiber is vital for cobalamin biosyn-
thesis. These arise to systematic research into microbial
responses of cobalamin biosynthesis to dietary fiber
components as well as its impact on the degradation of
plant polysaccharides in the gastrointestinal tracts of
ruminants.

To address the knowledge gap, we developed a gas-
trointestinal model of fast-fermentation fiber (FF) and
slow-fermentation fiber (SF) selected microbiome. It
is hypothesized that different dietary fiber types (fiber
content and polysaccharide chemistry) could select dis-
tinct fiber degradation processes in the GIT microbiome,
which might be modulated by microbial cobalamin bio-
synthesis. The microbial compositions and functional
potentials were depicted using amplicon sequencing and
metagenomic profiling, with emphasis on carbohydrate
metabolism and cobalamin biosynthesis pathways. Their
metabolic links were further deciphered and verified
with differential assembled bins. This study emphasizes
that dietary interventions modulate GIT microbial com-
position and in turn fiber degradation, which are closely
linked to energy and cobalamin metabolism.

Methods

Animals and experimental design

All the procedures of this study were carried out follow-
ing the guidelines approved by Animal Care and Use
Committee of the Institute of Subtropical Agriculture,
Chinese Academy of Sciences (approval No. ISA-R-
2020-16). A total of 24 healthy native Xiangdong black
goats (4.5 £0.4 month of age; 11.8 +0.6 kg) were used
in present study and raised in individual pens in a well-
ventilated room. Goats were randomly allocated to one
of two dietary treatments, being a fast-fermentation fiber
(FF) and a slow-fermentation fiber (SF), with 12 goats per
treatment (Fig. 1A). The FF diet was formulated with 60%
of peanut vine (in vitro rumen digestibility of 76% after
72 h incubation) as the forage, while the SF diet included
60% of sorghum straw (in vitro rumen digestibility of
54% after 72 h incubation) as the forage. Because these
two diets exhibited remarkable variations in the apparent
fiber digestion rate, hence referred as FF and SF diets. It
is worth noting that the FF and SF diets differed substan-
tially in fiber content (neutral detergent fiber, NDF, 33.0%
vs. 45.6%) and polysaccharide chemistry (the amounts of
cellulose, hemicellulose, and pectin; 16.6%, 10.1%, 3.4%
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Fig. 1 Fast- and slow-fermentation fiber diets exhibit distinct growth performance, nutrient digestibility, GIT fermentation and morphology
in goats. A Overview of design and sample collection. B Daily intake and weight gain. C Nutrient digestibility. D SCFA profiles in the rumen, ileum,
and cecum. E Inspection of morphology changes in the rumen, ileum, and cecum. FF, fast-fermentation fiber; SF, slow-fermentation fiber. Asterisks

denote significant P values, *P < 0.05; **P< 0.01

vs. 22.8%, 13.7%, 1.3%, respectively, Table S1). Diets were
offered ad libitum during the first 2 weeks for acclima-
tion. During the formal experiment of 8 weeks, goats
were fed twice daily (8:30 am and 6:00 pm) with 95% of
the ad libitum dry matter (DM) intake to minimize diet
selection. Feed refusals, if present, were collected and
measured. All animals had free access to clean water dur-
ing whole period. Two goats were eliminated from FF
treatment due to illness (caught a cold and loss of appe-
tite) and not included in the sampling process.

Sample collection

Total feces from each goat were gathered at 08:00 AM
each day during last week of the experiment, with an
adjustable stainless-steel screen positioned beneath each
pen to facilitate complete fecal collection. At 08:00 AM
each day, total feces per goat were weighed, mixed in a
commercial concrete mixer, and 20% of the individual
total daily feces were sampled using the coning and quar-
tering method [20]. The representative fecal samples
per goat were stored at —20 “C for nutrient digestibility
analysis.

Goats were humanely slaughtered after fasting for 12
h at the end of experimental period, and the gastroin-
testinal samples were collected within 15 min following
slaughter. Ruminal content samples were collected from
five locations in the rumen (the anterior dorsal, anterior
ventral, medium ventral, posterior dorsal, and posterior
ventral locations) and combined to represent a homog-
enous sample [21]. The ileal and cecal content samples
were collected from middle region of the respective
intestine. A subsample (approximately 2 g) of content
was placed in a 2-ml sterilized centrifuge tube, frozen in
liquid nitrogen immediately, and then stored at —80 C
for microbial analysis. Another subsample was acidified
with 25% (w/v) metaphosphoric acids, the stored at —20
°C for SCFA analysis [22]. Similarly, three pieces of full-
thickness tissue samples excised from the ventral sac of
the rumen, middle of the ileum and cecum, respectively.
Each of samples were cut into 2 cm X2 cm pieces and
fixed in 4% formaldehyde for 24 h followed by embedding
in paraffin wax as described previously [23]. Afterwards,
the sample-embedded wax was sliced into 4—5 um thick
sections followed by mounting onto poly-l-lysine-coated
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glass slide, and then stored at 4 ‘C until further morpho-
logical analysis.

