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Abstract

In our previous study, diet directly impacted the microbiota of the rumen in twin lambs. The duodenum is the first part of the small intes-
tine, so we seek to determine whether there is a difference in the digesta between the two feed groups HFLP (high fiber, low protein) and
LFHP (low fiber, high protein), and its impact on the biodiversity and metabolism of the duodenum. Results showed that the number of
Operational Taxonomic Units (OTUs) in the duodenum (2,373 OTUs) was more than those in the rumen (1,230 OTUs), and 143 OTUs
were significantly different in the duodenum between the two groups. The two most predominant phyla were Bacteriodetes and Firmicutes,
but this ratio was reversed between the rumen and duodenum of lambs fed different feedstuffs. The difference in the digesta that greatly
changed the biodiversity of the rumen and duodenum could affect the microbial community in the gastrointestinal tract (GIT). Sixteen
metabolites were significantly different in the duodenum between the two groups based on the metabolome analysis. The relationships were
built between the microbiome and the metabolome based on the correlation analysis. Some metabolites have a potential role in influenc-
ing meat quality, which indicated that the diet could affect the microbiota community and finally change meat quality. This study could
explain how the diet affects the rumen and duodenum’s microbiota, lay a theoretical basis for controlling feed intake, and determine the

relationship between the duodenum’s microbiota and metabolism.
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Introduction

Many environmental factors such as nutrition,
habitat, and host genetics impact the components and
functions within the gut microbiome (Ussar etal. 2016).
The rumen of sheep envelops a complicated microbiota
and acts as the primary location for fermentation of
consumed feed (McCann etal. 2017), which directly
impacts sheep’s health and physiological functions.

The rumen is the largest compartment of ruminants
where plant cell walls and other herbage materials are
degraded by intricate microbial communities predomi-
nated by bacteria (Sirohi etal. 2012). The bacteria sys-
tematically decompose plant cell materials (Flint and
Bayer 2008) and break down plant biomass, serving as
a link between the sheep and the nutrients absorbed
by the sheep. The succeeding rumen fermentation
manufactures ammonia and short-chain fatty acids
(SCFAs), including acetate, butyrate, and propionate.
In a previous study, we found that diet directly impacts

the microbiota structure of the rumen and affects the
metabolic process in sheep muscle (Wu etal. 2020).
However, the nutritional components that entered the
small intestines were not analyzed.

The duodenum, the first part of the small intes-
tines, is where absorption of nutrients begins due to
its ability to receive partially degraded food from the
stomach. The duodenum is the most proximal phase
of degradation, and it represents the most oversized
diameter, the densest villi, and the deepest part within
the small intestines. The duodenum takes fluid and bile
produced by the pancreas and the liver, thereby assist-
ing the intestines in breaking fat, protein, and starch
(Faichney 1969; DeGregorio etal. 1982; Lewis and
Dehority 1985). Few studies have been done regarding
the microbiota of the duodenum, and there is a need
to analyze the metabolome of the duodenum, compare
it with the microbiota of the rumen, to determine the
structure of the bacterial community in the lambs based
on two different feeds.
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Experimental
Materials and Methods

Preparation of feed pellets. In our previous study
(Wu etal. 2020), two categories of feed pellets were
prepared. One category was alfalfa (Medicago sativa)
which belongs to the LFHP group. The other category
was ceratoides (Ceratoides arborescens) belonging to
the HFLP group.

Experimental animals. To avoid the influence of
genetic background, four pairs of 3 months old twins
Sunit lambs with an average weight of 24 2.3 kg were
used in the experiment. The details of how the twin
lambs were grouped, monitored, fed, slaughtered,
and their genomic DNA extracted can be seen in Wu
etal. (2020). For microbiome analysis, the liquid phases
of duodenum content were separated by squeezing
them through four gauze layers (1 mm mesh). The
fluid was divided into two parts, centrifuged at 500 g
for 30 min at 4°C to isolate residual particles and pre-
served at -80°C.

