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Abstract
Background In the beef industry, bull calves are usually castrated to improve flavor and meat quality; however, this 
can reduce their growth and slaughter performance. The gut microbiota is known to exert a significant influence on 
growth and slaughter performance. However, there is a paucity of research investigating the impact of castration on 
gut microbiota composition and its subsequent effects on slaughter performance and meat flavor.

Result The objective of this study was to examine the processes via which castration hinders slaughter productivity 
and enhances meat quality. Bull and castrated calves were maintained under the same management conditions, 
and at slaughter, meat quality was assessed, and ileum and epithelial tissue samples were obtained. The research 
employed metagenomic sequencing and non-targeted metabolomics techniques to investigate the makeup of 
the microbiota and identify differential metabolites. The findings of this study revealed the Carcass weight and eye 
muscle area /carcass weight in the bull group were significantly higher than those in the steer group. There were no 
significant differences in the length, width, and crypt depth of the ileum villi between the two groups. A total of 53 
flavor compounds were identified in the two groups of beef, of which 16 were significantly higher in the steer group 
than in the bull group, and 5 were significantly higher in the bull group than in the steer group. In addition, bacteria, 
Eukaryota, and virus species were significantly separated between the two groups. The lipid metabolism pathways of 
α-linolenic acid, linoleic acid, and unsaturated fatty acids were significantly enriched in the Steers group. Compared 
with the steer group, the organic system pathway is significantly enriched in the bull group. The study also found 
that five metabolites (LPC (0:0/20:3), LPC (20:3/0:0), LPE (0:0/22:5), LPE (22:5/0:0), D-Mannosamine), and three species 
(s_Cloning_vector_Hsp70_LexA-HP1, s_Bacteroides_Coprophilus_CAG: 333, and s_Clostridium_nexile-CAG: 348) interfere 
with each other and collectively have a positive impact on the flavor compounds of beef.

Conclusions These findings provide a basic understanding that under the same management conditions, castration 
does indeed reduce the slaughter performance of bulls and improve the flavor of beef. Microorganisms and 
metabolites contribute to these changes through interactions.
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Introduction
During beef cattle production, bulls are usually castrated 
to improve beef flavor and meat quality. In addition, cas-
tration can reduce the aggressive behavior of bulls, mak-
ing production management easier [1]; however, many 
studies have shown that castration reduces growth and 
slaughter performance [2, 3]. The decrease in testoster-
one and androgens can suppress appetite and reduce feed 
intake, thereby reducing the growth and slaughter per-
formance of bulls [4, 5]. Although a decrease in testos-
terone can attenuate muscle growth and reduce growth 
and slaughter performance, it can increase fat deposition 
[6]. The deposition of fat in muscles directly affects vari-
ous factors related to meat quality, including tenderness, 
nutrition, and flavor [7]. Previous studies have focused on 
the meat quality of castrated beef carcasses [8, 9].

Studies have demonstrated the significant impact of gut 
microbiota on development and slaughter performance 
[1]. Castration can alter the gut microbiota, but there 
are few reports investigating whether this change affects 
slaughter performance and meat flavor compounds. The 
prevailing consensus is that the rumen functions as a 
microbial reactor, facilitating the microbial fermenta-
tion of a majority of nutrients [10]. So, research on the 
small intestinal microbiota is often overlooked. The small 
intestine serves as the primary organ responsible for the 
process of digestion and absorption of feed nutrients. It is 
comprised of three distinct sections, namely the duode-
num, jejunum, and ileum. The ileum has a more diverse 
composition of microorganisms than the anterior seg-
ment of the small intestine [11]. It is considered a tran-
sitional area before entering the hindgut and contains a 
higher number of microorganisms, with the number of 
bacteria remaining above 10% per gram of chyme [12]. 
The ileum is also a target organ for various drugs, vac-
cines, nutrients, microorganisms, and metabolites. 
Changes in the ileum microbiota-host interaction pattern 
can alter the effective supply of nutrients to peripheral 
tissues, thereby affecting host metabolism, physiologi-
cal function, and growth and development [13–15]. In 
addition, gut microbiota affect the metabolic processes 
related to fat deposition [16], thereby promoting growth 
and affecting meat quality. Although the study of the gut 
microbiota in ruminants has not received much atten-
tion, this information is crucial for elucidating the func-
tion of the ruminant ileum.

This study aimed to examine the potential effects of 
castration on the gut microbiota composition in Holstein 
bulls. Additionally, the alterations in the ileal microbi-
ome were examined to determine whether they influence 
slaughter performance and beef flavor. The objective of 
this study was to investigate the underlying mechanism 
responsible for the alterations in beef slaughter perfor-
mance and flavor resulting from castration. The research 

was conducted by examining the microbial composi-
tion and metabolite profiles through the application of 
metagenomic sequencing and metabolomics techniques. 
The present study offers a comprehensive framework for 
enhancing beef growth performance and meat quality, 
both in theoretical and practical aspects.

Materials and methods
Experimental model details
The study was carried out at Huarui Pasture, located 
in Minle County, Zhangye City, Gansu Province. A 
total of eighteen Holstein bulls were chosen for the 
experiment, with nine bulls assigned to the bull group 
(341.41 ± 4.04  kg) and nine 2-month-old Holstein bulls 
that had been castrated assigned to the steer group 
(345.13 ± 6.89  kg). Each animal is kept separately in a 
fence for the duration of the study. There was no statisti-
cally significant difference in the starting weight between 
the two groups, as shown by a p-value greater than 0.05. 
The study consisted of two distinct phases: a 30-day 
adaptation stage followed by a 270-day testing period. 
The bovine animals were provided with two daily feed-
ings at 08:00 and 16:00. The bovine animals were pro-
vided with two daily feedings at 08:00 and 16:00. The 
cattle were fed a total mixed ration consisting of corn 
silage and a grain mixture (Table S1) to meet the Nutri-
ent Requirement of Beef Cattle, 8th Revised Edition, by 
the Committee on Nutrient Requirements of Beef Cattle 
and the National Research Council (2016). Through-
out the duration of the experiment, unrestricted avail-
ability of both feed and water was provided to all study 
animals. The duration of the fattening experiment was a 
period of 270 days, remove the individuals with the high-
est and lowest live weight from each group, and exclude 
individuals with consistent health conditions lower than 
other animals. Finally, select 6 animals from each group 
for slaughter. Sample collection and processing.

On the 270th day of the experiment, all animals 
involved in the study had a 12-hour fasting period before 
being euthanized in strict adherence to the guidelines 
set out by the Animal Welfare and Ethics Committee of 
Gansu Agricultural University. Following the process 
of slaughter, several measurements and calculations 
were conducted in accordance with the methodologies 
outlined by Keane and Allen [17]. These included the 
assessment of dressing percentage, carcass weight, eye 
muscle area /carcass weight, and meat-to-bone ratio 
(6 per group). A volume of five milliliters of a combina-
tion of liquid and solid components was obtained from 
the ileum of each experimental animal. The collected 
samples were then transferred to sterile tubes and snap-
frozen using liquid nitrogen. Subsequently, the frozen 
samples were brought to the laboratory on the same day 
and maintained at a temperature of -80 °C. These samples 
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were intended for metagenomic and metabolomic anal-
ysis. A tissue specimen of the ileum, measuring about 
2 × 2 cm, was carefully prepared to prevent any compres-
sion and subsequently preserved in a 4% paraformalde-
hyde solution for the purpose of conducting histological 
investigation. A quantity of around 500 g of the longissi-
mus lumborum (the longissimus dorsi between the 12th 
and 13th ribs of the left half of the carcass) was utilized in 
order to ascertain the presence and composition of taste 
components. The sample was collected on March 5, 2021.

Intestinal morphology
The intestinal samples were extracted from the fixa-
tive solution containing 4% paraformaldehyde. The fixed 
ileum tissues were dehydrated in ethanol, cleared in 
xylene. Subsequently, the samples were fixed in paraf-
fin and cut into sections measuring 3  μm. These sec-
tions were then stained with hematoxylin-eosin staining 
(H&E) in order to facilitate analysis. Measurements were 
taken for the height and width of the villi, as well as the 
depth of the crypts. A total of ten villi, which were fully 
developed and properly aligned, together with their cor-
responding crypts from each segment [18], were exam-
ined under a Motic BA 210 light microscope (Xiamen, 
China) at a magnification of 40 ×. The acquired images 
were subsequently processed using Image-Pro Plus 6.0 
software (Media Cybernetics, Rockville, MD, USA).

Volatile flavor compound analysis
The analysis of volatile flavor compounds in the longis-
simus lumborum meat samples was conducted GC–IMS 
(FlavourSpec; GAS, Dortmund, Germany). The GC–IMS 
system was equipped with an MXT-5 capillary column 
(Restek, PA, USA) and an autosampler (CTC Analyt-
ics AG, Zwingen, Switzerland) that included a head-
space (HS) sampling unit and a gas-tight syringe (Gerstel 
GmbH, Mühlheim, Germany). In summary, the ground 
beef samples were subjected to a thawing process last-
ing 12 h at a temperature of 4℃. Subsequently, 3 g of the 
sample was carefully transferred into a 20 mL HS vial 
equipped with a magnetic screw seal cap (HM-2075G, 
Hamag Ningbo, Zhejiang, China). The vial was then sub-
jected to an incubation period of 15  min at a tempera-
ture of 60℃. Subsequently, an automated injection of 
500 µL of hydrogen sulfide gas was performed utilizing 
an injector temperature of 70℃ and employing a split-
less injection technique. The temperature of the column 
was maintained at 60 °C, while the drift tube temperature 
was set at 45 °C. The drift gas employed in this study was 
nitrogen, which was maintained at a flow rate of 150 mL/
min. The initial carrier gas flow rate was established at 2 
mL/min for a duration of 2 min, with this process being 
repeated once. Subsequently, the flow rate was elevated 
to 100 mL/min for a period of 16  min, following which 

the flow rate was terminated. The sample analyses were 
performed in triplicate. The retention index (RI) was 
determined by employing n-ketones C4–C9 (obtained 
from Sinopharm Chemical Reagent Beijing Co., Ltd., Bei-
jing, China) as external reference standards. The identi-
fication of volatile flavor compounds was conducted by 
the comparison of the retention index (RI) and drift time 
(Dt) of the library standards in the GC-IMS system. The 
determination of volatile flavor components was con-
ducted by quantifying the peak heights of the observed 
signal peaks.