Sample analysis

The digestibility of DM, NDF, starch, and gross energy
(GE) was determined as described as detailed previ-
ously [24], with acid-insoluble ash as an internal marker.
The concentration of SCFAs (acetate, propionate and
butyrate) in the content of rumen, ileum and cecum
were determined by a gas chromatograph (Agilent 7890
A, Agilent Inc., Palo Alto, CA) according to the method
described by Zhang et al. [22]. The morphological profile
of gastrointestinal tracts was measured according to the
procedures established by Tian et al. [23], with a mini-
mum of 20 intact papillae or villi for each sample.

Microbial DNA and RNA extraction

Microbial DNA from ruminal, ileal and cecal content
samples was extracted using the repeated bead beat-
ing method followed by extraction with the QIAamp
Fast DNA Stool Mini Kit (Qiagen GmbH, Germany) as
described in Zhang et al. [22]. The RNA was isolated
using the RNeasy Mini Kit (QIAGEN) with the DNase I
optional step according to the manufacturer’s protocol
[25]. The quantity of resultant DNA and RNA were meas-
ured on the Qubit fluorometer using the Qubit " dsDNA
BR assay/RNA HS assay (Thermo Fisher Scientific,
Waltham, USA). The RNA quality was measured using an
Agilent 2200 TapeStation (Agilent Technologies, Santa
Clara, USA), and only samples with RNA integrity num-
ber >7.0 were used for generating amplicon libraries.

Amplicon analysis

The RNA was reverse transcribed to ¢cDNA using the
Prime-Script 1st Strand cDNA Synthesis Kit (Takara,
Japan) [22]. For each DNA and cDNA sample, the full-
length 16S rRNA gene was amplified using the universal
primers F27 (5'-AGAGTTTGATCMTGGCTCAG- 3')
and 1492R (5'-ACCTTGTTACGACTT- 3’) [26]. The
amplicon products were purified using QIAquick Gel
extraction Kit (Qiagen, Hilden, Germany). The amplicon
library was constructed using the SMRT Bell TM tem-
plate prep kit 3.0 (Pacific Biosciences, USA) following the
manufacturer’s guidelines. Sequencing was performed
according to JGI's standard procedures using the PacBio
sequel II platform [27].

The DNA- and RNA-based amplicon sequences for
bacterial diversity were analyzed according to the proto-
col previously described by Wu et al. [24]. Briefly, single-
tons were removed, and the amplicon sequence variants
(ASVs) was clustered by USEARCH (v.11.0.667) with the
method of unoise3 based on the reference database of
SILVA (v.132) [28]. The taxonomy was obtained using the
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RDP classifier (v.16) assignment with a 0.80 confidence
threshold. Alpha and beta diversities were carried out on
R (v.4.1.3) using package vegan (v.2.6-2).

Metagenomic analysis

Microbial genomic DNA (1.0 pg) was used to construct
pair-ended metagenomic libraries using the TriSeq DNA
PCR-Free Library Preparation Kit (Illumina, CA, USA).
The library was sequenced on an MGISEQ- 2000 at the
BGI Genomics Co., Ltd (Shenzhen, China). Approxi-
mately 28.8 GB of raw sequencing data were gener-
ated for each sample (Tables S2 and S3). Metagenomic
sequencing reads were filtered to remove adapter and
low-quality reads by Trimmomatic [29]. Reads that
matched the host genome (Capra hircus ARS1) with
BWA-MEM algorithm were removed and clean reads
were obtained. Afterward, the clean reads from each
sample were de novo assembled using MEGAHIT with
“-min-contig-len 500” parameters [30]. The open read-
ing frames of assembled contigs were predicted using
Prodigal software (v2.6.3). Predicted gene catalogue was
functionally annotated against the Kyoto Encyclopedia
Genes and Genomes (KEGG) pathways using BLASTX,
and screened for candidate CAZymes profiles using
DIAMOND ([31]. The abundances of KEGG Orthologies
(KOs) and CAZymes were normalized into transcripts
per million reads (TPM) prior to downstream analysis.

Metagenomic binning

MaxBin (v.2.2.4) [32], MetaBAT2 (v.2.11.1) [33], and
CONCOCT (v.0.4.0) [34] were used for metagenomic
binning based on assembled contigs with default parame-
ters [35]. The bins generated from three approaches were
integrated using the DAS tool (v.1.1.1) [36]. After filter-
ing with completeness >90% and contamination <5%,
dereplicating at an average nucleotide identity (ANI) by
dRep (v.2.5.4), 1030 MAGs was retained. These MAGs
were predicted using the METAProdigal [37] and taxo-
nomically annotated using GTDB-Tk (v.0.1.6) based on
the Genome Taxonomy Database [38]. The abundance of
MAGs in each sample was estimated using metaWRAP
(v.1.3) with a “quant_bins” module [39]. A phylogenetic
tree of the specific MAGs was built with PhyloPhlAn
(v.1.0) [40] and visually inspected using iTol (v.4.3.1) [41].