16S rRNA sequencing of duodenum and rumen.
To determine the structure of the bacterial commu-
nity in the lambs fed based on two different dietary
requirements, the 16S rRNA microbiome in the duode-
num was sequenced. Microbiome DNA was extracted
using the E.Z.N.A.” Stool DNA Kit according to the
manufacturer’s instructions. Bacterial 16S genes were
enlarged from microbiome DNA using V3-V4 region
primers and arranged in sequence using the Illumina
MiSeq PE300. A total of 181,562 tags were obtained
from 8 specimens, with an average of 22,695.25 tags
per specimen after being filtered and merged. The
UCLUST (Edgar 2010) algorithm of QIIME (version
1.8.0) (Caporaso et al. 2010) was used to group the vari-
ous tags with 97% of similarity and to obtain the Opera-
tional Taxonomic Units (OTUs). The OTUs were care-
fully annotated and carried out by the Silva database
(Quast etal. 2013). The Mothur software version 1.30
(Schloss et al. 2009) and UniFrac techniques (Lozupone
and Knight 2005) were used in calculating the alpha
and beta diversity. The 16S rRNA microbiome in the
rumen was obtained from the NCBI SRA data under
BioProject PRINA659928. The same analysis pipeline
was used for rumen microbiome.
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Duodenum metabolome analysis. In this research,
metabolites were separated from the sheep’s duodenum
and analyzed with liquid chromatography combined
with mass spectrometry (LC/MS). An untargeted
metabolic analysis was done on the duodenum of the
four pairs of the twin lambs. The variation between the
two groups (HFLP and LFHP) was identified by using
principal components analysis (PCA) and orthogo-
nal partial least squares discriminant analysis (PLS-
DA) (Bylesjo etal. 2006): p-value<0.05+ VIP>1. The
p-value was tested by Mann-Whitney-Wilcoxon Test/
Student’s ¢-test, and the VIP (Variable Important in the
Projection) is the PLS-DA first principal component.
To increase the sample size for metabolic analysis, two
new samples in each group were created and averagely
mixed to produce more sample size. Sample A and B
were mixed to produce E (1:1, v/v), and samples C and
D were mixed to form F (1:1, v/v). Ions were assigned
to metabolites based on online databases, includ-
ing Human Metabolome Database (HMDB; https://
www.hmdb.ca), Biofluid Metabolites Database (http://
metlin.scripps.edu), mzCloud (https://www.mzcloud.
org), Lipid Maps (https://wwwlipidmaps.org), and
MassBank (https://www.massbank.jp).

Joint analysis of microbiota and metabolome.
Spearman’s correlation analysis between the micro-
biota and metabolites was carried out, coefficients were
produced (Looney and Hagan 2007), and was signifi-
cant (p <0.05). The screening condition was |rho| > 0.8.
Based on the corresponding relationship between the
final metabolite and OTUs, the information was input-
ted into Cytoscape software (https://cytoscape.org) to
draw a network diagram.

Results

The microbial diversity of the rumen and duode-
num. Based on Simpsons and Shannon indices, there
was a significant difference in the rumen’s microbial
diversity between the HFLP and the LFHP groups
(p<0.05). This could be the effect of the high fiber con-
tent in the HFLP diet (Table II). However, there was
no significant difference in the duodenum’s microbial
diversity between the two groups (Table III). The diver-
sity of the microbiota in the HFLP group was higher

Table I
Nutritional components of two feed stuffs.
DM (%) GE (MJ/kg DM) | CP (% DM) CF (% DM) | ADF (% DM) | NDF (% DM)
LFHP 89.4 16.3 16.1 2.4 25.2 46.2
HFLP 90.5 15.8 11.8 2.2 29.6 57.5

LFHP - low fiber high protein level, HFLP - high fiber low protein level, ADF - acid detergent fiber, CF - crude fat,
CP - crude protein, DM - dry matter, GE - gross energy, NDF - neutral detergent fiber
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Table IT
The diversity analysis of the rumen microbiota of twin lambs.

Items HFLP LFHP p-value
Shannon 5.055+0.1589 4.235+0.181 0.014
Simpsons 0.019+0.004 0.066+0.041 0.116
Observed species (Obs) 992.000 + 68.474 930.000+18.037 0.154
Ace 1051.658 +64.182 992.341£26.875 0.102
Chao 1 1059.470+67.920 1017.360+29.399 0.165

The HFLP group was fed with ceratioids and the LFHP group of twin lambs was fed with alfalfa in
the phylum of the rumen. Presented parameters are sample estimators of total species with sample
identifications (Sample ID). While Obs, Ace, and richness (Chao 1) are used to describe the species
number, Simpson and Shannon’s indices are used to indicate how diverse the rumen microbiota is.