DNA extraction, library construction, and metagenomic 
sequencing
The extraction of total DNA from the ileal contents was 
performed using an OMG-soil kit in Carlsbad, CA, USA. 
according to manufacturer’s instructions. he concentra-
tion and purity of the samples were assessed using a TBS-
380 (Promega, Madison, WI, USA) and a NanoDrop™ 
2000 (Thermo Fisher Scientific, Waltham, MA, USA). 
DNA extract quality was checked on 1% agarose gel.

DNA extract was fragmented to an average size of 
about 400 bp using Covaris M220 (Gene Company Lim-
ited, China) for paired-end library construction. Paired-
end library was constructed using NEXTFLEX Rapid 
DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters 
containing the full complement of sequencing primer 
hybridization sites were ligated to the blunt-end of frag-
ments. Paired-end sequencing was performed on Illu-
mina NovaSeq (Illumina Inc., San Diego, CA, USA) at 
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, 
China) using NovaSeq 6000 S4 Reagent Kit v1.5 (300 
cycles) according to the manufacturer’s instructions.

Sequence quality control and genome assembly
The data were analyzed on the free online platform of 
Majorbio Cloud Platform. Briefly, the paired-end Illu-
mina reads were trimmed of adaptors, and low-quality 
reads (length < 50 bp or with a quality value < 20 or hav-
ing N bases) were removed by fastp [19]. Metagenom-
ics data were assembled using Utilizing Megahit [20]. 
Using the succeed de Bruijn graph method, the con-
catenation parameters are iteratively concatenated 
from small k-mers to large k-mers. Contigs with with 
a length ≥ 300  bp were selected as the final assembling 
result, and then the contigs were used for further gene 
prediction and annotation.

Gene prediction, taxonomy, and functional annotation
Open reading frames (ORFs) from each assembled contig 
were predicted using Prodigal/MetaGene [21]. The pre-
dicted ORFs with a length ≥ 100  bp were retrieved and 
translated into amino acid sequences using the NCBI 
translation table. A non-redundant gene catalog was 
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constructed using CD-HIT [22] with 90% sequence iden-
tity and 90% coverage. High-quality reads were aligned to 
the non-redundant gene catalogs to calculate gene abun-
dance with 95% identity using SOAPaligner [23]. Taxo-
nomic assessment of ileum microbiota was performed 
using DIAMOND against the RefSeq database. Taxo-
nomic profiles were conducted at domain, phylum, genus 
and species levels, with relative abundances calculated. 
The PCoA based on Bray-Curtis dissimilarity matrices at 
species level was performed. Microbial taxa with a rela-
tive abundance > 0.1% in at least 50% of animals within 
each group were used for downstream analysis [10]. 
Also, linear discriminant analysis (LDA) with effect size 
(LEfSe) was performed to identify the important differ-
ential microbes between the two groups. Representative 
sequences of non-redundant gene catalog were aligned 
to NR database with an e-value cutoff of 1e-5 using Dia-
mond [24] for taxonomic annotations. The KEGG anno-
tation was conducted using Diamond [24] against the 
Kyoto Encyclopedia of Genes and Genomes database 
with an e-value cutoff of 1e-5.

Metabolomic sequencing and bioinformatics analysis
The contents of the ileum were thawed by keeping on 
ice and agitated for a duration of 10  s. A total of 50 µL 
of ileum sample content was combined with 150 µL of 
pre-cooled methanol, which included 1 µg/mL of 2-chlo-
rophenylalanine as an internal standard. The mixture was 
vigorously shaken for a duration of 3 min and thereafter 
subjected to centrifugation at a speed of 12,000  rpm at 
a temperature of 4  °C for a duration of 10 min. The liq-
uid above the solid material was separated and sub-
jected to centrifugation at a speed of 12,000 rpm for an 
additional 5 min at a temperature of 4  °C. The resulting 
supernatant was then transferred to a 2 mL container for 
further analysis using liquid chromatography-tandem 
mass spectrometry (LC-MS/MS). The metabolome of 
ileum contents [25, 26] was analyzed using Ultra Per-
formance Liquid Chromatography (UPLC) and MS/MS 
(QTRAP®). The analysis was conducted using a Waters 
ACQUITY UPLC HSS T3 C18 chromatographic column 
with dimensions of 1.8 μm × 2.1 mm × 100 mm. The col-
umn temperature was maintained at 40 °C, and the flow 
rate was set at 0.4 mL/min. An injection volume of 2 μm/

min was used for the analysis. The mobile phase was 
composed of eluent A, which consisted of water con-
taining 0.1% formic acid, and eluent B, which consisted 
of acetonitrile containing 0.1% formic acid. The gradient 
elution conditions were as follows: at 0 min, the solvent 
ratio was 95:5 (v/v); at 10 min, the solvent ratio was 10:90 
(v/v); at 11 min, the solvent ratio remained at 10:90 (v/v); 
at 11.1 min, the solvent ratio reverted to 95:5 (v/v); and at 
14 min, the solvent ratio returned to 95:5 (v/v) [27]. The 
relative concentration of ileum metabolites was analyzed 
to identify differential metabolites using screening crite-
ria based on FC ≥ 2, FC ≤ 0.5, and VIP ≥ 1. The metabolites 
that were found underwent annotation using the KEGG 
compound database (http://www.kegg.jp/kegg/com-
pound/) and the KEGG pathway database.

Data statistics and analysis
The data underwent statistical analysis to determine sig-
nificance and Pearson’s correlation using SPSS software 
version 22.0 (SPSS Inc., IBM Corp., Armonk, NY, USA). 
The data is provided in the form of mean ± standard devi-
ation (SD). Abundance calculation: Using SOAPaligner 
software, compare the high-quality reads of each sample 
with a non-redundant gene set (default parameter: 95% 
identity), and calculate the abundance information of 
genes in the corresponding samples. The gene abundance 
calculation method is Reads Number-Relative: gene 
abundance is represented by the proportion of the num-
ber of reads contained in the gene to all reads in the sam-
ple; Calculation formula: Genei = Ri/

∑n
1 (Ri) , where 

Ri represents the abundance value of Genei in a certain 
sample, that is, the number of Reads aligned to Genei in 
that sample; Represents the total number of reads corre-
sponding to all genes in the sample. Determine whether 
there is a difference in the distribution of the two groups 
of populations through Wilcoxon signed-rank test. In 
total, 865 ileum metabolites were identified and were 
transformed to have a zero mean and a unit variance 
for downstream analysis. The study employed OPLS-
DA to ascertain the metabolic disparities between the 
two groups. The OmicShare Tools platform, accessible 
at https://www.omicshare.com/tools, was used for the 
execution of two-way O2PLS analysis. Statistical maps 
were generated using OriginPro 9.1 software (OriginLab, 
Northampton, MA, USA).

Results
Castration reduces Slaughter Performance
The slaughter performance of the bull and steer groups 
is shown in Table  1. The findings indicate that the car-
cass weight and eye muscle area /carcass weight of the 
bull group exhibited a statistically significant increase 
compared to the steer group (P < 0.05). However, no sig-
nificant differences were seen in the other indicators 

Table 1 Castration reduces the slaughter performance of 
Holstein bulls
Items Bulls Steers P 

Value
Dressing percentage (%) 58.45 ± 0.66 57.36 ± 0.47 0.212
Carcass weight (kg) 378.08 ± 7.97 331.14 ± 10.24 0.005
Meat-bone ratio 5.15 ± 0.12 5.15 ± 0.09 0.983
Eye muscle area /carcass 
weight (cm2/kg)

0.22 ± 0.018 0.20 ± 0.012 0.044

http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/compound/
https://www.omicshare.com/tools
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(p > 0.05). This indicates that castration reduces the 
slaughter performance of Holstein bulls.

Castration did not alter the ileum epithelium parameters
Through H&E staining, we observed the histological 
morphology of the ileum (Fig.  1). The dimensions of 
the ileum villi, including length, width, and crypt depth, 
were shown to be larger in the bull group compared to 
the steer group. However, statistical analysis indicated 
that these differences were not statistically significant 
(p > 0.05; Table 2).

Castration improves beef flavor compounds
The gas chromatography-ion mobility spectrometry 
(GC-IMS) technique was employed to identify a total of 
53 compounds, out of which 42 were identified correctly 
by a library search using GC-IMS. A total of 11 ketones, 
11 alcohols, 15 aldehydes, four esters, and one furan 
were identified (Table  3). Principal component analysis 
(PCA) (Fig.  2A) and three-dimensional topographical 
plots (Fig. 2B) showed that castration caused significant 
changes in volatile flavor compounds. The fingerprints 
showed that castration significantly altered the ketone, 
alcohol, and aldehyde contents between the two groups 
(Fig.  2C). In the steer group, the levels of six alcohols, 
1-pentanol dimer, 1-pentanol monomer, 1-penten-3-ol, 
2,3-butanediol, 3-octanol monomer, and ethanol; two 
ketones, 2-heptanone monomer and 2-hexanone; seven 
aldehydes, 2-heptenal (E), benzaldehyde dimer, hep-
tanal monomer, hexanal dimer, hexanal monomer, pen-
tanal monomer, and octanal monomer; and one furan, 

2-pentylfuran were significantly higher than those in the 
bull group (FDR ≤ 0.1 or FDR ≤ 0.05). The concentrations 
of 2-butanone, acetone, butanal, 2,3-butanedione, and 
isoamyl butyrate were found to be considerably elevated 
in the bull group compared to the steer group (p < 0.01 or 
p < 0.05).