Statistical analysis

All statistical analysis and image visualization were car-
ried out in R software (version 4.1.3). The data of pheno-
type traits including growth performance, digestibility,
GIT morphology, and SCFA profiles between two dietary
treatments were normally distributed and of equal vari-
ance and thereafter analyzed using one-way ANOVA.
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Alpha diversities including Shannon and Chaol
indexes which did not conform to the normal distribu-
tion were analyzed using the Wilcoxon test. Ordination
analysis of Bray—Curtis distance between two treatments
from amplicon and metagenomic data were visualized
using principal coordinate analysis and assessed using
the PERMANOVA with 999 permutations. The taxo-
nomic and functional profiles of GIT microbiome were
compared between two treatments using the Wilcoxon
rank-sum test. The P values were adjusted using the false
discovery rate (fdr) correction, and a P-value <0.05 was
regarded as statistically significant.

Results

Gastrointestinal fermentation pattern was modulated

by fiber types in a region dependent manner

In terms of animal performance, the average daily weight
gain was greater (56.7 g/d vs. 42.1 g/d) in the FF treat-
ment than that of SF treatment (P< 0.05, Fig. 1B). Goats
in FF treatment exhibited greater DM, GE, and starch
digestibility (P< 0.05), while goats adapted to the SF diet
had greater NDF digestibility (P< 0.05, Fig. 1C). Insights
from SCFA profiles indicated that as contrasted to the SF
treatment, acetate molar proportion was reduced, while
butyrate molar proportion was elevated in the rumen
of FF goats (P< 0.05, Fig. 1D). In the ileum, SCFA con-
centration and acetate molar proportion were lower,
while propionate molar proportion was greater in the
FF goats (P< 0.05). Intriguingly, acetate molar propor-
tion was greater, while butyrate molar proportion was
lower in the cecum of goats adapted to FF diet. Further-
more, the absorption capacity of rumen epithelium was
enhanced by FF treatment, as indicated by greater length
and cross-section of ruminal papillae (Fig. 1E, P< 0.05).
In summary, dietary fiber types differentially shifted GIT
fermentation pattern in a region dependent manner.

Different bacterial taxa were enriched by dietary fiber
types in the GIT

Sixty-six content samples covering rumen, ileum, and
cecum from 22 goats fed FF or SF diet were analyzed for
total (DNA-level) and metabolically active (RNA-level)
microorganisms using full-length amplicon analysis.
Only the alpha diversity of active bacterial community in
the cecum was affected by dietary fiber types, as reflected
by decreased Chaol and Shannon indexes in the FF diet
in comparison to SF diet (P< 0.05, Fig. 2A). At both
DNA- and RNA-levels, samples were partitioned into
three distinct clusters according to beta diversity analy-
sis, corresponding to different physiological GIT regions,
which was constrained by fiber types (P gp< 0.001, P
= 0.149, P gipspreatment= 0.079 at DNA-level; P

treatment —

GIT < 0'001’ P treatment — 0'005’ P GIT*treatment — 0.015 at
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RNA-level, Fig. 2B). Concretely, bacterial diversity was
distinguished by dietary fiber types in almost all GIT
regions at both DNA- and RNA-levels (P< 0.05, Fig. 2C),
except for total bacteria in the rumen (P= 0.427).

The compositions of dominant bacterial taxa were
modified by dietary fiber types in a region dependent
manner (P< 0.05, Fig. 2D). Specifically, in the rumen,
when contrasted to FF treatment, SF treatment increased
the abundances of Saccharofermentans and Ruminococ-
cus at the DNA-level, and Saccharofermentans, Pseu-
dobutyrivibrio, and Fibrobacter at the RNA-level (P<
0.05) while decreased the abundances of Succiniclasti-
cum and Mogibacterium at the RNA-level (P< 0.05). In
the ileum, abundances of Clostridium_sensu_stricto and
Clostridium_XI were greater in the SF treatment at the
DNA-level, but abundances of Mogibacterum, Bifido-
bacterium, and Subdivision5_genera_incertae_sedis were
greater in FF treatment at the RNA-level (P< 0.05). In the
cecum, SF treatment increased Bacteroides abundance
while decreased Akkermansia abundance at both DNA-
and RNA-levels (P< 0.05). These differential bacterial
taxa were verified at species level based on the metagen-
omic data using kraken2, including Ruminococcus spp.,
Butyrivibrio spp., and Bacteroides spp. (Fig. S1). Fur-
thermore, these taxa were significantly correlated with
digestibility and fermentation parameters in the corre-
sponding GITs; for example, ruminal Ruminococcus was
positively correlated with acetate molar proportion and
NDF digestibility, and cecal Bacteroides was positively
correlated with NDF digestibility (P< 0.05, Fig. S2). Col-
lectively, region-specific selections of microbial taxa were
enriched by different dietary fiber types (fiber content
and polysaccharide chemistry) and thus associated with
distinct substrate preferences and degradation abilities.