Table III
The diversity analysis of duodenum microbiota of twin lambs.

Items HFLP LFHP p-value
Shannon 7.855+0.880 7.828£0.838 0.964
Simpsons 0.985+0.006 0.986+0.005 0.391
Observed species (Obs) 966.750+293.842 905.000+247.818 0.781
Chao 1 1278.063 £241.678 1223.815+327.198 0.843

The HFLP group was fed with ceratoides, the LFHP group of twin lambs was fed with alfalfa in the
phylum of the duodenum. Presented parameters are sample estimators of total species with sample
identifications (Sample ID). While Obs and richness (Chao 1) are used to describe the species num-
ber, Simpsons and Shannon’s indices are used to indicate how diverse the duodenum microbiota is.

than the LFHP group in the rumen. However, that pat-
tern could not be entirely detected in the duodenum.
The diversity of the microbiota in the duodenum was
higher than those in the two groups” rumen.

Phylum community distribution of the rumen
and duodenum. On the phylum level, the abundance
of 11 phyla of the rumen and duodenum was calculated
and used to draw histograms for comparisons. A greater
number of sequences obtained from the phylum class
pertained to the phyla Bacteroidetes, and Firmicutes but
at the duodenum’s phylum level, a larger proportion of
the sequences obtained related to Firmicutes, and Bacte-
roidetes. The major bacteria in the rumen’s phylum level
were Bacteriodetes, but were replaced with Firmicutes in
the duodenum. The major bacteria were higher in the
LFHP group than the HFLP group for the rumen and
duodenum (Fig. 1 and 2).

Genus community distribution of the rumen
and duodenum. A detailed examination of the rela-
tive abundance of bacterial OTUs showed that the
two different feeds have a varied influence on both
the rumen and duodenum’s microbiota. According to
the 16s rRNA gene of the rumen and duodenum bac-
teria sequences, 1,230 OTUs and 2,373 OTUs among
eight rumen and duodenum samples were identified. In
the duodenum, 143 OTUs were significantly different
between the two groups.

Ninety-two non-identical genera were designated
from the sequences at the genus level. The genera were
among almost all specimens. Prevotella was abundant
in the rumen of the LFHP group compared to the HFLP
group (Fig. 3a). Unclassified Lachnospiraceae were pre-
valent in the LFHP group’s duodenum compared to the
HFLP group (Fig. 3b). The high protein in the LFHP
feed increases the genera Prevotella and unclassified
Lachnospiraceae of the rumen and duodenum.

Comparison between the microbiota of ceratoides
(HFLP) and alfalfa (LFHP) feeds, and their Firmi-
cutes/Bacteriodetes (F:B) ratio in the rumen and duo-
denum. The F:B ratio in the rumen microbiota of the
twin lambs fed on the LFHP pellets was 0.104, and that
of the HFLP pellets was 0.275 (Fig. 4a and 4b). The F:B
ratio in the duodenum microbiota of the twin lambs fed
on the LFHP pellets was 6.419, and that of the HFLP
pellets was 5.356 (Fig. 4c and 4d). There was a change in
the F:B ratios in the rumen and duodenum even under
the different feeds.

Differential expression metabolites between two
groups. After the data was filtered, 3,696 stable metabolic
features were detected. A partial least squares discri-
minant analysis (PLS-DA) was performed between the
two groups to identify metabolic differences in duode-
num of twin sheep fed different diets (Fig. 5). The results
showed that 407 significantly different metabolites
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Actinobacteria 1.71 4.93 3.45 6.91 1.15 0.80 1.49 10.21
Bacteroidetes 12.46 0.37 7.95 1.88 1.62 21.04 11.33
Cyanobacteria 0.22 0.21 0.24

Elusimicrobia

Firmicutes

Lentisphaerae

Proteobacteria 2.47 1.33 0.33 1.73 1.00
Spirochaetes 0.40 0.78 0.56
Synergistetes

Tenericutes 0. 1 0.38 0.24

Others 11.168 19.579 19.325 44.301 8.3986 8.83 16.45 14.52

Actinobacteria
Bacteroidetes
Cyanobacteria
Elusimicrobia

Firmicutes 12.58 15.84 23.98 24.91 8.75 11.16 7.81 8.33
Lentisphaerae 1.47 2.75 0.73 1.28 0.60 0.38 0.52 0.61
Proteobacteria 9.09 10.20 2.37 1.18 1.48 0.55 0.36 1.05

Spirochaetes 0 1 0.64 0. 0.20 0.
Synergistetes 0.40
Tenericutes 1.60 0.69 0.91 0.79 1.93 1.13 1.17 2.81
Others 0.77 0.95 1.65 0.69 0.49 1.19 0.67 1.07

Fig. 1. This figure shows a comparison between the phylum composition of the bacteria in the rumen
and duodenum of twin lambs. The letters A1-D1 represent HFLP group, and A2-D2 represent LFHP group.

