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Abstract

Background Many countries have already banned the use of antibiotics in animal husbandry, making it extremely
difficult to maintain animal health in livestock breeding. In the livestock industry, there is an urgent need to develop
alternatives to antibiotics which will not lead to drug resistance on prolonged use. In this study, eighteen castrated
bulls were randomly divided into two groups. The control group (CK) was fed the basal diet, while the antimicrobial
peptide group (AP) was fed the basal diet supplemented with 8 g of antimicrobial peptides in the basal diet for the
experimental period of 270 d. They were then slaughtered to measure production performance, and the ruminal
contents were isolated for metagenomic and metabolome sequencing analysis.

Result The results showed that antimicrobial peptides could improve the daily weight, carcass weight, and net meat
weight of the experimental animals. Additionally, the rumen papillae diameter and the micropapillary density in the
AP were significantly greater than those in the CK. Furthermore, the determination of digestive enzymes and fermen-
tation parameters showed that the contents of protease, xylanase, and 3-glucoside in the AP were greater than those
in the CK. However, lipase content in the CK was greater than that in the AP Moreover, the content of acetate, propi-
onate, butyrate, and valerate was found to be greater in AP than those in CK. The metagenomic analysis annotated
1993 differential microorganisms at the species level. The KEGG enrichment of these microorganisms revealed that
the enrichment of drug resistance-related pathways was dramatically decreased in the AP, whereas the enrichment
of immune-related pathways was significantly increased. There was also a significant reduction in the types of viruses
in the AP. 187 probiotics with significant differences were found, 135 of which were higher in AP than in CK. It was
also found that the antimicrobial mechanism of the antimicrobial peptides was quite specific. Seven low-abundance
microorganisms (Acinetobacter_sp._Ac_1271, Aequorivita soesokkakensis, Bacillus lacisalsi, Haloferax larsenii, Lysinibacil-
lus_sp._3DF0063, Parabacteroides_sp._2_1_7, Streptomyces_sp._So13.3) were found to regulate growth performance of
the bull negatively. Metabolome analysis identified 45 differentially differential metabolites that significantly different
between the CK and the AP groups. Seven upregulated metabolites (4-pyridoxic acid, Ala-Phe, 3-ureidopropion-

ate, hippuric acid, terephthalic acid, L-alanine, uridine 5-monophosphate) improve the growth performance of the
experimental animals. To detect the interactions between the rumen microbiome and metabolism, we associated the
rumen microbiome with the metabolome and found that negative regulation between the above 7 microorganisms
and 7 metabolites.
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Conclusions This study shows that antimicrobial peptides can improve the growth performance of animals while
resisting viruses and harmful bacteria and are expected to become healthy alternatives to antibiotics. We demon-
strated a new antimicrobial peptides pharmacological model. We demonstrated low-abundance microorganisms may

play a role by regulating the content of metabolites.
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Introduction

In 1950, the Food and Drug Administration (FDA)
approved using antibiotics as feed additives. In 1994,
the Ministry of Agriculture of China issued the “List of
Allowable Species of Feed Drug Additives’, listing anti-
biotics as feed additives. Since then, antibiotics have
been extensively used as growth promoters, substantially
reducing production costs, morbidity, and mortality and
promote animal production performance [1]. However,
with the extensive use of antibiotics in the production of
livestock and poultry, problems of antibiotic residues in
animals and bacterial resistance have become increas-
ingly severe. These issues posed immense threats to the
development of animal husbandry and food safety for
human consumption [2]. It is for these reasons that the
European Union (2006), Japan (2008), the United States
(2012), China (2019), and other countries have succes-
sively issued bans on the addition of antibiotics in feeds
to prevent the damages caused by antibiotics abuse and
to maintain food safety from animal sources and public
health safety. Since most antibiotics are used in livestock
farming, these bans have had a significant economic
impact [3]. The pursuit of ecologically friendly and safe
antibiotic alternatives has become a key subject of study
in the farming industry [4]. In recent years, many dif-
ferent alternatives to antibiotics such as essential oils
[5], organic acids [6], antimicrobial peptides [7, 8], pro-
biotics [9], and bacteriocins [10] have also been stud-
ied. Many experiments have been done on pigs [11, 12],
poultry [13], and other animals to test and develop these
alternatives.

Antibacterial peptides are a class of small proteins
with diverse structures and broad anti-inflammatory
and growth-promoting functions. An advantage of
using these proteins is that resistance cannot be eas-
ily developed against them and is commonly used in
animal production. It was originally believed that anti-
microbial peptides kill bacteria directly or indirectly,
mainly through physical adsorption, rapid penetration,
and destruction of the cell membrane [14]. Studies in
recent years have demonstrated that antimicrobial
peptides inhibit microorganisms through vital life pro-
cesses like metabolism, biosynthesis, and translation
[15]. Recent studies have also reported that antimicro-
bial peptides can trap bacteria by forming nanonets

entrapping (Antimicrobial aggregates) [16]. Although
there has been significant research on the mechanism
of action of antimicrobial peptides, investigations on
the use of antimicrobial peptides as animal additives
have been limited to in vitro tests or examination of
simple microbial diversity, such as using B-hairpin anti-
microbial peptide in improving the average daily gain
(ADG) of piglets and average daily feed intake (ADFI)
and can effectively reduce diarrhea [17]. In mouse stud-
ies, antimicrobial peptides were found to protect and
reduce the lethality of E. coli in mice by damaging the
E. coli membrane [18]. A study reported that feeding
chicks with the antimicrobial peptide microcin J25 sig-
nificantly increased the body weight and was accompa-
nied by a reduction in the Salmonella infection rate in
feces and an increase in the length of intestinal villi and
the depth of crypts [19].