Distinct pathways of fiber depolymerization were selected
by two diets

Metagenomic analysis revealed that the richness index
based on the non-redundant microbial gene catalogue
was increased in the rumen and cecum in the FF treat-
ment when compared to the SF treatment (P< 0.05,
Fig. 3A). Principal coordinate analysis (PCoA) based on
Bray—Curtis distance showed dietary fiber types selected
distinct metabolic functions in each GIT region (P< 0.05,
Fig. 3B). Intriguingly, “metabolism pathway” was the
most abundant category affected by dietary fiber types, in
particular “carbohydrate metabolism,” “xenobiotics bio-
degradation and metabolism,” “glycan biosynthesis and
metabolism,” and “cofactors and vitamins” in the rumen
(P< 0.05, Fig. S3). Meanwhile, “global and overview
maps” and “xenobiotics biodegradation and metabo-
lism” pathways were affected by dietary fiber types in the
cecum (P< 0.05, Fig. S3).
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Fig. 2 Fast- and slow-fermentation fiber diets select distinct microbial communities in the gastrointestinal tracts of goats. A Alpha diversity

indexes of ASV profiles based on DNA- and RNA-level 16S rRNA analysis. B Comparison of overall community between two fiber types in three GIT
regions based on bray curtis distances of ASV profiles in DNA- and RNA-level 165 rRNA analysis, respectively. C Principal coordinate analysis (PCoA)
of microbial community between two fiber types in each GIT region. D Relative abundances of the top 30 genera in response to dietary fiber types.
R_FF, rumen in fast-fermentation fiber; R_SF, rumen in slow-fermentation fiber; |_FF, ileum in fast-fermentation fiber; |_SF, ileum in slow-fermentation
fiber; C_FF, cecum in fast-fermentation fiber; C_SF, cecum in slow-fermentation fiber. The asterisks denote significant P values, *P < 0.05; **P< 0.01
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Thereafter, we focused on the carbohydrate metabolic
cascades of microorganisms in response to different
dietary fiber types in the entire GIT of goats. The over-
all CAZyme profile of GIT microbiome was remark-
ably affected by fiber types in the rumen and cecum (P<
0.05, Fig. 3C). Concretely, the SF diet selected for greater
abundances of cellulolytic enzyme (GH3), and hemi-
cellulolytic enzymes (GH10, GH43, and GH51) in the
rumen, phylogenetically assigned to Prevotella, Butyriv-
ibrio, and Fibrobacter (P< 0.05, Fig. 3D and Fig. S4). In
the cecum, the SF diet selected for greater abundances
of hemicellulolytic enzyme GH10, which were mainly
assigned to Bacteroides and Ruminococcus at the genus
level (Fig. 3D). Interestingly, abundances of pectinases,
including PL1, GH28, and CES8, were greater with FF
diets in the rumen and cecum (P< 0.05, Fig. 3D). These
pectinases were mainly assigned to Prevotella and Bac-
teroides in the rumen, and Bacteroides and Clostridium
in the cecum (Fig. 3D). These results derived from gene
abundance profiles revealed that the FF treatment pro-
moted pectin degradation, whereas the SF diet selected
depolymerization of cellulose and hemicellulose in the
rumen and cecum.

Pentose or hexose produced from depolymerization
of cellulose, hemicellulose, and pectin were used as sub-
strates to generate pyruvate via the glycolysis pathway,
which was further fermented into acetate, propionate,
and butyrate by GIT microbiome. Of note, the SF diet
selected for a greater abundance of genes involved in
the glycolysis pathway in the rumen and ileum (P< 0.05,
Fig. 3E, Fig. S5, and Table S4). As anticipated, genes
involved in SCFA biosynthesis were remarkably affected
by dietary fiber types in a GIT region-specific pattern. In
the rumen, the SF diet selected for a greater abundance of
genes involved in acetyl-CoA/lactate to acetate produc-
tion (AAP/LAP, including ptA, acsA, and ackA) and suc-
cinate to propionate production pathways (SPP, including
sdhA, sdhB, and fumB) (P< 0.05, Fig. 3E, Fig. S6). In con-
trast, the SF cecal microbiome encoded a greater propor-
tion of enzymes that produce butyrate (ABP, including
paaH and ACAT). Notably, these SCFA biosynthesis
enzymes were mainly assigned to Prevotella, Bacte-
roides, and Butyrivibrio in the rumen, while classified as

(See figure on next page.)
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Ruminococcus, Clostridium, and Butyrivibrio spp. in the
cecum (Fig. 3F). These results, along with the measured
SCFA profiles at the metabolic level, indicated that SF
diet enhanced fiber depolymerization to produce acetate
in the rumen, while the unfermented fiber flowed to the
cecum to produce more butyrate.