Genome profiling of ileum microorganisms
Metagenomic analysis was conducted on the ileum con-
tents of the bull and steer groups, resulting in an aver-
age of 64,141,039 ± 2,323,322 and 68,294,088 ± 3,254,590 
raw reads, respectively. After removing low-quality and 
unknown reads and host genome sequences, the opti-
mized reads obtained for subsequent analyses were 
62,940,063 and 67,095,184, respectively. The propor-
tion of optimized reads, which accounted for 97.82% 
and 97.85% of the raw reads, suggests that the sequenc-
ing outcomes were dependable and suitable for further 
studies. The principal component analysis (PCA) showed 
that all microorganisms were separated between the two 
groups. To further investigate the specific impact of cas-
tration on microorganisms, we conducted PCA at the 
Domain level, which showed that bacterial, eukaryotic, 
and viral species were separated between the two groups; 
however, no separation was observed for Archaea or 
unclassified microorganisms (Fig.  3). Hence, the com-
parative examination of the microbiota in the ileum of 
the two groups primarily focused on the identification of 
bacterial, eukaryotic, and viral components. In addition, 
the PCA of all microorganisms and bacteria was similar, 
indicating bacteria were the most abundant ileum micro-
bial kingdom in the ileum of holstein bulls and the dif-
ferences in the ileum microbial features between bull and 
steer were mainly found in bacteria.

Table 2 The effect of castration on the morphology of ileum 
epithelial tissue
Items Bulls Steers P value
Villus height(µm) 545.05 ± 11.98b 541.35 ± 9.19c 0.44
Fluff width(µm) 124.21 ± 6.00 117.77 ± 4.98c 0.18
Crypt depth(µm) 278.55 ± 9.33 278.03 ± 14.55 0.11

Fig. 1 Hematoxylin and eosin staining of ileum papillae
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Table 3 Castration changes the flavor compounds of beef
NO Compound Retention index Retention time, s Drift time, ms Intensity, V FDR

Bulls Steers
Alcohols
1 1-Butanol 672.4 169.627 1.18265 436.8668 ± 20.223 504.8999 ± 81.245 0.525
2 1-Pentanol dimer 778.4 248.34 1.50922 130.5400 ± 28.644 514.3770 ± 133.836 0.0714
3 1-Pentanol monomer 778.4 248.34 1.25598 446.7989 ± 54.633 1020.8251 ± 194.826 0.071
4 1-Pentanol polymer 776.2 246.584 1.81201 29.2888 ± 1.629 33.9501 ± 2.846 0.260
5 1-Penten-3-ol 694 181.027 0.94581 108.8386 ± 10.786 178.4609 ± 24.63 0.071
6 1-Propanol 572.6 126.061 1.11709 293.6302 ± 14.226 372.6812 ± 67.819 0.381
7 2,3-Butanediol 792.9 262.545 1.35706 493.3946 ± 30.133 776.5095 ± 62.626 0.017
8 3-Octanol dimer 991.7 548.7 1.80442 52.2887 ± 3.344 96.2323 ± 4.962 0.458
9 3-Octanol monomer 991.7 548.7 1.41248 388.7732 ± 79.423 1445.3417 ± 347.487 0.071
10 Ethanol 530.3 107.575 1.04304 7759.5376 ± 420.528 10605.8347 ± 524.536 0.017
11 2-Methyl-3-furanthiol 869.3 346.695 1.14404 1150.2949 ± 216.578 1384.3998 ± 287.855 0.571
Ketones
12 2,3-Butanedione 585.9 131.854 1.1768 1174.6593 ± 95.518 599.2407 ± 75.767 0.014
13 2-Butanone 590.3 133.798 1.2489 1731.0748 ± 378.655 281.628 ± 11.782 0.046
14 2-Heptanone dimer 892.3 372.162 1.63217 29.7496 ± 2.796 32.7766 ± 3.596 0.5712
15 2-Heptanone monomer 892.8 373.04 1.26149 88.9855 ± 1.823 171.0125 ± 22.055 0.025
16 2-Hexanone 792.9 262.545 1.49883 27.4276 ± 2.268 88.9419 ± 12.823 0.021
17 2-Pentanone 684.5 174.92 1.37644 396.0833 ± 50.705 336.8328 ± 21.583 0.407
18 Acetic acid 622.8 147.955 1.15716 144.595 ± 8.484 172.4957 ± 29.679 0.464
19 Acetoin dimer 732.3 211.563 1.3284 5403.6013 ± 628.065 3904.7121 ± 589.383 0.181
20 Acetoin monomer 734.3 213.192 1.05844 2148.2107 ± 128.083 2237.4722 ± 179.847 0.712
21 Acetone 522 103.939 1.11495 9004.3386 ± 252.470 7009.9177 ± 468.748 0.021
22 Cyclopentanone 797.7 267.898 1.1093 95.4479 ± 9.103 108.5099 ± 22.431 0.631
Alde-
hydes
23 2-Hexenal 849.3 324.741 1.17891 102.0048 ± 17.963 82.2967 ± 5.710 0.4074
24 2-Heptenal (E) 958.7 490.143 1.25167 51.1152 ± 2.235 89.6484 ± 10.340 0.023
25 Benzaldehyde dimer 989.8 545.225 1.46599 225.3876 ± 225.387 549.5707 ± 104.611 0.071
26 Benzaldehyde monomer 1002.8 569.551 1.15793 751.5379 ± 126.163 1054.003 ± 113.309 0.180
27 Butanal 598.7 137.463 1.29197 1310.7376 ± 140.947 442.1131 ± 29.194 0.014
28 Heptanal dimer 901.7 388.847 1.6964 26.1585 ± 1.036 36.6709 ± 4.642 0.099
29 Heptanal monomer 902.2 389.726 1.32755 121.3743 ± 8.065 237.663 ± 46.293 0.071
30 Hexanal dimer 795.1 265.025 1.55694 399.287 ± 41.201 1834.4379 ± 508.897 0.074
31 Hexanal monomer 795.9 265.903 1.25415 821.7502 ± 46.047 1722.9628 ± 181.928 0.0214
32 N-Nonanal 1108.7 775.742 1.47226 315.2713 ± 12.981 358.3118 ± 24.888 0.2334
33 Pentanal dimer 695.5 182.249 1.42281 37.6145 ± 2.408 69.8468 ± 19.554 0.233
34 Pentanal monomer 695.5 182.249 1.18762 451.5485 ± 13.655 593.0829 ± 55.869 0.0714
35 Octanal dimer 1012.8 588.964 1.81825 60.8581 ± 2.644 61.7447 ± 2.077 0.797
36 Octanal monomer 1013.3 589.887 1.40724 154.5558 ± 9.557 239.8566 ± 32.966 0.071
37 Phenylacetaldehyde 1043.1 648.072 1.25551 53.9314 ± 2.371 60.24 ± 2.552 0.180
Esters
38 Ethyl acetate dimer 603.4 139.498 1.33337 964.9372 ± 314.151 402.165 ± 48.631 0.180
39 Ethyl acetate monomer 607.1 141.127 1.09819 708.7041 ± 79.295 764.6409 ± 31.803 0.571
40 Ethyl hexanoate 1008.5 580.652 1.34386 79.4487 ± 9.352 113.3374 ± 17.392 0.182
41 Isoamyl butyrate 1048.1 657.813 1.41269 150.6127 ± 11.015 78.4693 ± 2.976 0.014
Furan
42 2-Pentylfuran 996.7 557.563 1.24782 52.2887 ± 5.762 96.2323 ± 16.637 0.0714
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Differences in the classification of microorganisms in the 
ileum
The results of the comparative analysis indicated that 
three out of the top five genus level exhibited statistically 
significant variations in abundance between the steer 
group and the bull group (p < 0.05; Fig. 4A): Escherichia 
(bull: 1.12%, steer: 8.81%), unclassified_F_Enterobacte-
riaceae (bull: 0.49%, steer: 4.56%), and unclassified_ P_ 
Proteobacteria (bull: 0.4%, steer: 2.1%). And the abun-
dance of these three genus in the steer group is five times 
higher than that in the bull group. In terms of species 
composition (Fig.  4B), the prevailing bacteria seen in 

the bull group were identified as Clostridium perfringens 
(10.83%), Clostridiaceae bacterium (5.51%), and Rom-
boutsia timonensis (2.68%). The predominant bacteria in 
steers were Clostridium perfringens (14.42%), Escherichia 
coli (8.69%), and Turiciactor sanguinis (6.59%).

A differential analysis was conducted, revealing a total 
of 393 microorganisms that exhibited significant dif-
ferences (p < 0.05) between the two study groups. In the 
examination of variations across Archaea populations, 
it was shown that only seven abundances exhibited sta-
tistically significant differences (p < 0.05). The compara-
tive study of bacterial diversity revealed a total of 361 

Fig. 3 Domain level PCA

 

Fig. 2 A: Analysis of flavor compounds by PCA. B: Three-dimensional topographic plots from the bull and steer samples. C: Gallery plot from the bull 
and steer samples
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bacterial species that exhibited statistically significant 
differences (p < 0.05). Among these, 272 species showed 
considerably higher abundance in the bull group com-
pared to the steer group, whereas 89 species were found 
to be significantly more abundant in the steer group 
compared to the bull group. The comparison of the prev-
alence of 17 viruses showed statistically significant dif-
ferences (p < 0.05). Specifically, seven viruses had greater 
prevalence in the bull group compared to the steer group 
(p < 0.05), whereas 10 viruses exhibited considerably 
higher prevalence in the steer group in comparison to the 
bull group. A total of six distinct eukaryotic types were 
observed, with two of them exhibiting considerably more 
prevalence in the bulls compared to the steer group. Con-
versely, four eukaryotic types were found to be signifi-
cantly more abundant in the steer group compared to the 
bull group (p < 0.05; Table S2).