Duodenum Phylum Rumen Phylum
100% 100%
90% 90%
80% 30%
70% 70%
G0 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%
Al B1 c1 D1 A2 B2 c2 D2 Al B1 c1 D1 A2 B2 c2 D2
m Others m Spirochaetes M Firmicutes M Bacteroidetes
W Tenericutes W Proteobacteria W Elusimicrobia W Actinobacteria

W Synergistetes m Lentisphaerae m Cyanobacteria

Fig. 2. The phylum composition of rumen and duodenum of twin lambs. The letters A1-D1 represent the HFLP group,
and the A2-D2 represent the LFHP group of phylum and duodenum, respectively.

(p-value <0.05) were screened between the two groups.  the LFHP group influenced 9 of the metabolites. Some
In the HFLP group, 273 of the metabolites showed of the metabolites discussed are adenosine, taurine,
a lower expression, and 134 of the metabolites showed  L-alanine, and nicotinic acid (Fig.7). It was detected
a higher expression. Tandem mass spectrometry that there was a significant difference between the
(MS/MS) was used to detect 16 significantly differ- HFLP diet and the LFHP diet (p-value <0.05).

ent metabolites indicated in the heat map (Fig. 6). The The correlation analysis indicated that the abun-
HFLP group increased 7 of the metabolites while that of ~ dance of 5,6-dihydrouracil correlated positively with
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Fig. 3. The genus community distribution of rumen and duodenum.
a) The genus community distribution of rumen. The letters A1-D1 represent the first group fed with HFLP and A2-D2 represents the second group

of twin lambs fed with LFHP in the genus. b) The genus community distribution of duodenum. The letters A1-D1 represent the first group fed with
HFLP and A2-D2 represents the second group of twin lambs fed with LFHP in the genus.
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Fig. 4. Comparison between HFLP and LFHP’s microbiota and their F:B ratio in the rumen and duodenum.

The letters a) and b) represent HFLP pellets and LFHP pellets, respectively, of the rumen. Enterotypes were strongly associated with feeds a) and

b) which show LFHP pellets (Bacteroidetes) against HFLP pellets (Firmicutes). LFHP pellets displayed a substantial increase in Bacteroidetes and

a reduction in Firmicutes. The letters c) and d) represent HFLP and LFHP pellets, respectively, of the duodenum. Enterotypes were strongly associated

with feeds c) and d) which show LFHP pellets (Bacteroidetes) against HFLP pellets (Firmicutes). HFLP pellets displayed an increase in Firmicutes and
a reduction in Bacteroidetes.
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Fig. 5. PLS-DA score plot came from liquid chromatography combined with mass spectrometry (LC/MS) spectra
for the HFLP group (blue dots) and the LFHP group (red dots).
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Fig. 6. Heat map built by the 407 significantly different metabolites (p-value <0.05) in the HFLP and LFHP groups.
The red color represents the LFHP group, and the blue represents the HFLP group.

adenosine, and negatively correlated with 9(R)-HODE  negatively with 9(R)-HODE and acrylic acid. 9(R)-
and acrylic acid. Adenosine was observed to be posi- HODE had a positive correlation with acrylic acid,
tively correlated with 5,6-dihydrouracil, and correlated ~ and correlated negatively with 5,6-dihydrouracil and
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Fig. 7. The relationship between the two feed (LFHP and HFLP) groups and the metabolites.

adenosine. Also, acrylic acid was seen to be correlated
positively with 9(R)-HODE but negatively correlated
with 5,6-dihydrouracil, and adenosine (Fig. 8).
Relationship between duodenal microbiota and
metabolites. Correlation analysis between the micro-
biota and metabolites was carried out to find the pos-
sible coexistence. 79 correlations were related positively
(Jrho| > 0.8, p-value<0.05) while 194 correlations were
related negatively (|rho|>0.8, p-value<0.05) between
the OTUs and the metabolites. Prevotella and 1-amino-
cyclohexanecarboxylic acid had the greatest positive cor-
relations (r=0.84, p-value<0.05). Methanobrevibacter
and 3-deshydroxysappanol trimethyl ether were detec-
ted to have the greatest negative correlations (r=-0.79,
p-value<0.05) between the bacteria and metabolites.

