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Abstract 

Background: Myostatin (MSTN) negatively regulates the muscle growth in animals and MSTN deficient sheep have 
been widely reported previously. The goal of this study was to explore how MSTN inactivation influences their gut 
microbiota composition and potential functions.

Results: We compared the slaughter parameters and meat quality of 3 MSTN-edited male sheep and 3 wild-type 
male sheep, and analyzed the gut microbiome of the MSTN-edited sheep (8 female and 8 male sheep) and wild-type 
sheep (8 female and 8 male sheep) through metagenomic sequencing. The results showed that the body weight, 
carcass weight and eye muscle area of MSTN-edited sheep were significantly higher, but there were no significant 
differences in the meat quality indexes. At the microbial level, the alpha diversity was significantly higher in the MSTN-
edited sheep (P < 0.05), and the microbial composition was significantly different by PCoA analysis in the MSTN-edited 
and wild-type sheep. The abundance of Firmicutes significantly increased and Bacteroidota significantly decreased in 
the MSTN-edited sheep. At genus level, the abundance of Flavonifractor, Subdoligranulum, Ruthenibacterium, Agathob-
aculum, Anaerotignum, Oribacterium and Lactobacillus were significantly increased in the MSTN-edited sheep (P < 0.05). 
Further analysis of functional differences was found that the carotenoid biosynthesis was significantly increased and 
the peroxisome, apoptosis, ferroptosis, N-glycan biosynthesis, thermogenesis, and adipocytokines pathways were 
decreased in the MSTN-edited sheep (P < 0.05). Moreover, carbohydrate-active enzymes (CAZymes) results certified 
the abundance of the GH13_39, GH4, GH137, GH71 and PL17 were upregulated, and the GT41 and CBM20 were 
downregulated in the MSTN-edited sheep (P < 0.05).

Conclusions: Our study suggested that MSTN inactivation remarkably influenced the composition and potential 
function of hindgut microbial communities of the sheep, and significantly promoted growth performance without 
affecting meat quality.
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Background
Myostatin (MSTN), also known as growth differen-
tiation factor 8 (GDF-8), is highly expressed in skeletal 
muscle tissue and negatively regulates the development 

of muscles [1]. Inactivation of MSTN expression causes 
muscle hyperplasia and hypertrophy, which has been 
observed in mice [1], cattle [2–4], dogs [5, 6], sheep [7], 
goats [8, 9], pigs [10, 11] and even humans [12]. In view 
of the great value of MSTN in animal breeding, we pro-
duced the MSTN-edited Tan sheep by CRISPR/Cas9, and 
found that editing of the MSTN significantly increased 
diameter of myofibers, the average daily gain (ADG) and 
body weight in sheep [13, 14].
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Host-gut microbiome interaction has attracted sig-
nificant research interest. Many studies illustrate that 
host genetic factors strongly affect the composition 
of gut microbiota. For instance, mice models revealed 
overexpression of the DEFA5 gene significantly 
decreased the relative intestinal abundance of Firmi-
cutes but increased that of Bacteroidota [15]. In related 
research, colitis mice model confirmed that inhibiting 
the expression of CARD9 disrupted the diversity and 
abundance of the gut microbiome [16]. Activating the 
expression of the GUCY2C gene causes dysbiosis in the 
gut lumen, decreases the diversity of the fecal micro-
biota and the abundance of probiotics and increases 
the abundance of pathogenic microorganisms [17]. In 
addition, the gut microbiome plays a crucial role in 
shaping host phenotypes. For example, mice models 
verified the introduction of Lactobacillus plantarum 
in the germ-free mice buffered their chronic undernu-
trition [18]. A related study revealed oral administra-
tion of fecal samples from healthy calves increased the 
abundance of Porphyromonadaceae, relieved diarrhea, 
and improved the overall growth of those with diar-
rhea [19]. These findings suggest that the gut microbi-
ome has a synergistic effect on host growth and health. 
Previous studies have revealed a positive change of 
microbiota in pigs and cattle following mutation of 
the MSTN [20, 21]. However, the effect of MSTN gene 

editing on the composition and function of gut micro-
biota in sheep is lacking.