Functional map and functional differences of ileum 
microbiome
For the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis, a total of six pathways were identified 
and labeled at the first level. The six major categories 
of biological phenomena that are commonly studied in 
academic research are cellular processes, environmental 
information processing, genetic information processing, 
metabolism, organizational systems, and human disor-
ders (Fig. 5A).

At the second level of analysis, a total of 46 pathways 
were, with 12 of these pathways showing substantial 
enrichment (p < 0.05; Fig. 5B). Among the first four path-
ways with the most abundant enrichment (Metabolism 
of cofactors and vitamins, Translation, Cellular com-
munity prokaryotes, Xenobiotic biodegradation and 

metabolism), three exhibited substantial enrichments in 
the group of steers.

At the third level, a total of 355 pathways were anno-
tated, of which 53 were significantly different (Fig.  6). 
Fourteen were significantly enriched in the bull group 
and 39 were significantly enriched in the steer group. 
Notably, the Jak STAT signaling pathway and cytokine 
receptor interaction pathways were only enriched in the 
steer group.

The carbohydrate-active enzymes (CAZyme) map 
identified 352 genes encoding CAZymes, including 39 
carbohydrate-binding modules (CBMs), 16 carbohydrate 
esterases (CEs), 11 auxiliary activities (AAs), 55 glycos-
yltransferases (GTs), 199 glycoside hydrolases (GHs), 
and 32 polysaccharide lyases (PLs). Only 15 of these 
genes showed significant differences (Table S3, p < 0.05), 
with 13 significantly enriched in the steer group: three 
AA, seven GH, two CE, and CBM41, all of which were 
involved in carbohydrate decomposition. The bull group 
exhibited substantial enrichment just in the GH50 and 
GH115 genes.

Ileum metabolomics analysis
A comprehensive set of 865 compounds were observed in 
the ileum metabolome. The application of the orthogo-
nal projections to latent structure-discriminant analy-
sis (OPLS-DA) score plot demonstrated the successful 
discrimination of both groups based on the unique 
composition of ileum metabolites (Fig.  7B). A total of 
98 differential metabolites were found between the bull 
and steer groups after applying filters based on relative 
concentrations (fold change [FC] ≥ 2 and FC ≤ 0.5) and 
variable importance in projection (VIP ≥ 1). Using bulls 
as controls, the steer group had 57 higher abundance 

Fig. 4 Microbial analysis at the genus and species taxonomic levels. A: Differences between the bull and steer groups at the level of genus. B: The prevail-
ing strains showed at the species level within the bull and steer groupings
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metabolites and 41 lower abundance metabolites 
(Fig.  7D). These 98 differential metabolites were classi-
fied into 17 fatty acids, 14 nucleotides and their metabo-
lomics, 11 organic acids and their derivatives, 11 amino 
acids and their metabolomics, 10 glycerophorids, nine 
bile acids, seven heterocyclic compounds, and five ben-
zene and its substituted derivatives. In addition, there 
were three alcohols and amines; three carbohydrates 
and their metabolites; three tryptamines, cholines, and 

pigments; two coenzymes and vitamins; two hormones 
and hormone-related compounds; and one other. Among 
the 98 differential metabolites, 31 were enriched through 
KEGG and were found in 65 pathways (Fig. 7C). The top 
pathways with the highest levels of metabolite enrich-
ment were Metabolic pathways; Alanine, aspartate and 
glutamate metabolism; Nicotinate and nicotinamide 
metabolism; Pyrimidine metabolism; and Bile secre-
tion, which were enriched in 21, 4, 4, and 4 metabolites, 

Fig. 5 KEGG enrichment analysis. A: The enrichment analysis of KEGG pathways at both the first and second levels. B: Differentially significant KEGG 
second-level pathways. C: The KEGG third-level pathways had differential significance
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respectively. Pyruvic acid was enriched in 34 pathways, 
and enrichments of succinic acid were observed in 18 
pathways (Fig. 7B). The pathways with significant differ-
ences in the enrichment of more abundan metabolites 
were Metabolic pathways (ko01100) and Alanine, aspar-
tate, and glutamate metabolism (ko00250) were enriched 
in 17 and 4 more abundant metabolites, respectively, and 
bile secretion (ko04976) was enriched in 4 less abundant 
metabolites (Fig. 7A).

Combined metagenome and metabolome analysis
We constructed Venn diagrams for the pathways of dif-
ferential metabolite and microbial enrichment and 
found that 12 pathways, including Tyrosine metabo-
lism (Ko00350), Cysteine and methionine metabolism 
(ko00270), and Tryptophan metabolism (ko00380), were 
co-enriched in both metabolites and microorganisms 
(Fig. 8B). Notably, 10 of these 12 common pathways were 
upregulated in the steer group. To determine whether 

microorganisms and metabolites have a linkage effect, 
all microbiome and metabolome data were analyzed, 
and orthogonal partial least squares (O2PLS) analysis 
was used to identify the top 20 microbes and metabo-
lites with the strongest linkage effect (Fig.  8A). This 
indicated a strong interrelationship between microorgan-
isms and metabolites. The top 20 metabolites obtained 
from O2PLS analysis based on VIP ≥ 2.5 were rigorously 
screened and ultimately obtained five differential metab-
olites, LPC (0:0/20:3), LPC (20:3/0:0), LPE (0:0/22:5), 
LPE (22:5/0:0), and D-Mannosamine; all of which were 
upregulated. Similarly, we rigorously screened 20 micro-
organisms with p ≤ 0.01 and ultimately obtained three 
microorganisms, an unclassified species s_Clonning_vec-
tor_Hsp70_LexA-HP1 and two bacteria s_Bacteroides 
Copihilus-CAG: 333 and s_Clostridium nexile-CAG: 348. 
In the steer group, the abundance of these three microbes 
increased. In order to delve deeper into the associa-
tion between these five metabolites and three microbes, 

Fig. 6 KEGG third-level differentially significant pathways
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Fig. 7 Analysis of metabolites identified in the ileum contents of Holstein bulls. A: Enrichment and distribution of metabolites in pathways. B: OPLS-DA 
analysis of the differential metabolites. B: Enrichment and distribution of metabolites in KEGG pathways. C: KEGG pathways of differential metabolite 
enrichment. D: Differential metabolites between the steer and bull groups
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Fig. 8 The integration of metagenomic and metabolomic analyses. A: O2PLS analyzed metabolomics and macrogenomics. B: Venn diagram of KEGG 
terms co-enriched by differential microorganisms and differential metabolites. C: Analysis of the correlation between microbes and the target metabolites
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Spearman correlation analysis was performed. The find-
ings indicated that these five metabolites positively gov-
erned three microorganisms, with a strong (ρ ≥ 0.8) and 
moderate (0.5 ≤ ρ < 0.8) regulatory relationship (ρ ≤ 0.5; 
Fig. 8C).

Correlation analysis
In order to investigate the impact of five metabolites and 
three microorganisms, an analysis was conducted on the 
slaughter performance and flavoring compounds pres-
ent in the longissimus lumborum (the longissimus dorsi 
between the 12th and 13th ribs of the left half of the 
carcass). The findings indicated that the three microor-
ganisms that exhibited higher abundance demonstrated 
a negative association with meat-to-bone ratio, dress-
ing, eye muscle area /carcass weight, and carcass weight 
(Fig.  9A). s_Bacteroides_Coprophilus_CAG: 333 showed 
a moderate negative correlation with carcass weight and 

meat-to-bone ratio (ρ≤-0.5). The five most abundant 
metabolites showed a negative correlation with carcass 
weight, meat-to-bone ratio, dressing percentage, and 
eye muscle area /carcass weight (ρ < -0.1, Fig. 9B). This 
indicates that castration resulted in the upregulation of 
these three microorganisms and five metabolites and 
that their interaction led to a decrease in slaughter per-
formance. The correlation results for flavor substances 
showed that the three microorganisms and five metabo-
lites were positively correlated with 16 upregulated flavor 
compounds (1-Pentanol dimer, 1-Pentanol monomer, 
1-Penten-3-ol, 2,3-Butanediol, 2-Heptanone monomer, 
2-Hexanone, 2-Pentylfuran, 3-Octanol monomer, Benz-
aldehyde dimer, Ethanol, Heptanal monomer, Hexanal 
dimer, Hexanal monomer, Octanal monomer, Pentanal 
monomer, 2-heptenal (E)) and negatively correlated with 
five downregulated flavor compounds (2,3-Butanedi-
one, 2-Butanone, Acetone, Butanal, Isoamyl butyrate) 

Fig. 9 A: Correlation between key microorganisms and slaughter performance. B: Slaughter performance and key metabolites correlation. C: Key mi-
crobes and beef flavoring compounds correlation. D: Correlation between key metabolites and beef flavor compounds
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(Fig. 9C, D), indicating that castration can increase flavor 
compounds by altering microorganisms and metabolites.