The bacterium Candidatus saccharibacteria (OTU31,
OTU970) is positively correlated with the metabolites
9(R)-HODE and acrylic acid and correlated negatively
with 5,6-dihydrouracil, adenosine, and L-alanine.
The bacterium Cyanobacteria sreptophyta (OUT217)
was found to be correlated positively with 9(R)-
HODE and acrylic acid but correlated negatively with
5,6-dihydrouracil, adenosine, and L-alanine. The bac-
teria Firmicutes blautia, Firmicutes Firmicutes unclas-
sified, and Firmicutes Eubacterium sp. C2 (OTU224,
OTU769, OTU798) which all belong to phylum Firmi-
cutes were positively correlated with 9(R)-HODE and
acrylic acid but negatively correlated with 5,6-dihy-
drouracil, adenosine, and L-alanine. The bacterium
Planctomycees planctomycetaceae (OTU1882) correlated
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Fig. 8. Metabolites correlation heat map. The rows and columns in the figure represent different metabolites, and different colors
represent different correlations. The red color represents a positive correlation, and the blue represents a negative correlation among
the metabolites. The deeper the color in the heat map, the better the metabolism.

positively with 5,6-dihydrouracil, adenosine, and L-ala-
nine but correlated negatively with 9(R)-HODE and
acrylic acid (Fig.9).

Discussion
Many former researchers on ruminants only con-

centrate on the rumen microbiomes. However, we
decided to compare the rumen and duodenum micro-

biomes using two feed types and the duodenal metabo-
lism to investigate the relationship between microbiota
and metabolome because metabolites can influence
the meat quality and health of the host (Xu et al. 2013;
Muroya etal. 2019).

The biodiversity of the rumen and duodenum
microbiota. The biodiversity of the rumen was higher
when fed with ceratoides (HFLP) than when fed with
alfalfa pellets (LFHP) (Table II). The outcome of this
work is compatible with our previous research, which
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Fig. 9 This figure shows the relationship between OTUs, metabolites, and the microbiota. The nodes represent different OTUs related to

bacteria, which belong to Firmicutes, Bacteriodetes, and other phyla. The orange diamonds indicate 16 metabolites detected. The lines

indicate the correlations between the OTUs, bacteria, and metabolites. The solid red connecting lines show a positive correlation, and

the blue connecting dot line indicates a negative correlation between the OTUs, bacteria, and metabolites. The line thickness shows how
strong the correlation was.

reveals that the microbiota in the lambs’ rumen fed
a high fiber diet (HFLP) were more diverse than those
fed a low fiber diet (LFHP) (Wu etal. 2020). A study
shows that Firmicutes and Bacteroidetes are the major
predominant phyla of microorganisms in the gut com-
munity of terrestrial animals (Qin etal. 2010). In this
research, the most predominant phyla in the rumen’s
microbiota of the twin lambs were Bacteroidetes and
Firmicutes (Fig.1 and 2), which are more associated
with the breakdown of carbohydrates and proteins.
Results of this kind have been revealed in earlier reports
(Hook etal. 2011). Bacteroidetes aids in the degradation
of starch in the rumen (Stevenson and Weimer 2007).

The LFHP diet influenced the genus Prevotella and
the phylum Bacteroides of the rumen (Fig. 3). Results
of this kind have been detected in earlier research
(Zhang et al. 2014). The genus Prevotella plays a signifi-

cant role in breaking down dietary protein to ammo-
nia, which can reduce the utilization of dietary amino
acids. The degradation of peptides in the rumen is asso-
ciated with the breakdown approach in which dietary
protein is disintegrated into ammonia, thereby leading
to an inexpedient utilization of dietary amino acids
(Walker et al. 2005).