In ruminants, the rumen acts as a bioreactor, ena-
bling them to obtain nutrients from plants that humans
cannot digest [20]. The rumen microbiota can directly
or indirectly influence the growth and health of its
host. Therefore, it is essential to determine the meta-
bolic function of the rumen microbiome. The metabolic
functions of the rumen microbiome reported to date
have been primarily based on metagenomics [21] and
transcriptomics [20, 22]. Few reports have integrated
metagenomics and metabolomics to study the meta-
bolic functions of the microbiome.

This study explores the answers to the following two
fundamental questions through metagenomics and
metabolomics studies: Can antimicrobial peptides dis-
rupt the rumen microbiota through their antibacterial
activities? Furthermore, is there a regulatory relation-
ship between rumen microbes and metabolites, and
do they contribute to growth performance and meat
production? Based on these two main questions, the
effects of antimicrobial peptides on rumen micro-
organisms and metabolites of castrated bulls will be
compared. Further, the effects of the above two omics
levels on the growth performances of the bull will be
evaluated. Taken together, the goal of this study was
to understand how the microbiome and metabolic
changes brought about by antibacterial peptide feed
supplementation influence growth performance and
production in bulls.
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Materials and methods

Animals, feeding management and experimental design
All experiments in this study were approved by the Ani-
mal Care Committee of Gansu Agricultural University
(Lanzhou, People’s Republic of China) with approval
number GSAU-Eth-AST-2022-035, and the experi-
ments were performed according to the regulations and
guide-lines established by this committee. The experi-
ments were conducted in Huarui Ranch, Minle County,
Zhangye, Gansu Province. Forty healthy Holstein bulls
with no significant difference in body weight were cas-
trated at 2 months of old. Bulls were fed a total mixed
ration (TMR) consisting of corn silage and grain mix-
tures to meet or exceed their nutritional requirements
outlined by the National Research Council (NRC 2000)
[23]. At 10 months old, 18 animals (351.62+4.69 kg
BW) were selected and randomly distributed into two
treatments, with nine replicates per treatment (3 bulls
in each enclosure, and each bull were separated by a
fence). The control group (CK) was fed the basal diet
while the antimicrobial peptide group (AP) was fed the
basal diet supplemented with 8 g/(d-head) antimicrobial
peptides (50% each of cecropin and apidaecin). The Api-
daecin (chemical structure: NH,-KWKLFKKIEKVGQRV
RDAVISAGPAVATVAQATALAK) was from the pat-
ent product of Gansu Aolinbeier Biotechnology Group
Co., Ltd., Patent No. CN201310067480.99 (Zhangye,
Gansu, China), and the cecropin (chemical structure:
NH,-PRVRRVYIPQPRPPHPRL) was from the patent
product of Zhangye Aopu Biotechnology Co., Ltd., Pat-
ent No. CN20141065433.x (Zhangye, Gansu, China).
The appropriate amount of antimicrobial peptide was
accurately weighed, mixed with 1 kg corn daily, and top-
dressed to the feed bunk. The pre-trial period was 30 d
and the positive trial period was 270 d. According to the
feeding standard of bulls, the diet was adjusted every 30 d
and weighed the bulls (fasting). The basic diet for fatten-
ing cattle consisted of a TMR consisting of corn, silage,
and grain (Table S1). All bulls were fed twice daily at
07:00 and 15:00. The remaining feed in the feed tank is
collected at 6:00 every morning and weighed to measure
the daily feed intake of each bull. During the experiment,
all animals had ad libitum access to feed and free water,
ensuring that they all received the same nutrient levels
and management conditions.

Sample collection

On the 270% d, all experimental animals fasted for 12 h
and were weighed. Next then the 18 animals were trans-
ported, without mixing treatment groups, to a commer-
cial abattoir and slaughtered within 1 h of their arrival by
bolt stunning followed by exsanguination from the jugu-
lar vein. Following slaughter, the carcass weight and net
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meat percentage were measured and calculated according
to previously reported methods [24, 25]. A rumen tissue
specimen of approximately 2 cm x 2 cm was immediately
removed from the left dorsal sac, fixed in glutaraldehyde
solution, and stored at 4 °C for examination under scan-
ning electron microscopy (SEM). Then, 5 mL of the liquid
and solid mixture was collected from the left dorsal sac of
each test animal, transferred to sterile tubes, and imme-
diately frozen with liquid nitrogen. Six randomly selected
samples from each group were sent back to the labora-
tory the same day and stored at —80 °C for metagenomic
and metabolomic sequencing. A further 15 mL of rumen
content (18 bulls) was collected and stored in a steri-
lized container at—20 °C for measurement of digestive
enzymes and fermentation parameters.