Discussion
In recent years, beef quality and flavor have become the 
most economically significant factors for livestock pro-
duction, and castration is of great importance in improv-
ing beef quality. However, the phenomenon of poor 
slaughter performance caused by castration remains 
evident, and the specific mechanism from a microbial 
perspective remains to be determined. This study ana-
lyzed slaughter performance and ileum epithelial tissue 
morphology to characterize the changes after castration. 
We demonstrated the important association of the ileum 
microbiome with ileum metabolites in beef flavor differ-
ences using ileum metagenomics and metabolomics to 
elucidate the mechanisms involved.

Since the year 1990, a number of systematic studies 
have been conducted that have demonstrated the poten-
tial reduction in the growth performance of beef cattle as 
a result of castration [28]. Although castration reduces 
growth performance, it has a significant positive effect 
on meat quality [29], which is widely believed to be due 
to the reduction in hormone concentrations, particularly 
testosterone. Owing to differences in testosterone-medi-
ated nitrogen metabolism, a larger deposition of lean tis-
sue leads to weight gain [4]. In line with prior findings, 
the present study demonstrates that the Dressing per-
centage and Meat one ratio was no significant difference 
in, but the carcass weight and eye muscle area /carcass 
weight of bulls were notably higher in comparison to 
the steer group. These results suggest that bulls exhibit 
favorable slaughter performance. Our previous research 
showed that the serum testosterone, triiodothyronine, 
thyroid hormone, and growth hormone levels in the 
steer group were significantly lower than those in the bull 
group (P < 0.05), while the levels of somatostatin were sig-
nificantly higher than those in the Bull group (P < 0.05) 
[1]. This may be an important reason why the slaughter 
performance of the bull group is better than that of the 
steer group.

Prior research has investigated the impacts of castra-
tion on meat quality, growth, and slaughter performance 
[30, 31]; on the other hand, nothing is known about the 
general modifications to the gut microorganisms of cas-
trated ruminants. In this study, PCA analysis showed 
that bacteria, Eukaryota, and viruses were isolated in 
the ileum of the castration and bull groups but no iso-
lates with archaea. The cellulose consumed by ruminants 
is mainly broken down in the rumen to produce H2 and 
CO2, whereas Archaea can synthesize methane from 
H2 and CO2, which is of great importance for maintain-
ing normal H2 partial pressure in the rumen [32]. How-
ever, the ileum barely decomposes cellulose. Therefore, 

the numbers of Archaea are limited and do not affect 
the entire microbial community of the ileum. The PCA 
analysis of bacteria was consistent with that of all micro-
organisms, indicating that the contribution of bacteria 
to the ileum is more important than that of other micro-
bial kingdoms. This is in line with findings from a study 
of bacteria found in ileum of other animals [33]. Our 
results indicate that castration altered the microbiota of 
the ileum, both in terms of microbial species and quan-
tity and the predominant bacteria. Prior research has 
demonstrated that alterations in the microbial composi-
tion inside the gastrointestinal tract, resulting from high-
precision diets and antibiotics, can damage the intestinal 
mucosa and cause changes in the intestinal epithelium 
[34, 35]. A single layer of epithelial cells that make up the 
small intestinal epithelium is vulnerable to the effects of 
the digestive tracts microbes and surroundings [36]. The 
ileal epithelium’s tissue morphology did not significantly 
differ between the two groups, according to the study’s 
H&E staining data. According to the outcomes, it can be 
postulated that the mechanism of microbial alteration in 
the ileum caused by castration differs from those caused 
by other factors. Changes in the microbiota caused by 
castration did not affect the normal function or epithelial 
morphology of the intestine. The surface area of the gas-
trointestinal epithelium is important for nutrient absorp-
tion [37]. In this study, the differences in crypt depth, 
villus height, and width in the ileum were not significant, 
indicating that castration did not reduce slaughter per-
formance by attenuate the absorption rate of nutrients.

The predominant bacteria shared by bulls (10.83%) and 
steers (14.42%) was Clostridium perfringens, which is not 
conducive to animal growth and development. Clostrid-
ium perfringens is closely associated with mastitis in cows 
[38] and is widely present in the small intestine of cattle 
[39], which may be the result of genetic or environmen-
tal factors. Research has indicated a highly significant 
negative correlation between the quantity of Clostridium 
perfringens in the ileum and an animal’s weight gain [40]. 
Their higher abundance in the steer group may be one 
of the reasons for the lower slaughter performance com-
pared to the bull group.

Turiciactor sanguinis is involved in carbohydrate fer-
mentation, host lipid metabolism, and short-chain fatty 
acid synthesis [41, 42] and was one of the predominant 
bacteria in the steer group. Furthermore, the enhanced 
JAK-STAT signaling pathway, specifically observed in 
the steer group, facilitates the modulation of several 
hormones, hence exerting a significant influence on the 
maturation and functionality of adipocytes [43]. Carbo-
hydrates, fats, and fatty acids directly affect flavor com-
pounds in meat [44], and these differences may have 
led to differences in flavor compounds between the two 
groups.
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Raw meat exhibits few olfactory or gustatory attri-
butes and possesses a taste reminiscent of blood. Con-
versely, cooked meat acquires distinct flavor profiles due 
to the intricate interplay of flavor precursors present in 
meat protein and fat constituents. This interaction cul-
minates in the generation of volatile flavor compounds 
[45]. More than 700 volatile taste compounds have been 
found, encompassing a wide range of chemical classes 
such as alcohols, furans, ketones, esters, aldehydes, and 
pyrazines. Many more compounds are found in beef 
than in other meats [46]. These compounds, alone or in 
combination, give beef its unique aroma, flavor, and pal-
atability, thereby affecting consumer acceptance. The oxi-
dative degradation of linoleic acid produces hexanal and 
glutaraldehyde, which contribute to its subtle aroma [47]. 
Although n-heptaldehyde can cause a strong fatty and 
putrid taste [48], octanal and n-heptaldehyde together 
produce nutty and fruity aromas. After dilution, octanal 
has a fatty and fruity odor. Benzaldehyde imparts a fra-
grant aroma to almonds [49] and is mainly characterized 
by its nutty aroma [50]. Alcohols contribute to the herba-
ceous, woody, and fatty flavors of meat [51]; for example, 
2,3-butanediol has an onion flavor [52]. 2-pentylfuran 
has a fragrant scent. Although the amount of 2-butanone, 
acetone, butanal, 2,3-butanedione, and isoamyl butyrate 
were found to be considerably elevated in the bulls com-
pared to the steer group, the threshold for most ketones 
was high, and their contribution to flavor characteristics 
was minimal [53]. For example, extremely low content of 
2,3-butanedione results in cheese aroma [54].

The main CAZyme families include GTs, involved in 
synthesis; CEs, involved in decomposition; GHs, PLs; and 
CBM [55]. GH, CE, and PL decompose cellulose, hemi-
cellulose, starch, and pectin through synergistic effects 
[56]. The GH family is mainly composed of starch hydro-
lases. Starch is hydrolyzed into maltose and glucose and, 
through the glycolytic pathway of glycolytic bacteria, 
produces pyruvic acid (intermediate step), which in turn 
produces metabolites such as volatile fatty acids, CO2, 
and CH4. The enrichment of CAZyme genes encoding 
GH, CE, AA, and CBM involved in carbohydrate deg-
radation in the ileum microbiota of the steer group fur-
ther demonstrates that their microorganisms have a high 
carbohydrate degradation ability and may produce more 
hydrolysates and pyruvic acid. Our metabolomic data 
confirmed that the steer group had higher levels of pyru-
vic acid. Pyruvic acid is oxidized in the mitochondria to 
form acetyl-CoA, which synthesizes fatty acids through 
the tricarboxylic acid cycle, promotes intramuscular fat 
deposition [57, 58], and improves meat quality.

Through combined analysis, we found 12 differential 
pathways enriched by differential microorganisms and 
metabolites, of which 10 were significantly enriched in 
the steers group. Out of the 10 pathways examined, it 

was found that five signaling pathways, namely ko00380, 
ko00410, ko00310, ko00350, and ko00640, were associ-
ated with amino acid metabolism. Additionally, three 
pathways, including ko00591, ko00592, and ko01040, 
were found to be involved in the metabolism of linoleic 
acid, linolenic acid, and unsaturated fatty acids, respec-
tively. Many studies have shown that lipids and amino 
acids are the main contributors to meat flavor com-
pounds [59], which is consistent with our results.

The organic system pathway was significantly enriched 
in the bull group and mainly included multiple sys-
tems such as immunity, digestion, endocrine, circula-
tion, and growth and development [60]. Enhancements 
in the organic system yield advantageous outcomes for 
the physiological maturation and advancement of the 
human body, which suggests that the bull group may 
have a higher feed reward and weight gain. The results 
of this study and our previous research [1] confirm this 
inference.