Microbial mediated metabolism of energy impacted

by dietary fiber types

The majority of ATP, the energy currency of life in
microbes, is produced through two major mechanisms:
substrate-level phosphorylation (SLP) and electron
transport phosphorylation (ETP) [41]. Under anaerobic
conditions, most microbial fermentations produce ATP
primarily by SLP, which facilitates ATP synthesis through
glycolysis, where the high-energy phosphate groups are
directly transferred from the substrate molecule to ADP
[42]. Meanwhile, ETP utilizes the electrochemical poten-
tial generated by the respiratory chain to drive efficient
ATP synthesis via the ATP synthases, also called ATPases
[43]. Herein, we identified 7 microbial genes contribut-
ing to SLP enzymes and 34 microbial genes encoding
ATPases, comprising of F-type, V/A-type, and V-type
synthases (Table S5). Despite alpha diversity being similar
in two treatments (P> 0.05, Fig. 4A), dietary fiber types
selected distinct microbial-mediated energy metabolism
in the rumen (P< 0.05, Fig. 4B). In terms of SLP enzymes,
SF treatment selected for a greater abundance of genes
involved in glycolysis (phosphoglycerate kinase, PGK)
and acetate production (acetate kinase, ackA), while a
lower abundance of genes involved in succinate produc-
tion (succinyl-CoA synthetases, sucC and sucD) in the
rumen (P< 0.05, Fig. 4C and D). Despite the abundances
of V-type ATPases were quite low with a TPM value of
<4, SF treatment selected for a greater abundance of key
genes involved in both F-type (ATPF1 A, ATPF1B, and
ATPFOB) and V/A-type (ATPV1 and ATPVE) ATPases
in the rumen (P< 0.05, Fig. 4C and D), while there were
no significant differences between two treatments in the
ileum and cecum (P> 0.05). Phylogenetic origin of the
dominant SLP enzymes and F-type ATPases showed that
they were mainly assigned to Prevotella and Bacteroides
in the rumen (Fig. 4E). In addition, the abundance of SLP

Fig. 3 Fast- and slow-fermentation fiber treatments exhibit distinct gene profiles of CAZymes and KEGG enzymes implicated in fiber degradation
process in the GIT microbiome of goats. A Shannon and richness indexes of carbohydrate-related genes. B PCoA profile of carbohydrate-related
genes between two fiber types in all GIT regions (top) and individual GIT region (bottom). C CAZyme abundance at class level. D CAZyme family
distributions assigned by genus. E Glycolysis-related gene distributions assigned by genus. F SCFA production gene distributions assigned

by genus. R_FF, rumen in fast-fermentation fiber; R_SF, rumen in slow-fermentation fiber; I_FF, ileum in fast-fermentation fiber; I_SF, ileum

in slow-fermentation fiber; C_FF: cecum in fast-fermentation fiber; C_SF, cecum in slow-fermentation fiber. AAP, acetyl-CoA to acetate production;
SPP, succinate to propionate production; ABP, acetyl-CoA to butyrate production; LAP, lactate to acetate production; LPP, lactate to propionate

production. The asterisks denote significant P values, *P < 0.05; **P < 0.01
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Fig. 4 Fast- and slow-fermentation fiber treatments alter the abundances of substrate-level phosphorylation (SLP) enzymes and ATPases in the GIT
microbiome of goats. A Shannon and richness indexes of genes encoding SLP enzymes and ATPases. B PCoA profile of genes encoding SLP
enzymes and ATPases between two fiber types in all GIT regions (top) and individual GIT region (bottom). C Boxplot of total abundance of SLP
enzymes and ATPases. D Heatmap of abundance of SLP enzymes and F-type, V/A-type, and V-type ATPases. E SLP enzymes (left) and F-type ATPase
(right) gene distributions assigned by genus. F Correlation between the abundance of genes involved in ATP production, and nutrient digestibility,
SCFA profile, abundance of genes involved in SCFA biosynthesis. R_FF, rumen in fast-fermentation fiber; R_SF, rumen in slow-fermentation fiber; |_FF,
ileum in fast-fermentation fiber; I_SF, ileum in slow-fermentation fiber; C_FF, cecum in fast-fermentation fiber; C_SF, cecum in slow-fermentation

fiber. The asterisks denote significant P values, *P < 0.05; **P < 0.01

enzymes and F-type ATPases were positively correlated
with NDF digestibility and ruminal acetate production
(Fig. 4F). Thus, SF diet enhanced energy generating and
consuming to promote fiber utilization by altering dis-
tinct microbial SLP enzymes and ATPases in the rumen.

Microbial mediated biosynthesis of cobalamin in response
to fiber types

Considering the indispensability of cobalamin as a cofac-
tor in carbon and energy metabolism, as well as “cofac-
tors and vitamins” pathway was affected by dietary fiber
types as mentioned above, microbial genes involved
in cobalamin biosynthesis were screened to clarify
responses to different fiber types throughout the entire
GIT. We identified 68 KEGG orthologues (KOs) involved
in microbial mediated cobalamin biosynthesis, compris-
ing of sequential action of precorrin- 2 synthesis pathway,

aerobic or anaerobic pathway, post-adocbi-P pathway,
and salvage pathway (Table S6, Fig. S7). Alpha diversity
as measured by Richness and Shannon indexes were
greater for the FF treatment when compared to those in
the SF treatment in the ileum (P< 0.05, Fig. 5A), whereas
the alpha diversity indices were similar in both treat-
ments in the rumen and cecum. Meanwhile, dietary fiber
types selected distinct microbial-mediated cobalamin
biosynthesis potentials in the rumen, ileum, and cecum
(P< 0.05, Fig. 5B). Particularly, SF treatment enriched
for precorrin- 2 synthesis pathway (hemD, gltX); aero-
bic pathway (cbiT, cobD); anerobic pathway (cobS-co,
cob]); and post-adocbi-P pathway (cobT-a, cobU-ade) in
the rumen (P< 0.05, Fig. 5C and D). Analogously, abun-
dance of genes involved in anaerobic (cbiG) and aerobic
(cobL and cobH) pathways were enriched by SF treat-
ment in the ileum (P< 0.05), whereas only cysG gene was
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Fig. 5 Fast-and slow-fermentation fiber treatments result in distinct cobalamin biosynthesis gene levels in the GIT microbiome of goats. A Shannon
and richness indexes of genes related to cobalamin biosynthesis. B PCoA profile of genes involved in cobalamin biosynthesis between two

fiber types in all GIT regions (top) and individual GIT region (bottom). C Heatmap of abundances of kos related to cobalamin biosynthesis.