Scanning electron microscope of rumen papilla

The diameter of the rumen papilla and the density of
the micropapillary (microscopic bumps on the rumen
papilla) were investigated by SEM. The sample prepara-
tion steps were as follows: 1 cm x 1 cm rumen tissue was
washed twice with water for 5 min each. Next, the tissues
were dehydrated with 30%, 50%, 70%, 80%, 90%, 95%,
and 100% gradient alcohol, respectively for10 min each.
The samples were lightly adhered to using a conductive
adhesive, ion-sputtered, and finally imaged with a scan-
ning electron microscope (Inspect, Hillsboro, TX, USA).
Rumen papilla diameter and micropapillary density sta-
tistics (n>50) were performed using Image-Pro Plus 6.0
(Media Cybernetics, Bethesda, MD, USA) software.

Determining the activity of digestive enzymes

The rumen contents and homogenate mixture were
placed in an ultrasonic beater to obtain a 10% homog-
enization buffer. The supernatant was collected, and sub-
sequent processed was done in accordance with the kit’s
(Biosino Biotechnology Co., Ltd., Beijing, China) instruc-
tions. The enzyme activities (Lipase, Cellulase, Protease,
Xylanase and B-glucosidase) were determined by colorim-
etry assays [5].

Determining fermentation parameters

Following animal slaughter, concentrations of volatile fatty
acids (VFAs) were measured using the method described
in the literature [5]. Briefly, the rumen contents were first
centrifuged at 5400 r/min for 10 min. One milliliter of the
supernatant was mixed with 0.2 mL of a 25% metaphos-
phate solution containing 2-ethylbutyrate as an internal
standard and mixed uniformly in a new centrifuge tube.
After cooling in an ice bath for 30 min, the reaction tube
was centrifuged at 10,000 r/min for 10 min. The super-
natant was passed through a 0.22-micron organic filter
and stored in a 2-mL bottle for subsequent analysis. The
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volatile fatty acid content was determined by gas chro-
matography (Agilent, Palo Alto, CA, USA). The column
temperature was maintained at 60 °C for 1 min, raised to
115 °C at 5 °C/min without reservation, and increased to
180 °C at 15 °C/min. Notably, the detector and injector
temperatures were 260 and 250 °C, respectively.

Metagenome sequencing and bioinformatics analysis
DNA was extracted from the rumen contents using Soil
DNA Kit (MOBIO, Carlsbad, CA, USA). The concentra-
tion and purity of the extracted DNA were determined
with TBS-380 fluorometer (Turner Biosystems, Sunnyvale,
CA, USA) and NanoDrop 2000 (NanoDrop Technologies,
Wilmington, DE, USA), respectively. The DNA was frag-
mented to fragments of approximately 400 bp using Cova-
ris M220 (Gene Company Limited, Hongkong, China) for
library construction. Sequencing was performed using
the Illumina NovaSeq6000 (Illumina Inc, San Diego, CA,
USA) sequencing platform. Sequencing adapters were
removed with FAST software (version 0.20.0), and low-
quality reads (length <50 bp in length or quality value <20
or with N bases) were removed [26]. Reads were aligned
to the Bos Taurus reference genome assembly using BWA
0.7.9a  (http://bio-bwa.sourceforge.net). Metagenomic
sequencing data were assembled with MULTIPLE MEG-
AHIT (Version 1.1.2) [27]. Overlapping sequences with
lengths > 300 bp were selected as the final assembly results
and used for further gene annotation. Metagenes were
used to predict the best candidate open reading frames
(ORFs) [28]. The predicted ORFs with length>100 bp
were retrieved. A cluster analysis of a non-redundant
gene catalog with sequence homology and 90% coverage
was constructed using CD-HIT (version 4.6.1) [29]. Sub-
sequently, representative sequences of the non-redundant
gene catalog were aligned with the NCBI NR database
using BLASTP (version 2.2.28+) (the e-value cutoft for
the best match was 1le —5) to obtain annotation results and
species abundance degree [30]. Finally, a BLAST search
(version 2.2.28+) with an optimization criterion cutoff
of 1e —5, annotated against the KEGG database [31], was
performed using USEARCH  (http://www.drive5.com/
usearch/) CAZY annotation [32].

Metabolome sequencing and bioinformatics analysis

Fifty milligrams of rumen contents were thawed on ice,
and 500 puL of 70% methanol internal standard extract
was added at 4 °C. After shaking for 3 min, the mixture
was left to stand at —20 °C for 30 min, followed by cen-
trifugation at 12,000 r/min for 10 min at 4 °C. Next, 250
uL of the supernatant is centrifuged at 12,000 r/min for
5 min at 4 °C. Next, 150 pL of this supernatant is taken
in the liner of the corresponding injection bottle for
data acquisition and further analysis. The metabolome
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of rumen contents was analyzed by ultra-performance
liquid chromatography (UPLC) and Tandem mass spec-
trometry (MS/MS) (QTRAP® 6500+, SCIEX, Framing-
ham, MA, USA) [33-35]. After obtaining the LC/MS data
of different samples, the extracted ion chromatographic
peaks of all metabolites were integrated using Multi-
Quant software (Applied Biosystems, Foster, MA, USA)
and the MetWare database (MWDB) database, respec-
tively. The chromatographic peaks of the metabolites in
different samples were corrected by integration [36—38].
The relative concentrations of rumen metabolites were
screened by FC (FC>2 and FC <0.5) and VIP (VIP>1)
to identify the different metabolites. The identified
metabolites were annotated using the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) compound database,
and the annotated metabolites were then mapped to the
KEGG Pathway database [39].