In the present study, we used metagenomic sequenc-
ing to investigate the MSTN editing effects on gut micro-
biota composition and function of sheep, and found that 
MSTN inactivation improved the abundance of beneficial 
gut microbiota in sheep. The findings in this study pro-
vide new insights into the relationship between MSTN 
inactivation and the changes of gut microbiota in sheep.

Results
Genotype identification
We sequenced the second and third exons of MSTN-
edited female sheep (GEF), MSTN-edited male sheep 
(GEM), wild-type female sheep (WTF) and wild-type 
male sheep (WTM). The GEF and GEM groups con-
tained 3  bp (c.469_471delTGG) deletions in the second 
exon and 11  bp (c.879_889delTGG ATG GGATT) dele-
tions in the third exon, but the WTF and WTM groups 
harbored complete base sequence (Fig. 1; Supplementary 
Fig. 1).

Slaughter parameters and meat quality analysis
Three MSTN-edited male sheep and three wild-type male 
sheep were slaughtered and slaughter parameters and 
mutton quality were tested. The results showed that the 
body weight (P = 0.016), carcass weight (P = 0.005) and 

Fig. 1 A MSTN edited sites in the second and third exons. B The sequences of the second and third exons of the MSTN based on deep sequencing
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eye muscle area (P = 0.003) of MSTN-edited sheep were 
significantly higher than wild-type sheep (Table 1). How-
ever, there were no significant differences in the meat 
quality indexes (Table 2).

Alpha and beta diversity of the gene‑edited and wild‑type 
sheep
The gut microbiota of the four groups (GEF, WTF, GEM 
and WTM) were analysed. Compared to the WTF, 
the Simpson index of the GEF was significantly higher 
(P = 0.039), and the Chao and Shannon index showed 
no significant difference (P = 0.383, P = 0.148). Also, 
compared to the WTM, the Simpson index of the GEM 
was significantly higher (P = 0.008), the Shannon index 
was significantly lower (P = 0.016), and the Chao index 
showed no significant difference (P = 0.999) (Fig.  2A). 
Principal coordinates analysis (PCoA) revealed the GEF 
and WTF were distinct. Analysis of Similarities (ANO-
SIM) indicated the differences between the GEF and 
WTF were greater than that within their own (Fig. 2B, R 
= 0.283, P = 0.005). Comparable findings were observed 

between the GEM and WTM (Supplementary Fig.  2A, 
R = 0.254, P = 0.011).