D Cobalamin biosynthesis gene distributions assigned by genus. E Correlation between the abundance of cobalamin biosynthesis genes

and nutrient digestibility, SCFA profile, abundance of genes involved in SCFA biosynthesis. R_FF, rumen in fast-fermentation fiber; R_SF, rumen

in slow-fermentation fiber; |_FF, ileum in fast-fermentation fiber; |_SF, ileum in slow-fermentation fiber; C_FF, cecum in fast-fermentation fiber; C_SF,
cecum in slow-fermentation fiber. The asterisks denote significant P values, *P < 0.05; **P< 0.01

increased by SF treatment in the cecum (P< 0.05). Phy-
logenetic origin of cobalamin biosynthetic genes showed
that they were mainly assigned to Prevotella, Bacteroides,
and Butyrivibrio in the rumen, while classified as Meth-
anobrevibacter and Oscillibacter in the ileum, as well as
Ruminococcaceae, Akkermansia, and Clostridium in the
cecum (Fig. 5D). Correlation analysis emphasized the
involvement of cobalamin biosynthesis in acetate pro-
duction, particularly in the corrinoid protein methylation
and acetyl-CoA assembly steps (Fig. 5E). Those indicated
the possibility that the diet with SF may have greater
potential capacity of cobalamin biosynthesis due to the
distinct microbial activities.

Functional microbial taxa capable of fiber degradation
were differentially abundant in FF and SF GIT microbiome
To resolve the functional relationships among GIT
microbiota in carbohydrate metabolism, we co-assem-
bled and binned all metagenomes, yielding 1029 non-
redundant high-quality MAGs spanning 120 bacterial
and 11 archaeal classes (Fig. 6A, Table S7). As antici-
pated, over 80% genomes were affiliated with the domi-
nant GIT class Clostridia (524 MAGs) and Bacteroidia
(311 MAGs), including 27.0% Prevotella (57 MAGs) and
8.8% Ruminococcus (46 MAGs) (Fig. 6A). Further insights
into key metabolic genes indicated that 813, 460, 738,
and 140 MAGs were predicted to possess the capability
to depolymerize fiber, produce SCFAs, generate ATP, and
biosynthesize cobalamin, respectively (Fig. 6B). Notably,

MAG530 (CAG- 791 spp.) and MAG514 (UBA1066
spp.) encoded key metabolic genes involved in all the
above four processes, demonstrating a close link between
cobalamin biosynthesis and fiber degradation processes
in GIT microbiome.

Then, we investigated the relative abundance of the
assembled genomes in response to the intervention of
fiber types in individual GIT sections (Table S8, Fig. S8).
In the rumen, 136 and 145 functional MAGs were more
enriched in SF and FF samples respectively (Fig. 6C, D).
Specifically, two MAGs affiliated to Fibrobacter spp.
(MAG686, MAG768), three MAGs classified as Rumino-
coccus spp. (MAG697, MAG914, and MAG989), repre-
sentative cellulolytic bacteria, were substantially enriched
in the SF treatment (P< 0.01, over fourfold greater). Three
MAGs affiliated to Saccharofermentans spp. (MAG554,
MAGS577, and MAG763), putative acetogenic bacteria,
also experienced an enrichment with > 15-fold increase in
the SF treatment (P< 0.01). Meanwhile, MAG621 (Rumi-
nococcus spp.), MAG643 (Eubacterium spp.), MAG383
(UBA2862 spp.), and MAG753 (UBA1774 spp.), which
harbor most of genes involved in vitamin B, biosynthesis
and referred as potential cobalamin producers (Table S9),
were considerably enriched (P< 0.01, over threefold
greater) in SF goats. Conversely, the rumen of FF goats
selected pectin-degrading Prevotella spp. (MAG735
and MAG782; P< 0.01, 25.5- and 29.9-fold greater), and
putative butyrate-producing RUG099 spp. (MAG512,
MAGS518, and MAG538; P< 0.01, over threefold greater).
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Fig. 6 Functional microbial taxa capable of fiber degradation are differentially abundant in the GIT microbiome of FF and SF goats. A Phylogenetic
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Analogously, 105 MAGs and 148 MAGs were preferen-
tially enriched in the cecum of FF and SF goats, respec-
tively (Fig. 6E, F). Intriguingly, potential cellulolytic
Fibrobacter spp. (MAG358, MAG686, and MAG759) and
Bacteroides spp. (MAGO043) were consistently enriched in
the SF treatment (P< 0.01, 176.8-, 6.1-, 7.4- and 14.6-fold
greater), and this was accompanied by the enrichment

of the butyrate-producing Butyrivibrio spp. (MAG999)
with 5.0-fold increase (P< 0.01). Whereas, the cecum of
FF goats selected speculatively pectin-degrading Alis-
tipes spp. (MAG210, MAG398, over sevenfold greater)
and acetate-producing UBA2862 spp. (MAG309, 8.9-
fold greater). These results further upheld that the FF
diet selectively enriched potential pectin degraders to
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enhance animal growth, while the SF diet stimulated
fibrolytic bacteria to improve fiber utilization in a GIT
region dependent manner (Fig. 7).