Data statistics and analysis

SPSS version 22.0 (IBM Corp., Armonk, New York, USA)
was used for independent variance f-test and correlation
analysis. Data are presented as mean =+ standard deviation.
Using Image] (National Institutes of Health, Bethesda,
MD, USA) to calculate the papillae’s diameter and the
micropapillary density. Metabolome statistics were ana-
lyzed based on retention time and ion current strength
using the MultiQuant software to calculate the relative
content of each compound. Orthogonal projections to
latent structures-discriminate analysis (OPLS-DA) were
used to determine metabolic differences between the
two groups. Enrichment analysis of metabolic pathways
(MPEA) was performed by MetOrigin [40]. The Omic-
Share Tools [41] were employed to perform the two-way
orthogonal partial least squares (O2PLS) analysis. More-
over OriginPro 9.1 (OriginLab, Northampton, US, USA)
were used to draw statistical maps.

Results

Effects of antimicrobial peptides on growth performance
of castrated bulls

Average daily gain (ADG), dry matter intake (DMI), net-
meat weight, feed/gain ratio (F/G), and carcass weight
were measured for statistical analysis (Table 1). The

Table 1 Comparative analysis of production performance

Item CK AP P-value
ADG, kg 0.96+£0.07 1.17+£0.05 0.021
DM, kg/d 1045+£0.25 11.00£0.25 0.134
Carcass weight, kg 3232641134 3828041130 0.001
F/G 9124101 10.55£1.09 0.349
Net meat weight, kg 258554793 307.65+8.07 0.001

ADG Average daily gain, DMI Dry matter intake, F/G Feed/gain ratio
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results showed that the ADG gain in the AP was signifi-
cantly greater than that in the CK (P=0.021). Carcass
weight and net-meat weight was extremely significantly
greater than those in the CK (P=0.001). However, the
DMI and F/G in the AP were greater than that in the CK,
but not significantly different (P> 0.05).

The effect of antimicrobial peptides on the activity

of digestive enzymes

The contents of digestive enzymes were examined to
compare their digestibility between the two groups
(Table 2). The results showed that the lipase content in
the CK was greater than that in the AP (P=0.025), but
the content of protease, xylanase, and B-glucosidase in
the AP was vary significantly greater than that in the CK
(P=0.001). However, there was no different in cellulase
(P=0.974).

The effect of antimicrobial peptides on rumen
fermentation parameters

Herein, we assessed the presence of four major VFAs in
the rumen (Table 3 and Table S2). The results showed
that the acetate and valerate were greater than in the CK
(P=0.039, P=0.018). Moreover, the level of propionate
and butyrate in the AP was significantly greater than that
in the CK (P=0.004, P=0.001).

Effect of antimicrobial peptides on the rumen epithelium
The growth and development of the rumen epithelium
in castrated bulls were studied by scanning electron

Table 2 Effects of antibacterial peptide on rumen digestive
enzyme activities in bull

Item CK AP P-value
Lipase, U/mg 8.50£0.37 6.94£0.10 0.020
Cellulase, U/m 89.36£7.46 88.97+6.77 0974
Protease, U/mg 1.77£0.09 2.84£0.08 0.000
Xylanase, U/mg 3924007 6.64+0.30 0.000
B-glucosidase, U/mg 21.66£0.62 3243+£161 0.001

Table 3 Effects of antibacterial peptide on rumen fermentation
parameters in bull

Item CK AP P-value
Acetate, mg/kg 20.01+041 21344038 0.039
Propionate, mg/kg 10.2408 £0.1909 11.52+0.28 0.004
Butyrate, mg/kg 9414026 11.09+£0.22 0.001
Valerate, mg/kg 0.6740.01 0.8240.04 0.018

Page 5 of 17

microscopy using rumen tissue (Fig. 1A and Fig. S1).
From the electron microscopy images, it can be observed
that the development of rumen papillae in the AP is bet-
ter than that in the CK. In order to understand these
changes more objectively, the ruminal papillae’s diameter
and the micropapillary density were analyzed (Fig. 1B).
The diameter of rumen papillae in AP was larger than
that in CK (P=0.31). The density of the micropapillary in
the AP was also more than that in CK (P=0.004).

Genome profiling of rumen microorganisms

Metagenomic analysis of rumen contents in CK and AP
showed that 74,792,855 and 70,449,158 raw reads were
obtained on average. After excluding low-quality and
n-containing reads, CK and AP acquired 73,283,668 and
69,227,622 clean reads, accordingly. Furthermore, opti-
mized reads obtained for subsequent analysis after
removing the host genome sequence were 61,891,630 and
58,924,630, accounting for 82.79% and 83.82% of RAW
reads for CK and AP, respectively. The underlined results
indicated that the sequencing data are credible and can
be used for subsequent bioinformatics investigation.
Archaeal (Fig. 2A), bacterial (Fig. 2B), and viral (Fig. 2C)
species had isolates across the two groups, according to
Principal Coordinates Analysis (PCoA) at the domain
level, but no isolates with eukaryotic species or unclassi-
fied microorganisms were found. Therefore, the compar-
ative analysis of rumen microbes between the two groups
only focused on bacteria, archaea, and viruses.