The functions of microorganisms in the body are usu-
ally achieved through metabolites; therefore, it is impor-
tant to explore the interactions between microorganisms 
and metabolites. Through O2PLS analysis, we found a 
strong mutual relationship between the microorgan-
isms and metabolites. Spearman correlation analysis of 
the five metabolites and three microorganisms identified 
that there was a moderate and strong regulatory relation-
ship (ρ> 0.5). Although the correlation analysis cannot 
indicate a regulatory relationship between them, it can 
show a certain correlation between them, which is con-
sistent with the results of our O2PLS analysis. The cor-
relation between these three microorganisms and five 
metabolites, slaughter performance, and flavor com-
pounds indicated that these three microorganisms and 
five metabolites were negatively correlated with slaugh-
ter performance but positively correlated with muscle 
flavor compounds, which is consistent with the results 
of our determination of flavor compounds. Studies have 
shown that feeding LPC to pigs can lead to a decrease in 
carcass performance but have a positive impact on mus-
cle fat deposition [61]. LPC can also affect the flavor of 
beef and enhance aftertaste [62]. During heat treatment 
of beef, some polar lipids (PC) are hydrolyzed into LPC 
and PLE, which are beneficial for fat deposition in beef 
and play an important role in improving meat quality 
[63]. D-mannosamine is only present in a limited subset 
of bacterial polysaccharides and is specifically located 
within the cellular wall of Bacillus. Although the bio-
chemical basis of the mechanism remains unclear, it has 
been shown to have an inhibitory effect on growth, which 
is achieved by reducing glucose utilization [64]. This 
may contribute to the lower slaughter performance of 
the steer group in the current study. Furthermore, it was 
noted that the three species exhibited higher abundance, 



Page 16 of 18Shi et al. BMC Genomics          (2024) 25:426 

an unclassified species s_Clonning_vector_Hsp70_LexA-
HP1 and two bacteria s_Bacteroides Copihilus-CAG: 
333 and s_Clostridium non-exile-CAG: 348., also played 
important roles in growth. Bacteroides copropophilus is 
an anaerobic gram-negative bacterium, with the main 
end products being succinic acid and acetic acid, as well 
as small amounts of isovaleric acid, propionic acid, and 
pyruvic acid. Succinate and pyruvic acids participate in 
the tricarboxylic acid cycle and promote energy metabo-
lism [65]. Clostridium nexile can lead to significant dif-
ferences in metabolites and is positively correlated with 
muscle growth [66]. s_Cloning_vector_Hsp70_LexA-HP1 
as a newly vector, the role of this organism and related 
mechanisms are still unclear.

Conclusion
This work has successfully observed the categorization 
features, functions, and metabolites of bacteria in the 
ileum. Additionally, it has examined the relationships 
between these microorganisms and metabolites with 
their impact on host growth performance and the pro-
duction of beef taste-enhancing compounds. The ileum 
microbiota composition, function, metabolites, and host 
metabolism of castrated Holsteins were significantly dif-
ferent from those of Holstein bulls. The microorganisms 
and metabolites of bulls are beneficial for growth and 
development and have a positive impact on slaughter 
performance but are not conducive to the flavor of beef. 
While castrated bulls exhibit reduced slaughter perfor-
mance, their meat is characterized by enhanced flavor 
compounds, a quality that is intricately linked to the met-
abolic processes of microorganisms involved in lipid and 
amino acid metabolism. This study offers a novel eluci-
dation for the aforementioned phenomena, focusing on 
the role of microorganisms and metabolites. Through 
comprehensive analysis, the study has successfully found 
a total of five metabolites and three microbes that syner-
gistically contribute to the enhancement of taste compo-
nents in beef.

Abbreviations
CAZYme  Carbohydrate-active enzyme
CBM  Carbohydrate-binding modules
CE  Carbohydrate esterase
DA  Orthogonal Projections to Latent Structures
FC  Fold change
FDR  False discovery rate
GH  glycoside hydrolases
Gt  Glycosyl transferases
KEGG  Kyoto Encyclopedia of Genes and Genomes
NCBI  National Center for Biotechnology Information
O2PLS  Two-way Orthogonal Partial Least Squares
OPLS-DA  Orthogonal Projections to Latent Structures Discrimination 

Analysis
PL  Polysaccharide lyases
PCoA  Principal coordinates analysis
TMR  Total mixed ration. UPLC: Ultra Performance Liquid 

Chromatography
VFDB  Virulence Factor Database

VFA  Volatile fatty acid
VIP  Variable importance in the projection

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-024-10272-8.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Author contributions
JS, ZL conceived and designed the experiments. JS, LJ, ZL, YH, PH, YM, ZZ, QC, 
ML，TR, WZ and WL conducted the experiments and performed the statistical 
analysis of the experimental data. Finally, the paper was written JS, and was 
modified by ZL. All authors read and approved the final manuscript.

Funding
This research was financially supported by the Application of Pingliang Red 
Bull Planting and Breeding Combined with High-efficiency Circular Production 
System Construction Technology Application (2020 C-08), the Gansu beef 
cattle quality fattening project (GSA-XMLZ-2021-01), Discipline Team Project of 
Gansu Agricultural University(GAU-XKTD-2022-22).

Data availability
All data generated or analyzed during this study are included in this article, 
and the raw data can be obtained by contacting the corresponding author. All 
sequencing data are available through the NCBI Sequence Read Archive (Bio 
Project ID: PRJNA1033150).

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
The animal study was reviewed and approved by the Institutional Animal 
Care and Use Committee of the Gansu Agricultural University under permit 
number No. GSAU-Eth-AST-2022-035. All experimental procedures and 
sample collection methods were performed in accordance with approved 
guidelines and regulations to ensure animal welfare. Meanwhile, the study is 
in accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Author details
1College of Animal Science and Technology, Gansu Agricultural University, 
Lanzhou 730070, China
2College of Animal Sciences and Technology, Shandong Agricultural 
University, Taian 271018, China
3College of Pastoral Agriculture Science and Technology, Lanzhou 
University, Lanzhou 730000, China
4College of Animal Medicine, Gansu Agricultural University,  
Lanzhou 730070, China
5Gansu Xukang Food Co., Ltd, Pingliang 744300, China
6Gansu Huarui Agriculture Co., Ltd, Zhangye 734500, China

Received: 12 December 2023 / Accepted: 30 March 2024

References
1. Li Z, Shi J, Lei Y, Wu J, Zhang R, Zhang X, Jia L, Wang Y, Ma Y, He P, Ma Y, Cheng 

Q, Zhang Z, Zhang K, Lei Z. Castration alters the cecal microbiota and inhibits 

https://doi.org/10.1186/s12864-024-10272-8
https://doi.org/10.1186/s12864-024-10272-8


Page 17 of 18Shi et al. BMC Genomics          (2024) 25:426 

growth in Holstein cattle. J Anim Sci. 2022;100(12):skac367. https://doi.
org/10.1093/jas/skac367.

2. Cohen RDH, King BD, Thomas LR. and E. D. Janzen. Efficacy and stress of 
chemical versus surgical castration of cattle. Canadian Journal of Animal Sci-
ence. 1990;70(4):1063–1072. https://doi.org/10.4141/cjas90-129.

3. Qiu Q, Qiu X, Gao C, Muhammad AUR, Cao B, Su H. High-density diet 
improves growth performance and beef yield but affects negatively on 
serum metabolism and visceral morphology of Holstein steers. J Anim Physiol 
Anim Nutr (Berl). 2020;104(5):1197–208. https://doi.org/10.1111/jpn.13340.

4. Galbraith H, Dempster DG, Miller TB. A note on the effect of castration on the 
growth performance and concentrations of some blood metabolites and 
hormones in British friesian male cattle. Anim Sci. 1978;26(3):339–42. https://
doi.org/10.1017/S0003356100040964.

5. Urban RJ. Growth hormone and testosterone: anabolic effects on 
muscle. Horm Res Paediatr. 2011;76(Suppl 1):81–3. https://doi.
org/10.1159/000329184.

6. Tajar A, Forti G, O’Neill TW, Lee DM, Silman AJ, Finn JD, Bartfai G, Boonen S, 
Casanueva FF, Giwercman A, Han TS, Kula K, Labrie F, Lean ME, Pendleton N, 
Punab M, Vanderschueren D, Huhtaniemi IT, Wu FC, EMAS Group. Character-
istics of secondary, primary, and compensated hypogonadism in aging men: 
evidence from the European Male Ageing Study. J Clin Endocrinol Metab 
2009;95(4):1810–8. https://doi.org/10.1210/jc.2009-1796.

7. Mottram DS. Flavour formation in meat and meat products: a review. Food 
Chem. 1998;62(4):415–24. https://doi.org/10.1016/S0308-8146(98)00076-4.

8. Bong JJ, Jeong JY, Rajasekar P, Cho YM, Kwon EG, Kim HC, Paek BH, Baik M. Dif-
ferential expression of genes associated with lipid metabolism in longissimus 
dorsi of Korean bulls and steers. Meat Sci. 2012;91(3):284–93. https://doi.
org/10.1016/j.meatsci.

9. Krause TR, Lourenco JM, Welch CB, Rothrock MJ, Callaway TR, Pringle TD. The 
relationship between the rumen microbiome and carcass merit in Angus 
steers. J Anim Sci. 2020;98(9):287. https://doi.org/10.1093/jas/skaa287.

10. Xue MY, Sun HZ, Wu XH, Liu JX, Guan LL. Multi-omics reveals that the rumen 
microbiome and its metabolome together with the host metabolome con-
tribute to individualized dairy cow performance. Microbiome. 2020;8(1):64. 
https://doi.org/10.1186/s40168-020-00819-8.

11. Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial 
microbiota. Nat Rev Microbiol. 2016;14(1):20–32. https://doi.org/10.1038/
nrmicro3552.

12. Mackie RI, Sghir A, Gaskins HR. Developmental microbial ecology of the 
neonatal gastrointestinal tract. Am J Clin Nutr. 1999;69(5):S1035–45. https://
doi.org/10.1093/ajcn/69.5.1035s.

13. Yu T, Zhu C, Chen S, Gao L, Lv H, Feng R, Zhu Q, Xu J, Chen Z, Jiang Z. 
Dietary High Zinc Oxide modulates the Microbiome of Ileum and Colon 
in weaned piglets. Front Microbiol. 2017;8:825. https://doi.org/10.3389/
fmicb.2017.00825.

14. Matsui M, Fukunishi S, Nakano T, Ueno T, Higuchi K, Asai A. Ileal bile acid 
transporter inhibitor improves hepatic steatosis by ameliorating gut micro-
biota dysbiosis in NAFLD Model mice. mBio. 2021;12(4):e0115521. https://doi.
org/10.1128/mBio.01155-21.