Discussion

As a diverse group of non-digestible carbohydrates that
differ in structural components, physicochemical char-
acteristics, and physiological effects, dietary fibers play
a vital role in maintaining the productivity and health of
animals [44, 45]. Herein, a goat model of FF and SF diet
was developed to depict characteristic microbiome and
metabolic strategies to different fiber polysaccharides
in separate GIT regions. Intriguingly, SF and FF goats
exhibited different performance phenotypes, as featured
by greater fiber digestibility and weight gain, respectively.
It is well recognized that the soluble (pectin, f-glucan,
and galactomannan) and insoluble (cellulose, hemicel-
lulose, and lignin) fiber fractions of the plant cell walls
could determine its fermentability and subsequent func-
tionality in the GIT [44]. Obviously, our data suggest that
the key metabolic pathways and underlying mechanisms
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through which dietary fiber benefits the host animals are
likely fiber types dependent, mainly attributed to varia-
tion in the fiber content and polysaccharide chemistry
(cellulose, hemicellulose, and pectin).

Increasing evidence highlights the significance of the
GIT microbiota as a central actor in driving dietary fiber
beneficial effects in humans and animals, with SCFAs as
key bacterial metabolites [46]. The special rumen micro-
organisms elaborate a variety of enzyme combinations
for fiber degradation and are the pioneers of top prior-
ity to break down plant carbohydrates [4]. In this study,
we focused on the prokaryotic community, due to the
low metagenomic sequence numbers and analytical
method limitation of eukaryotic community, including
protozoa and anaerobic fungi [47, 48]. In Holstein heif-
ers, ruminal pH could regulate fiber degradation and
fermentation by shifting the microbial community and
gene expression of carbohydrate-active enzymes [49].
Moreover, there has been speculation that the fiber-rich
diet selected for ruminal fibrolytic bacteria and resulted
in elevated fiber utilization in cattle [13]. Likewise, the SF
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Fig. 7 Fast- and slow-fermentation fiber treatments exhibit distinct microbial fiber utilization pathways in the rumen and cecum of goats.

Top, SF diet selected fiber-degrading bacteria to enhance cellulose and hemicellulose depolymerization, which is closely related to microbial
cobalamin biosynthesis process. The resulting monosaccharides were utilized by acetogens to produce more acetate in the rumen (left).
Unfermented fiber flowed to the cecum, where it encountered additional degradation by fiber-degrading bacteria, and produced more butyrate
by butyrate-producing bacteria (right). These SF selected microbial utilization processes of cellulose and hemicellulose contributed to greater
fiber utilization. Bottom, FF diet selected pectin-degrading bacteria and butyrate-producing bacteria to produce more butyrate in the rumen
(left). Pectin was further degraded in the cecum and resulted in more acetate production (right). These FF selected microbial utilization processes
of pectin was more favorable for animal growth. The fold changes (red arrows, SF/FF; green arrows, FF/SF) of enzymes or MAGs in each group are

labeled besides, and presented in Table S8 in details
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diet preferentially selected for fibrolytic microorganisms
Fibrobacter and Ruminococcus, and enriched for genes
encoding for 1,4-beta-xylosidase (GH3), and endoglu-
canase (GH8 and GH9) in the rumen. The SF diet with
greater NDE, cellulose, and hemicellulose represents
poor-quality forage diet, and proliferation of fibrolytic
bacteria has been proposed as a crucial energy harvest-
ing strategy for ruminants to adapt to harsh dietary and
environmental conditions [13, 50, 51]. Furthermore,
enrichment of potentially acetogenic members Saccharo-
fermentans spp. and increased abundance of acetyl-CoA
synthase (acs) gene contribute to the greater ruminal ace-
tate production [46]. On the contrary, the rapid genera-
tion of SCFAs in the rumen from FF diet may be driven
by its greater pectin fraction, which has previously been
shown to be fermented at a rate greater than cellulose
and hemicellulose [52, 53]. Pectin develops an extremely
complex structure in terms of monosaccharide composi-
tion, glycosidic linkage types, and non-glycosidic substit-
uents and is primarily comprised of homogalacturonan,
Rhamnogalacturonan I, and Rhamnogalacturonan IL
As such, its degradation is mediated by a wide range of
enzymes for the depolymerization of pectin backbone,
and the removal of accessory side chains [54]. As antici-
pated, several potential pectin degraders, Prevotella spp.
and UBA3839 spp. experienced a surge in response to
the FF diet, along with the increased abundance of pec-
tinolytic genes encoding for polygalacturonase (GH28),
pectate lyase (PL1), and CE8 (pectin methylesterase).
Afterwards, the resulting monosaccharide was degraded
by putative butyrate-producing bacteria RUG099 spp.
(MAG512 and MAGS538). Genomic analysis confirms
their ability to produce pyruvate from lactate (/dh), and
condensation of acetyl CoA with subsequent reduction to
butyryl CoA (buk) results in the formation of butyrate in
the rumen of FF goats [46, 55].