Differences in rumen microbial taxonomy

The dominant bacterial phyla in the rumen were Bac-
teroidetes (CK: 44.47%, AP: 38.98%), Firmicutes (CK:
36.07%, AP: 40.62%), and unclassified Bacteria (CK:
8.515%, AP: 7.011%). According to the comparative anal-
ysis of differential abundance at the genus level revealed
that among the top 15 genera with significant variations
in abundance, the abundance of 7 species in the CK was
greater than that in the AP (P<0.05), and 8 genera were
significantly lower than those in the AP group (P<0.05,
Fig. 2D). At the species level, the dominant bacteria in the
CK and AP were Clostridiales bacterium (CK: 8.126%,
AP: 8.98%), Bacteroidales bacterium (CK: 5.212%, AP:
4.328%), Rikenellaceae bacterium (CK: 4.224%, AP: 2.596
%); bacterium P3 (CK: 1.794%, AP: 2.949%); Prevotella
ruminicola (CK: 2.066%, AP: 2.508%) (Fig. 2E) Although
these species were dominant, the abundances did not dif-
ferent between the two groups.

Differential analysis revealed that there were a total of
1993 distinct microorganisms. Further, the archaeal dif-
ferential analysis revealed that the abundance of 32 spe-
cies with differential abundance in the rumen of AP
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animals was greater than that of CK (P<0.05), including 5
species of Methanobrevibacter and 2 species of Methano-
sphaera sp. The abundance of species such as 3 Methano-
brevibacter and 2 Methanosarcinales in the rumen of CK
animals was greater than that of AP (P<0.05) (Table S3).

A comparative analysis of the bacterial differential
abundance showed that there are 1691 kinds of bacteria
with significant difference (P<0.05). Out of these 1691
species, 826 were greater in the CK than in the AP, and
865 in the AP were greater than in the CK (Table S4).

A comparison of the differential abundance of viruses
revealed that 65 viruses showed differences (P<0.05).
However, only 3 viruses were more abundant in the AP
than in the CK, while the remaining 62 viruses were
more abundant in the CK. The abundance was signifi-
cantly higher than that of the AP, which indicated that
antimicrobial peptides could effectively kill most viruses
and that the effect was significant (Table S5).

Functional maps and functional differences of the rumen
microbiome

The function of the rumen microbiome was deter-
mined by KEGG map and genes encoding CAZyme.

For KEGG analysis, a total of 6 pathways were anno-
tated at the first level (Fig. 3A), namely “metabolism’,
“genetic information processing’, “environmental infor-
mation processing’, “cellular processes’, “
systems”, and “human diseases”. At the second level, 46
species were observed (Fig. 3A, Table S6). Out of these
46 global and overview maps, carbohydrate metabo-
lism, amino acid metabolism, metabolism of cofactors
and vitamins, energy metabolism, and replication and
repair were the most abundant. There were 13 path-
ways with significant differences (P<0.05, Fig. 3B). In
particular, the drug resistance of the antimicrobial
pathway in the CK was greater than in the AP group. In
contrast, the immunological pathway was significantly
higher in the AP group than in the CK, confirming that
the antimicrobial peptides reduce drug resistance while
enhancing immunity. 44 third-level pathways were
significantly enriched in the rumen microbiota of AP
bulls (Table S7, Fig. 3C): 3 “cellular process’, 4 “genetic
information processing’, 3 “environmental information
Processing”, 16 “Metabolic Pathways’, 11 “Human Dis-
eases” and 7 “Organismal Systems” On the other hand,
26 pathways were significantly enriched in the rumen

organizational
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of the CK. The list included 4 “cellular process path-
ways’, 16 “metabolic pathways’, 2 “human diseases’, and
4 “organic systems “ (Table S8, Fig. 3C).

The CAZyme map identified a total of 534 genes encod-
ing CAZyme (Table S9), including 17 accessory activities
(AA), 69 carbohydrate-binding modules (CBMs), 16 car-
bohydrate esterase (CE), 263 glycoside hydrolases (GH),
92 glycosyltransferases (GT) and 77 polysaccharide lyases
(PL). Out of all the genes encoding CAZyme, involved in
the breakdown of carbohydrates (including cellulose, hemi-
cellulose, starch, protein, and lignin), 26 were enriched in
the rumen of AP cattle (19 GH, 5 PL, 2 AA, and 1 CBM,
Table S10), while 23 genes were enriched in the rumen of
CK cattle (17 GH, 3 PL, 2 AA, 2 CBM, and 1 CE, Table
S11). Among the GTs involved in carbohydrate synthesis, 4
were enriched in the rumen in both AP and CK.

Comparison of probiotics and VFDB

There were substantial variations between the AP and CK
for 187 probiotics. Furthermore, 135 probiotics in the AP
were greater than that in the CK, especially the Propioni-
bacterium and Acetobacter in the AP were more than 10
times higher than in the CK, on average. The 4 probiotics,
Carnobacterium, Ellulomonas, Lactobacillus, and Kleb-
siella, were not detected in the CK but were present in the
AP (Table S12). The virulence factor analysis of the Viru-
lence Factor Database (VFDB) revealed that 364 strains
produced 1151 virulence factors. The abundance of bacte-
ria producing these virulence factors was not significantly
different between the two groups, indicating that adding
antimicrobial peptides did not contribute to the virulence
factors while increasing the beneficial bacteria.