There was no significant difference between the two
diets in the duodenum in this study (Table III). Regard-
less of diet, amino acid profiles of the duodenal digesta
were similar due to the presence of forage (Merchen
etal. 1986). In this study, Firmicutes was relatively abun-
dant in the duodenum’s phylum level, which confirms
a research study where Firmicutes were the predomi-
nant phylum among all the bacterial groups across
the GIT besides those within the omasum and aboma-
sum, in which Bacteroidetes were more prevalent (Wang
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etal. 2017). The Lachnospiraceae was found to be the
most abundant genus in the duodenum (Fig. 3). This
finding agrees with a research study that revealed that
other Firmicutes members showing a great abundance in
lamb’s gut were Lachnospiraceae (Palomba etal. 2017).

The Firmicutes/Bacteroidetes ratio (F:B) in the
rumen and duodenum’s microbiota. The microbiota’s
F:B ratio was reversed between the rumen and the duo-
denum due to differences in the organs and functions.
The most potent organ, which degrades and converts
plant materials to SCFAs in the ruminants, is the rumen
(Wang etal. 2020). It possesses the complex micro-
biota that plays a vital role in the fermentation of feed
and energy metabolism, and the SCFAs provide more
than 70% of the energy to guarantee host growth and
reproduction performance (Flint etal. 2007). Several
researchers suggested that bacteria detected in intesti-
nal contents as they go through the abomasum could
come from lysed cells (Waghorn etal. 1990; Koenig
etal. 1997; Hristov 2007), and the role of the duodenal
microbiota in terms of its function in feed degrada-
tion is likely to be different from that of the ruminal
bacterial community.

A study revealed that including dried distillers’
grains with solubles (DDGS) at the detriment of corn
bran decreased the flow of bacteria from the rumen
(Castillo-Lopez etal. 2014). The DDGS consists of
about 31% crude protein, 34% neutral detergent fiber,
12% fat, and 5% starch (Paz etal. 2013). Also, the
rumen’s microbiota clustered differently compared
to that of the duodenum showing different bacterial
diversity between ruminal bacteria and the duodenal
digesta. Therefore, including the DDGS in the feeds
would increase the flow of saturated fatty acids to the
duodenum and cause a shift in the rumen and duode-
num’s bacterial diversity (Castillo-Lopez et al. 2014).

The small intestine, which comprises the duodenum,
is a long and coiled tube where the remaining degra-
dable activities occur. Villi that line the small intestine
are the main site where nutrients are absorbed and are
distributed to the whole body. Amino acids, fatty acids,
and sugars which are the end products of digestion, are
absorbed from the small intestines, enters the lymph,
and distributed (National Research Council 2007).
Another study revealed that when fat was injected into
the duodenum of lambs, it was absorbed quickly, but
when introduced to the rumen, absorption was slow
and took several days (Heath and Morris 1962).

The feed delivered plays a crucial function in the
F:B ratio (Ramirez Ramirez etal. 2012). The F:B ratio
of the microbiota appreciably changed in the rumen
when the twin lambs consumed either LFHP or HFLP
feeds (5.356 and 6.419), respectively (Fig.4a and 4b).
There was also a change in the F:B ratio of microbiota in
the duodenum when the twin lambs consumed either
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LFHP or HFLP feeds (0.275 and 0.104), respectively
(Fig. 4c and 4d).

The more significant F:B ratio in fecal specimens
is related to an increase in human weight (Ley etal.
2006), and a study found that the frequency of par-
ticular microbial phylotypes could be affected within
the offspring of farm animals such as cattle due to the
sire breed when utilizing disparate feeds (Hernandez-
Sanabria etal. 2013). Also, the changes of the F:B
ratios in this current research agrees with a previous
study that analyzed the F:B ratio in mice and humans,
where changes in the GIT were demonstrated to affect
obesity and the capability of the host to harvest energy
(Krajmalnik-Brown et al. 2012). It implies that the shift
in the F:B ratio in this study could result from the dif-
ferent kinds of feed.

The relationship between the two feed (LFHP
and HFLP) groups and the metabolites. Adenosine
can influence meat quality. Apart from influencing the
components of the gut microbiota, the type of diet can
also regulate metabolic homeostasis in twin lambs. In
the presence of low protein, meat quality improves
in the HFLP group (Fig. 7a). A study summarized that
Tibetan sheep meat was preferred to Small-tailed Han
sheep meat even though variations between the breeds
were not much; however, meat quality was enhanced
in the two breeds with the growth of the nutritional
energy level when a low-protein feed was given (Jiao
etal. 2020). The presence of adenosine in this study
could influence the health and regulate the sheep’s
immune system. It reduces the production of tumor
necrosis factor (TNF), induces the manufacture of
Nitric Oxide (NO), and plays a vital role in maintain-
ing tissue perfusion (Adanin et al. 2002).