Notably, this study emphasizes the importance of hind-
gut microbiome in fiber digestion process in vivo, which
substantiates our previous in vitro incubation study [15].
The SF diet selected fibrolytic bacteria (Fibrobacter and
Bacteroides) and enriched for genes encoding for endox-
ylanase (GH10). Previous studies indicated that micro-
bial fermentation in the hindgut complements rumen
digestion, accounting for digestion of 18 to 27% and 30
to 40% of the total cellulose and hemicellulose digested
per day, respectively [56]. Insights from SCFA produc-
tion indicate that SF diet favored butyrate production in
the cecum at both gene and metabolic levels. This dispar-
ity in SCFA production pattern by the rumen and hind-
gut microorganisms might be explained by two reasons.
Firstly, the foregut and hindgut of ruminants exhibited
profound discrepancies in the resident microbes and
their substrate availability [57, 58]. Secondly, the cecal
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SCFA concentrations measured in this study represent
the net result of their production and absorption, and
more than 90% of the SCFAs are actively absorbed and
metabolized by the hindgut epithelial cells in nonru-
minants [44]. Another notable phenomenon lies in the
increase of Akkermansia spp. in the cecum of FF goats.
As a typically recognized mucin-degrading bacterium,
its increase will be linked to the improved immune func-
tion, and thereafter elicits greater animal growth in the
FF goats [59]. Further studies are warranted to determine
the orchestrated host-microbiota interplay in terms of
SCEFA fate in the entire GIT, and thereafter which fiber
sources, which physicochemical characteristics, and
how they achieve optimal growth and health benefits of
ruminants.

Generally, most anaerobic microbial fermentations
produce ATP primarily by substrate-level phospho-
rylation (SLP) [60]. In this study, the abundances of SLP
enzymes, in particular phosphoglycerate kinase (PGK)
in glycolysis and acetate kinase (ackA) in acetate pro-
duction, were significantly increased in the rumen with
the shift to the SF diet. This might be due to the fact
the SF diet promoted the microbial fermentation into
acetate production, which predominantly involved gly-
colysis [4, 42]. On the other hand, energy can be also
interconverted with the transfer of protons or sodium
cations across membranes with ATP hydrolysis or syn-
thesis, referred to as electron transport phosphorylation
(ETP) [61]. Three rotary ATPases are responsible for
this fundamental energy conversion, which are revers-
ible protein complexes comprising of eukaryotic vavu-
olar H*-ATPases (V-ATPase), bacterial or archaeal V/A
ATPases, and F-type F)F, ATPases [62]. Intriguingly, V/A
ATPases exhibited in low abundance in GIT microorgan-
isms of goats and were phylogenetically from eukaryotic
consortia including ciliate (Ciliophora phylum) and fungi
(Ascomycota phylum), confirming the prominence of
prokaryotes implicated in energy homeostasis [4]. Par-
ticularly, SF treatment enhanced energy generating and
consuming dynamics in the rumen to promote fiber utili-
zation, as characterized by greater abundances of key SLP
enzymes and F-type ATPases. These microbial ATPase-
based enzymatic apparatuses provide an avenue forward
to unveil the possible energy harvest strategy for the con-
version of these low-quality plant fibers into value-added
products in ruminants.

As a micronutrient of essential importance to amino
acid synthesis, energy metabolism, DNA replication
and repair, cobalamin can influence primary productiv-
ity, community dynamics and ecological interactions in
GIT microbial consortia [63]. Consistent with previous
culture- and omics-based study [19, 64], this study found
that potential cobalamin producers comprise a restricted
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set the GIT microbial consortia, including Ruminococ-
cus spp., Eubacterium spp., and UBA2862 spp. Moreover,
the SF diet favored microbial cobalamin biosynthesis in
the rumen, as featured by considerable enrichment of de
novo biosynthetic genes. Likewise, cobalamin biosynthetic
capacity was enhanced when dietary roughage level was
increased to 60% from 40% in dairy cows [19]. Collectively,
it is plausible to infer that dietary fiber types (fiber content
and polysaccharide chemistry) are of importance for the
intricate and costly cobalamin biosynthesis process.

Conclusions

In summary, microbial utilization dynamics of dietary fib-
ers are governed by fiber types (fiber content and polysac-
charide chemistry) in a GIT region dependent manner in
goats. Slow-fermentation fiber selects fibrolytic bacteria
in the rumen and cecum to enhance cellulose and hemi-
cellulose degradation, which might be mediated by micro-
bial B;, biosynthesis process. Fast-fermentation fiber
favors pectin-degrading bacteria and pathways to improve
animal growth (Fig. 7). The subsequent SCFA patterns
and metabolic pathways unveil distinctive energy harvest
strategies during degradation of different fiber polysac-
charides for the rumen and hindgut microbes, and appeal
for future microbial-related research endeavors from the
whole gastrointestinal perspective. Further study applying
single-cell microbial sequencing and enrichment analysis
is also warranted to depict the vital role of the eukaryotic
community in fiber digestion.
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