Rumen metabolome analysis

A total of 662 compounds were identified in the rumen
metabolites. The OPLS-DA score map showed that both
groups could separate rumen metabolites (Fig. 4A). After
screening the relative concentrations of rumen metabo-
lites by FC (FC>2 and FC<0.5) and VIP (VIP>1), the
expression of 45 metabolites were significantly different
between the CK and AP. These included 27 upregulated
and 18 downregulated metabolites (Fig. 4C). Analysis
of the 45 differential metabolites showed that 14 were
derived from amino acids and their derivatives, 6 were
from nucleotides and their metabolites and 25 belong to
others. KEGG pathway analysis revealed that of these 45
differential metabolites, 15 were significantly enriched in
22 pathways (Fig. 4B). The metabolites with significant
differences were screened according to the screening
criteria and analyzed by the Pearson correlation analysis
method. According to the obtained results, the highest
correlation coefficients of three metabolites (7-ketolitho-
cholic acid, apocholic acid, and 12-ketolithocholic acid)
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were down-regulated, and one metabolite (phenyl ace-
tate) was upregulated in the AP. It is particularly note-
worthy that 7-ketolithocholic acid, apocholic acid, and
12-ketolithocholic acid showed a robust and positive cor-
relation with each other (r=1), while phenyl acetate and
the above mentioned three metabolites (7-ketolithocholic
acid, apocholic acid, and 12-ketolithocholic acid) showed
a moderate, negative correlation (r=—0.694) (Fig. 4D).

Combined metagenome and metabolome analysis

The data of the two omics were analyzed to examine
whether there is a linkage effect between the two omics. The
O2PLS analysis revealed the top 25 microorganisms and
metabolites with the largest linkage effect (Fig. 5A). The data
was analyzed by MPEA via MetOrigin to further screen
the differential metabolites related to microorganisms. The
analysis eliminated the metabolites from the host and only
17 metabolites from the microorganisms or shared by both
the microorganisms and the host were retained (Fig. 5B).
Top 25 microorganisms obtained by O2PLS analysis were
classified, and 17 microorganisms did not have any clas-
sification. Viruses and unclassified microorganisms were
removed, and only 17 microorganisms belonging to archaea
and bacteria were retained. Venn diagrams of differential
metabolite enrichment pathways and differential microbial
enrichment pathways were explored, and it was found that
four pathways are common enrichment pathways in metab-
olites and microorganisms (ABC transporters, Metabolic
pathways, Taurine, and Hypotaurine Metabolism, Sulfur
relay system). Screening 17 metabolites again with FC>2.5,
7 differential metabolites (4-pyridoxic acid, Ala-Phe, 3-urei-
dopropionate, hippuric acid, terephthalic acid, L-alanine,
uridine 5-monophosphate), all upregulated, were obtained.
Similarly, screening 17 microorganisms with P<0.005, 7
microorganisms (Acinetobacter_sp._Ac_1271, Aequorivita
soesokkakensis, Bacillus lacisalsi, Haloferax larsenii, Lysini-
bacillus_sp._3DF0063, Parabacteroides_sp._2 1 _7, Strep-
tomyces_sp._S013.3) were obtained. The abundance of
these seven microorganisms was down-regulated in the AP
group. In order to further explore the relationship between
these 7 metabolites and 7 microorganisms, a Pearson corre-
lation analysis was done, and the results showed a negative
regulatory correlation between these 7 microorganisms and
7 metabolites (Fig. 5C).

Correlation analysis of microorganisms, metabolites,

and phenotypes

To understand the effects of the screened seven metab-
olites and seven microorganisms on the growth per-
formance of castrated bulls, a correlation analysis was
performed. The results revealed that the seven upregu-
lated metabolites showed a positive correlation (r>0.3,
Fig. 6A) with feed conversion ratio, average daily gain,
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Fig. 4 Change in rumen content metabolite levels in castrated bulls with AP diet. A OPLS-DA analysis. B Pathways of differential metabolite
enrichment. C Differential metabolites. D Correlation between 7-ketolithocholic acid, apocholic acid, 12-ketolithocholic acid, and phenylacetate
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net meat weight, and slaughter rate. Especially hippu-
ric acid and uridine 5-monophosphate showed a posi-
tive correlation with average daily gain (r>0.5), Ala-Phe
with feed conversion ratio (r>0.5). It is also important
to note that through the correlation analysis of microor-
ganisms and production performance, a negative corre-
lation was observed between the seven down-regulated
microorganisms and dry matter intake, feed conversion
rate, average daily gain, net meat weight, and slaugh-
ter rate (r<-—0.3). The Parabacteroides_sp._2_1_7 was
negatively correlated (r <—0.7) with carcass weight, feed
conversion ratio, and the average daily gain. The average
daily gain was moderately negatively correlated (r < —0.6)
with Haloferax larsenii, Acinetobacter_sp._Ac_1271, and
Aequorivita soesokkakensis. DMI and Acinetobacter_sp._
Ac 1271, Haloferax larsenii were moderately negatively
correlated (r<-—0.6). Furthermore, Streptomyces_sp._
So013.3, meat weight and carcass weight were moderately
negatively correlated (r < —0.6, Fig. 6B).