Composition of gut microbiota of gene‑edited 
and wild‑type sheep
We compared the difference of the abundance of gut 
microbiota between the GEF and WTF, as well as the 
GEM and WTM. We observed the MSTN editing did 
not change the dominant phyla of sheep, the top 7 
phyla were Firmicutes, Bacteroidota, Spirochaetes, 
Verrucomicrobia, Proteobacteria, Euryarchaeota and 
Lentisphaerae (Supplementary Fig.  2B). However, the 
Wilcoxon rank-sum test revealed that compared to the 
WTF, the abundance of Firmicutes (P = 0.005 in female 
sheep, P = 0.041 in male sheep), Chloroflexi (P = 0.04 
in female sheep, P = 0.007 in male sheep), Synergistetes 
(P = 0.014 in female sheep, P = 0.01 in male sheep) and 
Thaumarchaeota (P = 0.01 in female sheep, P = 0.007 
in male sheep) was significantly higher but that of Bac-
teroidota (P = 0.01 in female sheep, P = 0.041 in male 
sheep) was significantly lower in the GEF (Fig. 2C). The 
comparison between the GEM and WTM revealed sim-
ilar findings (Supplementary Fig.  2C). Further analyses 
revealed that Firmicutes/Bacteroidota (F/B) ratio was 
significantly higher in the GEF (P = 0.016), but there 
was no statistical difference in the F/B ratio between 
the GEM and WTM groups (P = 0.054). At the genus 
level, the top 9 dominant genera across the 4 groups 
were Bacteroides, Alistipes, Clostridium, Ruminococ-
cus, Prevotella, Treponema, Phocaeicola, Oscillibac-
ter and Akkermansia (Fig. 2D). Compared to the WTF, 
the abundance of Flavonifractor (P = 0.014 in female 
sheep, P = 0.007 in male sheep), Pseudoflavonifractor 
(P = 0.014 in female sheep, P = 0.004 in male sheep), 
Intestinimonas (P = 0.031 in female sheep, P = 0.003 
in male sheep), Subdoligranulum (P = 0.031 in female 
sheep, P = 0.01 in male sheep), Anaerotignum (P = 0.041 
in female sheep, P = 0.031 in male sheep), Evtepia 
(P = 0.007 in female sheep, P = 0.014 in male sheep), 
Hungatella (P = 0.004 in female sheep, P = 0.041 in 
male sheep), Streptococcus (P = 0.01 in female sheep, 
P = 0.004 in male sheep), Ruthenibacterium (P = 0.041 
in female sheep, P = 0.007 in male sheep), Agathob-
aculum (P = 0.018 in female sheep, P = 0.024 in male 
sheep), Oribacterium (P = 0.004 in female sheep, 
P = 0.014 in male sheep), Lactobacillus (P = 0.018 
in female sheep, P = 0.01 in male sheep), Aminipila 
(P = 0.004 in female sheep, P = 0.005 in male sheep) and 
Colidextribacter (P = 0.018 in female sheep, P = 0.005 
in male sheep) was significantly higher, whereas that 
of Alloprevotella (P = 0.007 in female sheep, P = 0.031 
in male sheep) was significantly lower in the GEF 
(Fig.  2E). Comparable results were observed between 

Table 1 Effect of MSTN editing on slaughter parameters of 
gene-edited and wild-type sheep

Item Groups P value

GEM WTM

Body weight (kg) 70.51 ± 3.25 60.15 ± 1.73 0.016

Carcass weight (kg) 39.25 ± 1.04 30.02 ± 2.15 0.005

Dressing percentage (%) 55.60 ± 3.00 50.00 ± 2.00 0.112

Eye muscle area  (cm2) 29.04 ± 1.12 20.52 ± 1.51 0.003

Table 2 Effect of MSTN editing on meat quality as assessed on 
the longissimus dorsi of gene-edited and wild-type sheep

a  Measure of redness (larger number indicates a more intense red color)
b  Measure of yellowness (larger number indicates more yellow color)
c  Measure of lightness (larger number indicates a lighter color)

Item Groups P value

GEM WTM

a*45 min
a 10.16 ± 0.52 10.08 ± 1.41 0.148

b*45 min
b 6.37 ± 0.87 5.86 ± 0.83 0.318

L*45 min
c 29.78 ± 1.75 29.18 ± 0.54 0.417

a* 24 h
a 16.91 ± 3.56 15.98 ± 1.21 0.087

b* 24 h
b 13.55 ± 1.58 13.14 ± 1.11 0.235

L* 24 h
3) 34.37 ± 0.62 36.41 ± 0.90 0.688

pH45 min 6.58 ± 0.10 6.44 ± 0.20 0.34

pH24 h 6.01 ± 0.24 5.75 ± 0.09 0.15

Water loss rate (%) 4.15 ± 0.87 2.30 ± 0.57 0.53

Cooking loss (%) 48.81 ± 1.13 50.12 ± 0.84 0.065

Intramuscular fat (g/100 g) 13.73 ± 1.62 12.94 ± 4.44 0.509
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the GEM and WTM (Supplementary Fig.  2D). At the 
species level, the top 10 most abundant species across 
the four groups included Clostridiales_bacterium, 
Ruminococcaceae_bacterium, Bacteroidales_bacterium, 
Lachnospiraceae_bacterium, Clostridia_bacterium, 
Clostridiaceae_bacterium, Rikenellaceae_bacterium, 
Firmicutes_bacterium_CAG:110, Alistipes_sp._Z76 and 
Treponema_porcinum (Supplementary Fig.  2E). The 
abundance of Clostridiales_bacterium (P = 0.031 in 
female sheep, P = 0.014 in male sheep), Oscillibacter_sp. 
(P = 0.007 in female sheep, P = 0.041 in male 