15. Chen X, Song P, Fan P, He T, Jacobs D, Levesque CL, Johnston LJ, Ji L, Ma N, 
Chen Y, Zhang J, Zhao J, Ma X. Moderate dietary protein restriction optimized 
gut microbiota and mucosal barrier in growing Pig Model. Front Cell Infect 
Microbiol. 2018;8:246. https://doi.org/10.3389/fcimb.2018.00246.

16. Kim M, Park T, Jeong JY, Baek Y, Lee HJ. Association between Rumen 
Microbiota and Marbling score in Korean native beef cattle. Anim (Basel). 
2020;10(4):712. https://doi.org/10.3390/ani10040712.

17. Pogorzelska-Przybyłek P, Nogalski Z, Sobczuk-Szul M, Momot M. The effect 
of gender status on the growth performance, carcass and meat quality 
traits of young crossbred Holstein-Friesian×Limousin cattle. Anim Biosci. 
2021;34(5):914–21. https://doi.org/10.5713/ajas.20.0085.

18. Yu J, Song Y, Yu B, He J, Zheng P, Mao X, Huang Z, Luo Y, Luo J, Yan H, Wang Q, 
Wang H, Chen D. Tannic acid prevents post-weaning diarrhea by improving 
intestinal barrier integrity and function in weaned piglets. J Anim Sci Biotech-
nol. 2020;11:87. https://doi.org/10.1186/s40104-020-00496-5.

19. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics. 2009;25(14):1754–60. https://doi.org/10.1093/
bioinformatics/btp324.

20. Li D, Liu CM, Luo R, Sadakane K, Lam TW. Bioinformatics. 2015;31(10):1674–6. 
https://doi.org/10.1093/bioinformatics/btv033. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via succinct 
de Bruijn graph.

21. Noguchi H, Park J, Takagi T. MetaGene: prokaryotic gene finding from envi-
ronmental genome shotgun sequences. Nucleic Acids Res. 2006;34(19):5623–
30. https://doi.org/10.1093/nar/gkl723.

22. Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large 
sets of protein or nucleotide sequences. Bioinformatics. 2006;22(13):1658–9. 
https://doi.org/10.1093/bioinformatics/btl158.

23. Li R, Li Y, Kristiansen K, Wang J. SOAP: short oligonucleotide alignment 
program. Bioinformatics. 2008;24(5):713–4. https://doi.org/10.1093/
bioinformatics/btn025.

24. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using DIA-
MOND. Nat Methods. 2015;12(1):59–60. https://doi.org/10.1038/nmeth.3176.

25. Sun HZ, Wang DM, Wang B, Wang JK, Liu HY, Guan le L, Liu JX. Metabolomics 
of four biofluids from dairy cows: potential biomarkers for milk production 
and quality. J Proteome Res. 2015;14(2):1287–98. https://doi.org/10.1021/
pr501305g.

26. de Almeida RTR, do Prado RM, Porto C, Dos Santos GT, Huws SA, Pilau EJ. 
Exploring the rumen fluid metabolome using liquid chromatography-
high-resolution mass spectrometry and molecular networking. Sci Rep. 
2018;8(1):17971. https://doi.org/10.1038/s41598-018-36196-4.

27. Zhang R, Wu J, Lei Y, Bai Y, Jia L, Li Z, Liu T, Xu Y, Sun J, Wang Y, Zhang K, Lei 
Z. Oregano essential oils promote Rumen Digestive ability by modulating 
Epithelial Development and Microbiota Composition in Beef cattle. Front 
Nutr. 2021;8:722557. https://doi.org/10.3389/fnut.2021.722557.

28. Lee CY, Henricks DM, Skelley GC, Grimes LW. Growth and hormonal response 
of intact and castrate male cattle to trenbolone acetate and estradiol. J Anim 
Sci. 1990;68(9):2682–9. https://doi.org/10.2527/1990.6892682x.

29. Fitzpatrick L-A, Parker A-J, Zerby H-N. Meat quality of grain finished entire 
male Bos indicus cattle. North Australian Beef Res Council, 2013;35–42.

30. Bailey CM, Probert CL, Bohman VR. Growth rate, feed utilization and body 
composition of young bulls and steers. J Anim Sci. 1966;25(1):132–7. https://
doi.org/10.2527/jas1966.251132x.

31. Landon M-E, Hedrick H-B, Thompson G-B. Live animal performance 
and carcass characteristics of Beef Bullocks and Steers. Taiwan J for Sci. 
2001;16(1):93–102. https://doi.org/10.2527/jas1978.471151x.

32. Janssen PH, Kirs M. Structure of the archaeal community of the rumen. 
Appl Environ Microbiol. 2008;74(12):3619–25. https://doi.org/10.1128/
AEM.02812-07.

33. Hooper LV, Gordon JI. Commensal host-bacterial relationships in the gut. 
Science. 2001, 11;292(5519):1115-8. https://doi.org/10.1126/science.1058709.

34. Liu J, Xu T, Zhu W, Mao S. High-grain feeding alters caecal bacterial 
microbiota composition and fermentation and results in caecal mucosal 
injury in goats. Br J Nutr. 2014;112(3):416–27. https://doi.org/10.1017/
S0007114514000993.

35. Ye H, Liu J, Feng P, Zhu W, Mao S. Grain-rich diets altered the colonic fermen-
tation and mucosa-associated bacterial communities and induced mucosal 
injuries in goats. Sci Rep. 2016;6:20329. https://doi.org/10.1038/srep20329.

36. Plaizier JC, Khafipour E, Li S et al. Subacute ruminal acidosis (SARA), endotox-
ins and health consequences - ScienceDirect, Animal Feed Science and Tech-
nology, 2012;172(1–2):9-21. https://doi.org/10.1016/j.anifeedsci.2011.12.004.

37. Shi J, Lei Y, Wu J, Li Z, Zhang X, Jia L, Wang Y, Ma Y, Zhang K, Cheng Q, Zhang 
Z, Ma Y, Lei Z. Antimicrobial peptides act on the rumen microbiome and 
metabolome affecting the performance of castrated bulls. J Anim Sci Bio-
technol. 2023;14(1):31. https://doi.org/10.1186/s40104-023-00832-5.

38. Kuussaari J, Senna E. Bovine mastitis due to Clostridium perfringens type A, 
Suomen Elainlaakarilehti, 1980.

39. Hakan Kalender K, Ayie A, Eray. Enterotoxemia in a cow due to Clostridium 
perfringens type A, Turk Veterinerlik ve Hayvancilik Dergisi. 2007(1):31. https://
doi.org/10.1007/s11250-006-4418-0.

40. Stutz MW, Lawton GC. Effects of diet and antimicrobials on growth, feed effi-
ciency, intestinal Clostridium perfringens, and ileal weight of broiler chicks. 
Poult Sci. 1984;63(10):2036–42. https://doi.org/10.3382/ps.0632036.

41. Hoffman JM, Margolis KG. Building community in the gut: a role for mucosal 
serotonin. Nat Rev Gastroenterol Hepatol. 2020;17(1):6–8. https://doi.
org/10.1038/s41575-019-0227-6.

42. Bosshard PP, Zbinden R, Altwegg M. Turicibacter sanguinis gen. nov., sp. 
nov., a novel anaerobic, Gram-positive bacterium. Int J Syst Evol Microbiol. 
2002;52(Pt 4):1263–6. https://doi.org/10.1099/00207713-52-4-1263.

43. Richard AJ, Stephens JM. Emerging roles of JAK-STAT signaling pathways 
in adipocytes. Trends Endocrinol Metab. 2011;22(8):325–32. https://doi.
org/10.1016/j.tem.2011.03.007.

https://doi.org/10.1093/jas/skac367
https://doi.org/10.1093/jas/skac367
https://doi.org/10.4141/cjas90-129
https://doi.org/10.1111/jpn.13340
https://doi.org/10.1017/S0003356100040964
https://doi.org/10.1017/S0003356100040964
https://doi.org/10.1159/000329184
https://doi.org/10.1159/000329184
https://doi.org/10.1210/jc.2009-1796
https://doi.org/10.1016/S0308-8146(98)00076-4
https://doi.org/10.1016/j.meatsci
https://doi.org/10.1016/j.meatsci
https://doi.org/10.1093/jas/skaa287
https://doi.org/10.1186/s40168-020-00819-8
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1093/ajcn/69.5.1035s
https://doi.org/10.1093/ajcn/69.5.1035s
https://doi.org/10.3389/fmicb.2017.00825
https://doi.org/10.3389/fmicb.2017.00825
https://doi.org/10.1128/mBio.01155-21
https://doi.org/10.1128/mBio.01155-21
https://doi.org/10.3389/fcimb.2018.00246
https://doi.org/10.3390/ani10040712
https://doi.org/10.5713/ajas.20.0085
https://doi.org/10.1186/s40104-020-00496-5
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/nar/gkl723
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1093/bioinformatics/btn025
https://doi.org/10.1093/bioinformatics/btn025
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1021/pr501305g
https://doi.org/10.1021/pr501305g
https://doi.org/10.1038/s41598-018-36196-4
https://doi.org/10.3389/fnut.2021.722557
https://doi.org/10.2527/1990.6892682x
https://doi.org/10.2527/jas1966.251132x
https://doi.org/10.2527/jas1966.251132x
https://doi.org/10.2527/jas1978.471151x
https://doi.org/10.1128/AEM.02812-07
https://doi.org/10.1128/AEM.02812-07
https://doi.org/10.1126/science.1058709
https://doi.org/10.1017/S0007114514000993
https://doi.org/10.1017/S0007114514000993
https://doi.org/10.1038/srep20329
https://doi.org/10.1016/j.anifeedsci.2011.12.004
https://doi.org/10.1186/s40104-023-00832-5
https://doi.org/10.1007/s11250-006-4418-0
https://doi.org/10.1007/s11250-006-4418-0
https://doi.org/10.3382/ps.0632036
https://doi.org/10.1038/s41575-019-0227-6
https://doi.org/10.1038/s41575-019-0227-6
https://doi.org/10.1099/00207713-52-4-1263
https://doi.org/10.1016/j.tem.2011.03.007
https://doi.org/10.1016/j.tem.2011.03.007


Page 18 of 18Shi et al. BMC Genomics          (2024) 25:426 

44. Irwin Hornstein, Crowe P-F. Meat Flavor Chemistry, Flavor studies on beef 
and pork. J Agric Food Chem. 1960;8(6):494–8. https://doi.org/10.1021/
jf60112a022.