Taurine was influenced by the HFLP feed (Fig. 7b).
Taurine present in this study is vital when inspect-
ing the relationship between taurine and palatability.
A study mentioned that ribose 5-phosphate, and pyr-
rolidone carboxylic acid or taurine were natural ante-
cedents of 4-hydroxy-5-methyl-3(2H)-furanone, which
is a taste part removed from beef broth and has a cara-
mel-like and burnt chicory smell (Tonsbeek et al. 1968;
Weenen et al. 2005). The abundance of taurine in lambs
and much more in beef could also enhance the beef’s
nutritional value apart from contributing to flavor (Pur-
chas etal. 2004). Taurine is important for meat quality,
and increasing the concentration of taurine in mutton
could be a future breeding objective for Sunit sheep.

The metabolite L-alanine, which was influenced by
HFLP diet (Fig. 7c) could benefit the host by reducing
tuberculosis. Tuberculosis is caused by Mycobacterium
tuberculosis, and it is a major health issue globally.
A study discovered that exogenous L-alanine can lead to
the manufacturing of reactive oxygen species in Myco-
bacterium smegmatis by accelerating the tricarboxylic
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cid cycle and/or primary metabolism synergizing with
fluoroquinolones, which, in the long run, results in the
destruction of M. smegmatis (Zhen etal. 2020).

The LFHP diet could increase nicotinic acid in the
twin lambs (Fig.7d). A study showed that replacing
dietary protein with non-protein nitrogen depresses
nicotinic acid (Buziassy and Tribe 1960). Another
study revealed that both nicotinamide and insulin-
induced hypoglycemia reductions in free fatty acid
enhanced growth hormones released in dairy cows,
and each of these cases provided a possible function
for glucose and free fatty acid in modulating the growth
hormone-releasing factor, which stimulates the release
of growth hormones in ruminants (Reynaert etal. 1975;
Sartin et al. 1988).

The joint analysis of metabolites and microbiota
in the duodenum. The bacteria, which all belong to
phylum Firmicutes (OTU224, OTU769, and OTU798)
correlated negatively with adenosine (Fig. 9). The bacte-
ria Planctomycetes planctomycetaceae (OTU1882) cor-
related positively with adenosine and L-alanine. Early
research states that Planctomycetes contain a strong
proline- and cysteine-rich proteins envelope and not
a peptidoglycan cell wall (Liesack etal. 1986). Also,
Candidatus saccharibacteria (OTU31, OTU970), and
Cyanobacteria sreptophyta (OUT217) correlated nega-
tively with adenosine and L-alanine. Recently, whole
genomes of Saccharibacteria, acquired via metagen-
omics, reported that a few members ferment metabo-
lites, glucose, and various sugars and produce lactate
(Albertsen etal. 2013). Cyanobacteria has various
unique roles that include the ability to restore nitrogen,
synthesize vitamin B and K21, syntrophically manu-
facture hydrogen, and obligate anaerobic fermentation
(Di Rienzi etal 2013).

Based on the relationship between the bacteria and
metabolites, Methanobrevibacter can produce meth-
ane in the gut. Methanogenic archaea represented by
Methanobrevibacter ruminantium produce ruminant’s
methane and is found in ruminants fed on varied kinds
of feeds worldwide (Leahy etal. 2010).

Conclusions

This study shows how 16S rRNA sequencing com-
bined with metabolome analysis may be used in discov-
ering new and significant influences on the functions
of a microbe inside the host. The results showed that
the diet could directly affect the diversity of rumens’
microbiota but not the microbiota in duodenum. There
was a shift in the F:B ratio in the rumen and duodenum
of the twin lambs even under the different feeds. We
found that some bacteria had a relationship with the
metabolites. In summary, these findings could provide

knowledge of how the diet affects the microbiota of
the rumen and duodenum, lay a theoretical basis for
controlling feed intake, and determine the relationship
between the duodenum’s microbiota and metabolism.
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