Discussion
By integrating the rumen microbiome and metabolites,
the effect of antimicrobial peptides on growth perfor-
mance was studied in castrated bulls. Additionally, the
effect of rumen microbes and metabolites on production
performance and their composition were estimated.
Acetate, propionate and butyrate, which are fermen-
tation products of feed in the rumen, were beneficial to
the growth and development of the rumen [42, 43], VFAs
infusions stimulate cellular proliferation in the rumi-
nal epithelial tissue of ruminants [44]. Interestingly, the
present study established that antibacterial peptide feed
supplementation increases the papillae diameter and
micropapillary density of bulls, this may be correlated
with high VFAs concentration in the rumen. This result is
important as the rumen papilla facilitates the absorption
of nutrients. Further, the content of digestive enzymes
(protease, xylanase, and B-glucosidase) in the rumen con-
tents of the AP was significantly higher than that of the
CK. Xylanase can degrade xylan (a type of hemicellulose)
and convert it into a monosaccharide for absorption and
utilization by the body [45]. Similarly, B -glucosidase can
break down cellulose into glucose to provide energy for
the growth and development of the body [46]. Cellulose
and hemicellulose are the primary nutrients in the rumen
of ruminants broken down by xylanase and p-glucosidase
into monosaccharides that can be directly absorbed and
utilized by the rumen papilla. The increase in the rumen
mucosal surface area (Fig. 1) promotes the absorption of
these energy substances [47], contributing to the growth
and development of bulls. The addition of antimicrobial
peptides increased the surface area of rumen mucosa,
the content of digestive enzymes and VFAs, these factors
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interacted and played a role together, which may be the
main reason why the growth performance of AP was bet-
ter than that of CK.

Similar to many previous studies that have assessed
rumen microbiomes using metagenomics, bacteria were
the most abundant rumen microbial kingdom in the
rumen of bull and the differences in the rumen microbial
features between CK and AP castrated bulls were mainly
found in bacteria [38, 48]. Bacteria are key players in
most of the feed biopolymer degradation and fermenta-
tion [49], which suggests that the bacteria play more sig-
nificant roles in contributing to host growth performance
than other microbial kingdoms. CAZyme degrades diet
structural polysaccharides to provide nutrient substances
for absorption by rumen epithelium. The enrichment
of genes encoding CAZyme, which are involved in the
breakdown of carbohydrates (GH and PL) in the rumen
microbiota of AP bull, further demonstrated that the
addition of antimicrobial peptides provided bulls with
a greater ability to degrade complex substrates. There
was no difference in the abundance of genes encoding
CAZyme involved in carbohydrate synthesis (GT) in the
rumen of the CK and AP. The primary role of VFAs in
ruminants is to provide energy. The main function of
rumen microorganisms is to decompose nutrients into
VFAs and ammonia and then perform re-biosynthesis
or energy metabolism. The abundance of genes encod-
ing CAZyme involved in carbohydrate synthesis (GT)
was similar in the rumens belonging to the CK and AP,
but the concentration of major VFAs was higher in the
AP. This result indicated that the rumen microbiota in
the AP was probably more efficient in producing VFAs,
thereby providing more energy for the growth and meat
production of the host bull. Feed-efficient animals pro-
duce more VFAs and less methane [50]. The AP had
higher VFAs content in the rumen and more methano-
trophic species than the CK (CK: 12, AP: 18, Table S3),
indicating that the CK may have higher feed utilization
than the AP group. In fact, although the F/G of CK was
higher than AP, there was no difference between the two
groups (P=0.349), probably because AP methanogens
can use microbial fermentation to convert H, and CO,
in the rumen into methane which is then excreted [51].
Thus, the fermentation process reduces the accumulation
of H, in the rumen, preventing the inhibition of enzymes
involved in metabolism, promote the activity of digestive
enzymes [51-53], improving AP feed utilization.