45. an Ba H, Amna T, Hwang I. Significant influence of particular unsaturated fatty 
acids and pH on the volatile compounds in meat-like model systems. Meat 
Sci. 2013;94(4):480–8. https://doi.org/10.1016/j.meatsci.2013.04.029.

46. Donald -S, Mottram. Flavour formation in meat and meat products: a review. 
Food Chem. 1998. https://doi.org/10.1016/S0308-8146(98)00076-4.

47. Ba H-V, Nguyen-Thi-Kim RK-SL, et al. Influence of particular breed on meat 
quality parameters, sensory characteristics, and volatile components. Food 
Sci Biotechnol. 2013. https://doi.org/10.1007/s10068-013-0127-4.

48. Wang F, Gao Y, Wang H, Xi B, He X, Yang X, Li W. Analysis of volatile 
compounds and flavor fingerprint in Jingyuan lamb of different ages 
using gas chromatography-ion mobility spectrometry (GC-IMS). Meat Sci. 
2021;175:108449. https://doi.org/10.1016/j.meatsci.2021.108449.

49. W-A-M Wolken, Tramper J, Werf M-J. Amino acid-catalysed retroaldol 
condensation: the production of natural benzaldehyde and other flavour 
compounds Flavour &. Fragr J. 2004;19(2):115–20.

50. Bi S, Wang A, Lao F, Shen Q, Liao X, Zhang P, Wu J. Effects of frying, roasting 
and boiling on aroma profiles of adzuki beans (Vigna angularis) and potential 
of adzuki bean and millet flours to improve flavor and sensory character-
istics of biscuits. Food Chem. 2021;339:127878. https://doi.org/10.1016/j.
foodchem.2020.127878.

51. Jia C-S-Y-WZ. Nondestructive determination of salmon fillet freshness during 
storage at different temperatures by electronic nose system combined 
with radial basis function neural networks International. J Food Sci Technol. 
2020;55(5). https://doi.org/10.1111/ijfs.14451.

52. Zhang L, Hong Q, Yu C, Wang R, Li C, Liu S. Acetobacter sp. improves the 
undesirable odors of fermented noni (Morinda citrifolia L.) juice. Food Chem. 
2023;401:134126. https://doi.org/10.1016/j.foodchem.2022.134126.

53. Edris A-E. Investigation of the volatile aroma components of garlic leaves 
essential oil. Possibility of utilization to enrich garlic bulb oil. Eur Food Res 
Technol. 2002;214(2):105–7. https://doi.org/10.1007/s00217-001-0429-2.

54. Zheng Y, Fei Y, Yang Y, Jin Z, Yu B, Li L. A potential flavor culture: Lactobacil-
lus harbinensis M1 improves the organoleptic quality of fermented soymilk 
by high production of 2,3-butanedione and acetoin. Food Microbiol. 
2020;91:103540. https://doi.org/10.1016/j.fm.2020.103540.

55. LLombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B. The 
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 
2014;42(Database issue):D490–5. https://doi.org/10.1093/nar/gkt1178.

56. Comtet-Marre S, Parisot N, Lepercq P, Chaucheyras-Durand F, Mosoni P, Pey-
retaillade E, Bayat AR, Shingfield KJ, Peyret P, Forano E. Metatranscriptomics 
reveals the active bacterial and eukaryotic fibrolytic communities in the 
Rumen of Dairy Cow Fed a mixed Diet. Front Microbiol. 2017;8:67. https://doi.
org/10.3389/fmicb.2017.00067.

57. Rhoades RD, Sawyer JE, Chung KY, Schell ML, Lunt DK, Smith SB. Effect of 
dietary energy source on in vitro substrate utilization and insulin sensitiv-
ity of muscle and adipose tissues of Angus and Wagyu steers. J Anim Sci. 
2007;85(7):1719–26. https://doi.org/10.2527/jas.2006-498.

58. Smith SB, Blackmon TL, Sawyer JE, Miller RK, Baber JR, Morrill JC, Cabral AR, 
Wickersham TA. Glucose and acetate metabolism in bovine intramuscular 
and subcutaneous adipose tissues from steers infused with glucose, propio-
nate, or acetate. J Anim Sci. 2018;96(3):921–9. https://doi.org/10.1093/jas/
sky017.

59. Salter L-J, Whitfield Frank MD-S. Volatile compounds produced in maiilard 
reactions involving glycine, ribose and phospholipid. J Sci Food Agric. 1989. 
https://doi.org/10.1002/jsfa.2740460211.

60. The KEGG PATHWAY Database. https://www.genome.jp/kegg/pathway.
html#organismal. Accessed 24 February 2024.

61. Boselli E, Pacetti D, Curzi F, Frega NG. Determination of phospholipid molecu-
lar species in pork meat by high performance liquid chromatography-tan-
dem mass spectrometry and evaporative light scattering detection. Meat Sci. 
2008;78(3):305–13. https://doi.org/10.1016/j.meatsci.2007.06.017.

62. Larick D-K, Turner B-E, Koch R-M, et al. Influence of Phospholipid content and 
fatty acid composition of individual phospholipids in muscle from Bison, 
Hereford and Brahman Steers on Flavor. J Food Sci. 2010;54(3):521–6. https://
doi.org/10.1111/j.1365-2621.1989.tb04641.x.

63. Elmadfa I, Al-Saghir S, Kanzler S, Frisch G, Majchrzak D, Wagner KH. 
Selected quality parameters of salmon and meat when fried with or 
without added fat. Int J Vitam Nutr Res. 2006;76(4):238–46. https://doi.
org/10.1024/0300-9831.76.4.238.

64. Nishigami Kazuyoshi T, Onoda A, Oshima. Growth inhibition by D-Man-
nosamine and its reversal by glucose and mannose in Bacillus subtilis. Plant 
Cell Physiol. 1984;4657–64. https://doi.org/10.1016/0303-7207(84)90178-3.

65. Hayashi H, Shibata K, Bakir MA, Sakamoto M, Tomita S, Benno Y. Bacteroides 
coprophilus sp. nov., isolated from human faeces. Int J Syst Evol Microbiol. 
2007;57(Pt 6):1323–6. https://doi.org/10.1099/ijs.0.64979-0.

66. Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O, 
Subramanian S, Manary MJ, Trehan I, Jorgensen JM, Fan YM, Henrissat B, Leyn 
SA, Rodionov DA, Osterman AL, Maleta KM, Newgard CB, Ashorn P, Dewey 
KG, Gordon JI. Gut bacteria that prevent growth impairments transmitted by 
microbiota from malnourished children. Science. 2016;351(6275). https://doi.
org/10.1126/science.aad3311.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1021/jf60112a022
https://doi.org/10.1021/jf60112a022
https://doi.org/10.1016/j.meatsci.2013.04.029
https://doi.org/10.1016/S0308-8146(98)00076-4
https://doi.org/10.1007/s10068-013-0127-4
https://doi.org/10.1016/j.meatsci.2021.108449
https://doi.org/10.1016/j.foodchem.2020.127878
https://doi.org/10.1016/j.foodchem.2020.127878
https://doi.org/10.1111/ijfs.14451
https://doi.org/10.1016/j.foodchem.2022.134126
https://doi.org/10.1007/s00217-001-0429-2
https://doi.org/10.1016/j.fm.2020.103540
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.3389/fmicb.2017.00067
https://doi.org/10.3389/fmicb.2017.00067
https://doi.org/10.2527/jas.2006-498
https://doi.org/10.1093/jas/sky017
https://doi.org/10.1093/jas/sky017
https://doi.org/10.1002/jsfa.2740460211
https://www.genome.jp/kegg/pathway.html#organismal
https://www.genome.jp/kegg/pathway.html#organismal
https://doi.org/10.1016/j.meatsci.2007.06.017
https://doi.org/10.1111/j.1365-2621.1989.tb04641.x
https://doi.org/10.1111/j.1365-2621.1989.tb04641.x
https://doi.org/10.1024/0300-9831.76.4.238
https://doi.org/10.1024/0300-9831.76.4.238
https://doi.org/10.1016/0303-7207(84)90178-3
https://doi.org/10.1099/ijs.0.64979-0
https://doi.org/10.1126/science.aad3311
https://doi.org/10.1126/science.aad3311

	Castration alters the ileum microbiota of Holstein bulls and promotes beef flavor compounds
	Abstract
	Introduction
	Materials and methods
	Experimental model details
	Intestinal morphology
	Volatile flavor compound analysis
	DNA extraction, library construction, and metagenomic sequencing
	Sequence quality control and genome assembly
	Gene prediction, taxonomy, and functional annotation
	Metabolomic sequencing and bioinformatics analysis
	Data statistics and analysis

	Results
	Castration reduces Slaughter Performance
	Castration did not alter the ileum epithelium parameters
	Castration improves beef flavor compounds
	Genome profiling of ileum microorganisms
	Differences in the classification of microorganisms in the ileum
	Functional map and functional differences of ileum microbiome
	Ileum metabolomics analysis
	Combined metagenome and metabolome analysis
	Correlation analysis

	Discussion
	Conclusion
	References