sheep), Clostridiales_bacterium_Marseille-P2846 
(P = 0.024 in female sheep, P = 0.031 in male sheep), 
Eubacteriaceae_bacterium (P = 0.003 in female sheep, 
P = 0.01 in male sheep), Firmicutes_bacterium_CAG:170 
(P = 0.014 in female sheep, P = 0.004 in male sheep), 
Firmicutes_bacterium_Adur. Bin467 (P = 0.01 in 
female sheep, P = 0.005 in male sheep), Firmicutes_
bacterium_CAG:124 (P = 0.018 in female sheep, 
P = 0.003 in male sheep), Evtepia_gabavorous (P = 0.007 
in female sheep, P = 0.014 in male sheep), Flavonifrac-
tor_plautii (P = 0.024 in female sheep, P = 0.003 in male 

Fig. 2 The composition of gut microbiota in the MSTN-edited and wild-type groups. A The statistical graphs of alpha diversity of gut microbiota 
among the GEF, WTF, GEM and WTM. B Bray–Curtis-based PCoA of the gut microbiota in the GEF and WTF. The P-value was based on ANOSIM. 
The boxplot shows the discrete distribution of samples along the PC1 and PC2 axes. C The significantly different phyla between the GEF and WTF. 
D The histogram of the dominant genera in the GEF, WTF, GEM and WTM. E The significantly different genera between the GEF and WTF. F The 
significantly different species between the GEF and WTF. (0.01 < P ≤ 0.05 *, 0.001 < P ≤ 0.01 **). G LEfSe analysis of the GEF and WTF. The histogram 
shows the microbes that can best illustrate the difference between the GEF and WTF. The larger the LDA score, the greater the contribution of the 
corresponding microbe to the difference
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sheep) and Hungatella_hathewayi (P = 0.007 in female 
sheep, P = 0.024 in male sheep) were higher both in the 
GEF and GEM groups, whereas those of Phocaeicola_
vulgatus (P = 0.031 in female sheep, P = 0.041 in male 
sheep) and Bacteroidia_bacterium (P = 0.024 in female 
sheep, P = 0.041 in male sheep) were lower both in the 
GEF and GEM groups (Fig. 2F; Supplementary Fig. 2F).

The LEfSe at LDA > 3 revealed that 8 bacterial taxa 
including Firmicutes, Clostridia, Eubacteriales and 
Clostirdiales_bacterium were significantly more abun-
dant in the GEF, whereas Bacteroidota, Bacteroidia, Bac-
teroidales and Prevotellaceae were more abundant in the 
WTF (Fig.  2G). A comparison of the GEM and WTM 
revealed comparable findings (Supplementary Fig. 2G).

In addition, we considered the top 30 species of the 
four groups for correlation network analysis. In general, 
MSTN mutation had no significant effect on the interac-
tion of gut microbes (Fig. 3).

