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Supplementary Fig. S1. Rectal microbial profiles of the juvenile Hanwoo. The analysis of 20 

serum testosterone (a) and 17β-estradiol (b) levels in male, castrated male (CtM), and female 21 

juvenile Hanwoo (mean age: 11.9±1.1 months) (n=5 in each group). (c) Principal coordinates 22 

analysis (PCoA) of the rectal microbial 16S rRNA gene sequences based on the weighted 23 

UniFrac distance matrix.   24 



Supplementary Fig. S2. Profiles of the rectal microbiota and serum branched-chain amino 25 

acids (BCAAs) in the postpubescent Holsteins. (a) PCoA of the rectal microbial 16S rRNA 26 

gene sequences based on the weighted UniFrac distance matrix. (b) The serum metabolome 27 

profiles of the Holstein cattle were analyzed using gas chromatography time-of-flight mass 28 

spectrometry (GC-TOF-MS), and clustered by PCoA based on the Bray-Curtis dissimilarity 29 

matrix. (c) The relative abundances of serum metabolites in the male and castrated male (CtM) 30 

cattle are displayed as bar graphs. (d) The serum levels of BCAAs in the male and CtM 31 

Holsteins. The BCAA levels were calculated using leucine standard curves. Each box plot 32 

shows the median values of replicate samples. The data were analyzed by the Mann-Whitney 33 

U test. *p<0.05, **p<0.01.  34 



Supplementary Fig. S3. Rectal metabolome profiles of the postpubescent Hanwoo and 35 

Holsteins. The rectal metabolome profiles of the postpubescent Hanwoo (a) and Holsteins (c) 36 

analyzed using GC-TOF-MS and clustered by PCoA based on the Bray-Curtis dissimilarity 37 

matrix. The rectal metabolite data from the postpubescent Hanwoo (b) and Holsteins (d) 38 

clustered using UPGMA dendrogram based on the Bray-Curtis dissimilarity matrix are shown, 39 

with the relative abundances represented by a heatmap. Samples from the same groups are 40 

designated by the same color. CtM, castrated male. 41 



Supplementary Fig. S4. Clustering analysis of the gastrointestinal microbiota of the adult 42 

male and castrated male (CtM) Hanwoo. The bacterial 16S rRNA gene sequence data for the 43 

rumen, ileum, and colon clustering by PCoA based on the weighted (a) and unweighted (b) 44 

UniFrac distance matrices are shown. (c) The discriminant microbial taxa in the rumen, ileum, 45 

and colon were identified by using the LEfSe and are presented using the LDA score. 46 



Supplementary Fig. S5. Phylogenetic analysis of the abundant operational taxonomic units 47 

(OTUs) assigned to the family Peptostreptococcaceae. (a) The abundant OTUs (>0.2% of the 48 

mean abundance) assigned to the family Peptostreptococcaceae were identified in the ileum 49 



microbial 16S rRNA gene sequence data of the adult castrated male Hanwoo. The taxonomic 50 

assignment of representative sequences at the species level was performed by copying and 51 

pasting each query sequence into the EzBioCloud server. The program then returned the type 52 

strain showing the best match with the query sequence. (b) A phylogenetic consensus tree 53 

based on the 16S rRNA gene sequences reconstructed using the neighbor-joining algorithm, 54 

indicating the taxonomic positions of the abundant OTUs assigned to the family 55 

Peptostreptococcaceae. Bootstrap values (>70%) calculated for 1000 subsets are shown at 56 

branch nodes. The numbers in parentheses indicate the relative abundances of the OTU in the 57 

sequences assigned to the family Peptostreptococcaceae and the accession numbers for the 58 

type species. The two most abundant OTUs are denoted in red. Lactobacillus delbrueckii subsp. 59 

delbrueckii DSM 20074T served as an outgroup. Bar, 0.02 substitutions per nucleotide position.  60 



Supplementary Fig. S6. Correlation analysis of the intestinal microbial taxa and metabolites 61 

from the castrated male (CtM) Hanwoo. (a) The discriminant microbial taxa of the ileum, 62 

cecum, and colon of ten adult CtM Hanwoo are shown, determined to the genus level by the 63 

linear discriminant analysis (LDA) effect size (LEfSe) method. The LDA scores represent the 64 

degree of consistent difference in the relative abundance between groups. For orphan sequences 65 

(i.e., unassigned at the genus level), a high-rank lineage is provided (f, family; o, order). 66 

Spearman’s rank correlation coefficients and the corresponding p values were calculated based 67 

on comparisons of the relative abundances of 30 discriminant microbial taxa and 32 intestinal 68 

metabolites. OA, organic acids; S and SA, sugars and sugar alcohols; FA and L, fatty acids and 69 

lipids. (b) The intestinal branched-chain amino acid (BCAA) levels in the adult CtM Hanwoo. 70 