The antibacterial peptide could selectively kill micro-
organism extremely effectively. As a result, the AP
had only three species, while the CK had as many as
62 species of virus. Furthermore, out of a total of 187
identified probiotics with different, 135 probiotics were
greater in the AP than in the CK group. Especially, the
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abundance of Propionibacterium and Cetobacter was
more than 10 times greater in the AP compared to the
CK, on average. Further, four probiotics, Carnobacte-
rium, Ellulomonas, Lactobacillus and Klebsiella were
unique to the AP group (Table S12). These probiotics
improve growth and development. For example, Ceto-
bacter can produce vitamin B2 [54], which is associ-
ated with the metabolism of carbohydrates in the body
[55]. On the other hand, Lactobacillus is a probiotic that
is often used in livestock breeding because it promotes
growth. Many studies have also confirmed that adding
Lactobacillus can promote growth performance and
ADG [56]. Based on the high efficiency of antibacterial
peptides in killing viruses without affecting probiot-
ics and even though the antimicrobial peptides reduced
the abundance and species of microorganisms in the
rumen, but the dominant bacteria did not change. it
can be assumed that the antibacterial function of anti-
bacterial peptides is specific. However, this assumption
is contrary to the classic antimicrobial peptides phar-
macodynamic model [57], which holds that antimicro-
bial peptides exert a microbial killing effect by broadly
targeting microorganisms, thereby establishing a broad
inhibitory mechanism against microorganisms. How-
ever, a recent re-evaluation of this model revealed that
different antimicrobial peptides could act synergistically,
exhibiting specificity toward inhibiting microorganisms
[14]. In this study, equal amounts of cecropin and api-
daecin were mixed to prepare the antimicrobial peptide,
combined with self-produced antimicrobial peptides.
This may be the main cause for the sterilization speci-
ficity of adding antimicrobial peptides. Our experimen-
tal results also confirm that the new model is correct.
This study also reveals that the antimicrobial peptides
improved immunity without developing drug resistance
(Fig. 3B). Which is a simple and efficient killing mecha-
nism of antimicrobial peptides, effectively preventing
the evolution of bacterial resistance [14, 58], while the
efficient killing of the virus directly improves immunity.
Bile acids are synthesized from cholesterol in the liver
and are further hydrolyzed by bacterial bile salt hydrolase
to form toxic free bile acids. These free bile acids further
inhibit and kill beneficial bacteria such as Escherichia coli
and Bifidobacterium bacteria [59], inhibiting growth [60].
Analysis of the metabolites revealed that 7-ketolitho-
cholic acid, 12-ketolithocholic acid, and apocholic acid
were significantly upregulated in the CK. Apocholic acid
is a by-product of the bacterial metabolism of bile. It is
acidic and is suspected to be carcinogenic, but the exact
mechanism of its carcinogenic activity is not known.
Phenylacetate is reported to inhibit these three harmful
bile acids. Thus, the concentrations of the three bile acids
were much lesser in the AP since the content of phenyl
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acetate in AP is 114% higher than CK. Many esterase
can be produced by microorganisms. Esterase is the key
enzyme for the synthesis of phenylethyl acetate, and ace-
tic acid is the substrate for the synthesis of phenylethyl
acetate [61]. Interestingly, phenyl acetate has antibacte-
rial activity [62], which is essentially consistent with the
results of this study.

Seven down-regulated microbes and seven upregu-
lated metabolites that may play an essential role in the
production performance of bulls were identified. It was
further observed that a negative regulatory relation-
ship existed between the metabolites and the microbes.
It has been reported that feeding parabacteroides dista-
sonis to mice can promote the production of secondary
bile acids, thereby inhibiting weight gain [63]. Keystone
cholic acid and Parabacteroides were significantly down-
regulated in the AP, while the ADG and net meat weight
in the AP were significantly higher than those in the CK.
These results were consistent with those reported for
mice. Streptomyces_sp._So013.3 (Streptomyces genus) pro-
duces a bicyclic 19-peptide compound BI-32169, which
potently inhibits the glucagon receptor and hence, can
act as a glucagon antagonist [64]. Glucagon is a hor-
mone that promotes catabolism, reduces body weight,
and increases energy expenditure [65]. Furthermore, a
negative correlation was found in this study between Aci-
netobacter_sp._Ac_1271 and terephthalic acid because
Acinetobacter sp. can degrade terephthalic acid [66]. It
is necessary to perform further studies to determine the
correlation between variety of other microorganisms and
metabolites.

In order to view these bacterial populations in numer-
ous samples, it has been standard protocol to show
organisms at abundances greater than 1%, or group the
low-abundant organisms into an “other” category [67-
70]. While this is a widely accepted method, it may miss
the key role of low abundance populations. Conjoint
analysis and correlation analysis revealed that Strepto-
myces_sp._Sol3.3 exhibited a weak correlation with ADG
(Fig. 6B), Streptomyces_sp._So13.3 also moderately corre-
lated with hippuric acid (Fig. 5C), and highly correlated
with hippuric acid and ADG (Fig. 6A). This result is con-
sistent with reports on several other strains and metab-
olites. It is worth noting that the relative abundance of
these strains is less than 0.0001%. Previous studies only
focused on some high-abundance microorganisms that
may not present the entire picture properly. This study
demonstrates that metabolites may amplify low-abun-
dance species, resulting in improved production perfor-
mance. The importance of low abundance organisms has
been reported in other systems. For example, in peat-
land communities, 0.006% of the 16S rRNA reading of
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desulfurization bacteria has a significant contribution to
the overall sulfate reduction [71].

Conclusion

This study identifies taxonomic features, functions,
metabolites of rumen microbes, and their interac-
tions with metabolites that contribute to host growth
performance. The antibacterial mechanism of anti-
microbial peptides is specific and did not affect pro-
biotics in the rumen. Additionally, antimicrobial
peptides could efficiently destroy viruses. While
enhancing immunity, problems related to drug resist-
ance are also not associated with them. Low-abun-
dance microorganisms play a growth-promoting role
by regulating metabolites. Finally, in this study, 7
microorganisms were screened that negatively regu-
lated growth performances and 7 metabolites that
had a growth-promoting effect. And we found that
low-abundance microorganisms may play a role in
improving the production performance of bulls by
regulating metabolites.
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