MSTN mutation altered potential function of hindgut 
microbiota based on metagenomic sequencing
Given that MSTN mutation influences the abundance of 
the gut microbiota, we performed KEGG analysis to inves-
tigate whether the mutation had an effect on the func-
tion of the related biological pathways. PcoA revealed a 
clear distinction between the GEF and WTF. ANOSIM 
analysis showed that the differences between the two 
groups were greater than that within their own (Fig.  4A, 
R = 0.180, P = 0.032). The comparison between the GEM 

and WTM revealed similar results (Supplementary Fig. 3A, 
R = 0.199, P = 0.026). Besides, we found a significant rais-
ing of methane metabolism (P = 0.024 in female sheep, 
P = 0.024 in male sheep) and a falling of fatty acid degra-
dation (P = 0.014 in female sheep, P = 0.041 in male sheep) 
in GEF and GEM (Fig.  4-B, Supplementary Fig.  3-B). At 
level 3, the top 5 dominant pathways of the 4 groups were 
metabolic pathways, biosynthesis of secondary metabolites, 
microbial metabolism in diverse environments, biosynthe-
sis of amino acids and carbon metabolism, indicating that 
the MSTN mutation did not influence the dominance of 
main pathways. Besides, we dug a total of 24 significantly 
affected pathways, 11 of them were upregulated in the 
GEF and GEM, including ABC transporters (P = 0.005 in 
female sheep, P = 0.041 in male sheep), sulfur relay system 
(P = 0.001 in female sheep, P = 0.01 in male sheep), ben-
zoate degradation (P = 0.005 in female sheep, P = 0.01 in 
male sheep), synthesis and degradation of ketone bodies 
(P = 0.024 in female sheep, P = 0.01 in male sheep), styrene 
degradation (P = 0.003 in female sheep, P = 0.014 in male 
sheep), chlorocyclohexane and chlorobenzene degrada-
tion (P = 0.024 in female sheep, P = 0.002 in male sheep), 
D-arginine and D-ornithine metabolism (P = 0.01 in female 
sheep, P = 0.018 in male sheep), autophagy-yeast (P = 0.003 
in female sheep, P = 0.01 in male sheep), carotenoid bio-
synthesis (P = 0.014 in female sheep, P = 0.018 in male 
sheep), biosynthesis of various secondary metabolites-
part3 (P = 0.031 in female sheep, P = 0.004 in male sheep) 
and fluorobenzoate degradation (P = 0.031 in female sheep, 

Fig. 3 The microbial correlation networks of the (A) MSTN-edited groups (including GEF and GEM) and (B) wild-type groups (including WTF and 
WTM). The nodes colored differently represent different phyla; the size of nodes corresponds with the species abundance, the thickness of lines 
corresponds with the strength of association, the number of lines on the nodes corresponds with the relatedness of the species, the red color 
represents positive correlations whereas the green color represents negative correlations
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P = 0.041 in male sheep). Another 13 pathways including 
RNA degradation (P = 0.031 in female sheep, P = 0.004 
in male sheep), nicotinate and nicotinamide metabolism 
(P = 0.018 in female sheep, P = 0.014 in male sheep), perox-
isome (P = 0.004 in female sheep, P = 0.031 in male sheep), 
adipocytokine signaling pathway (P = 0.003 in female 
sheep, P = 0.031 in male sheep), ferroptosis (P = 0.007 in 
female sheep, P = 0.031 in male sheep), thermogenesis 
(P = 0.005 in female sheep, P = 0.005 in male sheep), pol-
yketide sugar unit biosynthesis (P = 0.041 in female sheep, 
P = 0.041 in male sheep), ubiquinone and terpenoid-qui-
none biosynthesis (P = 0.018 in female sheep, P = 0.018 in 
male sheep), apoptosis (P = 0.003 in female sheep, P = 0.018 
in male sheep), longevity regulating pathway (P = 0.018 in 

female sheep, P = 0.005 in male sheep), N-glycan biosyn-
thesis (P = 0.018 in female sheep, P = 0.018 in male sheep), 
MAPK signaling pathway–fly (P = 0.014 in female sheep, 
P = 0.024 in male sheep) and biosynthesis of siderophore 
group nonribosomal peptides (P = 0.024 in female sheep, 
P = 0.041 in male sheep) were downregulated in the GEF 
and GEM (Fig. 4C, Supplementary Fig. 3C).