BCAA levels in the luminal contents of the ileum, cecum, and colon were quantified by an 71 

enzymatic method using a BCAA assay kit. The data were analyzed by the Mann-Whitney U 72 

test. *p<0.05, **p<0.01, ***p<0.001.  73 



Supplementary Fig. S7. Relative abundances of the intestinal microbiota in the male and 74 

castrated male (CtM) mice. (a–c) The relative abundances of the abundant bacterial taxa at the 75 



family level (>0.5% of the mean abundance) revealed by the microbial 16S rRNA gene 76 

sequence data for the ileum and colon are displayed as a bar graph.  77 



Supplementary Fig. S8. The discriminant microbial taxa of male and castrated male (CtM) 78 

mice. The ileal 16S rRNA gene sequence data for mice fed a low-fat diet (LFD) (a), high-fat 79 

diet (HFD) (b), and HFD + antibiotics (HFD + ABX) (c) were analyzed. The discriminant 80 

microbial taxa were identified by using LEfSe and are presented using the LDA score.  81 



Supplementary Fig. S9. The metabolic phenotypes of the male and castrated male (CtM) mice. 82 

(a) The body weight gain is represented as a percentage of the initial body weight. The blood 83 

glucose levels (b), area under the glucose curves (AUC) (c) during glucose tolerance test (GTT), 84 

fasting blood glucose levels (d), and HOMA-IR index (e) of the Sham and CtM mice. (f) Food 85 

intake. Weights of the epididymal fat (g), posterior subcutaneous fat (h), mesenteric fat (i) and 86 

retroperitoneal fat (j). The data were analyzed by the unpaired Student’s t-test (a, c–j). 87 

*Comparison of the Sham and CtM groups; #comparison of the LFD and HFD groups; and 88 

†comparison of the HFD and HFD+ABX groups. *p<0.05, **p<0.01, ***p<0.001. LFD, low-89 

fat diet; HFD, high-fat diet; ABX, antibiotics; N.A., not applicable.  90 



Supplementary Fig. S10. The intestinal microbiota composition and metabolic phenotypes of 91 

male mice in response to fecal microbiota transplantation (FMT). Non-castrated eugonadal 92 

male recipient mice were gavaged with fecal samples collected from HFD-fed castrated (CtM-93 

HFD, n=6) or Sham (Sham-HFD, n=6) donor mice (CtM-R and Sham-R, respectively; n=5 for 94 

each group). (a) The relative abundance of the abundant bacterial families (>0.5% of the mean 95 

abundance) revealed by the microbial 16S rRNA gene sequence data for the ileum and colon 96 

are displayed as a bar graph. (b) The body weight gain is presented as a percentage of the initial 97 

body weight. (c) Fasting blood glucose and (d) serum insulin levels, and (e) HOMA-IR index 98 

of the Sham-R and CtM-R groups. (f) Food intake. (g) The total weight of the extramuscular 99 

fat (posterior subcutaneous fat, epididymal fat, mesenteric fat, and retroperitoneal fat), 100 

presented as a percentage of the body weight. (h) Serum levels of the branched-chain amino 101 

acids (BCAAs). The data were analyzed by the unpaired Student’s t-test. *p<0.05, **p<0.01, 102 

***p<0.001.  103 



Supplementary Fig. S11. The metabolic phenotypes and intestinal microbiota composition of 104 

male mice fed branched-chain amino acid (BCAA)-enriched diets. (a) Blood glucose levels 105 

(left), the area under glucose curves (AUC) (right) during glucose tolerance test (GTT), (b) 106 

fasting blood glucose level, and (c) HOMA-IR index. (d) Food intake. Weights of the 107 

epididymal fat (e), posterior subcutaneous fat (f), mesenteric fat (g) and retroperitoneal fat (h), 108 

presented as a percentage of the body weight. (i) The relative abundance of the abundant 109 

bacterial families (>0.5% of the mean abundance) revealed by the microbial 16S rRNA gene 110 

sequence data for the ileum and colon are displayed as a bar graph. The data were analyzed by 111 

the unpaired Student’s t-test. *Comparison of the 0% BCAA, and 3% BCAA or 5% BCAA 112 

groups. *p<0.05, **p<0.01, ***p<0.001.  113 



Supplementary Fig. S12. Urea/ammonia metabolism in the cattle and mice in response to 114 

male castration. The intestinal urease activity (a), and intestinal ammonia (b) and serum urea 115 

levels (c) determined for the adult male and castrated male (CtM) Hanwoo. Serum ammonia 116 

(d) and urea levels (e) determined for the Sham (i.e., male mice that underwent a sham 117 

operation), CtM (i.e., orchiectomy-castrated male mice), Sham-R (i.e., male mice received 118 

fecal microbiota transplantation (FMT) from the Sham-HFD mice), and CtM-R (i.e., male mice 119 

received FMT from the CtM-HFD mice) groups. The data were analyzed by the Mann-Whitney 120 

U test (a–c) and the unpaired Student’s t-test (d, e). *p<0.05, **p<0.01, ***p<0.001. 121 