MSTN mutation altered the metabolic activities 
of CAZymes
Changes of the abundance of CAZymes can indirectly 
reflect the alterations of gut microbiota. According 
to PcoA, we observed a clear distinction of CAZymes 
between the GEF and WTF. ANOSIM analysis revealed 

Fig. 4 Upregulated and downregulated signaling pathways and CAZymes in the MSTN-edited and wild-type groups. A Bray–Curtis-based PCoA 
of the functional pathways of the GEF and WTF. The P-value was based on ANOSIM. The boxplot for the discrete distribution of samples along 
the PC1 and PC2 axes. B Significantly changed pathways of the GEF and WTF at level 1 (metabolism pathways) and (C) level 3. The vertical axis 
represents different pathways, and the horizontal axis represents the proportions of corresponding pathways. (0.01 < P ≤ 0.05 *, 0.001 < P ≤ 0.01 **, 
P ≤ 0.001 ***). D Bray–Curtis-based PCoA of CAZymes of the GEF and WTF. The P-value is based on the ANOSIM. The boxplot shows the discrete 
distribution of samples along the PC1 and PC2 axes. E The significantly different CAZymes of gut microbiome between the GEF/GEM and WTF/
WTM. The vertical axis represents different CAZymes, and the horizontal axis represents the proportions of corresponding enzymes. (0.01 < P ≤ 0.05 
*, 0.001 < P ≤ 0.01 **)
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that the differences between these two groups were 
greater than that within their own (Fig.  4D, R = 0.190, 
P = 0.035). Similar results were certified in the GEM and 
WTM. (Supplementary Fig. 3D, R = 0.197, P = 0.034). We 
found a total of 7 significant changed enzymes, and the 
abundance of the GH13_39 (P = 0.01 in female sheep, 
P = 0.007 in male sheep), GH4 (P = 0.014 in female 
sheep, P = 0.041 in male sheep), GH137 (P = 0.041 in 
female sheep, P = 0.041 in male sheep), GH71 (P = 0.018 
in female sheep, P = 0.007 in male sheep) and PL17 
(P = 0.018 in female sheep, P = 0.004 in male sheep) 
were upregulated, the GT41 (P = 0.004 in female sheep, 
P = 0.031 in male sheep) and CBM20 (P = 0.024 in female 
sheep, P = 0.01 in male sheep) were downregulated 
(Fig. 4E).

Discussion
Whether MSTN-edited sheep will degrade their meat 
quality and taste is an important question. In this study, 
we analyzed the meat color, pH, water loss rate and cook-
ing loss and proved that there was no difference in meat 
quality indices between the MSTN-edited sheep and the 
wild-type sheep.

Gender affects the composition of microbes, and sex 
hormones are one of the important reasons for this dif-
ference. A study analyzed the 16S rRNA dataset of the 
human microbiome project (HMP) and found that male 
stool tended to have a higher abundance of Prevotella 
and Bacteroides [22]. Another study with a larger indi-
vidual showed significantly different of gut microbiome 
composition of female and male, and female group har-
bored higher α diversity [23]. In animal studies, α diver-
sity of cecal microbiota in 10-week-old female mice 
was significantly higher than that in 10-week-old male 
mice. PCA analysis showed that female and castrated 
male microbiota were closer to each other than to male 
microbiota [24]. To eliminate the potential influence of 
gender on the results, we sequenced the gut microbi-
ome of MSTN-edited male sheep, wild-type male sheep, 
MSTN-edited female sheep and wild-type female sheep, 
and selected the microbes with the same change trend in 
different genders for further analysis. The results revealed 
that MSTN inactivation had no significant effect on the 
key dominant gut microbiota in sheep, consistent with 
previous research in pigs [20, 25]. However, PcoA analy-
sis revealed a clear distinction between the MSTN-edited 
and wild-type sheep, suggesting that the gut microbiome 
readily adjusts its structure and physiological functions 
to suit the physiological changes caused by the genetic 
alteration in the host [26, 27].

Specifically, in phylum level, the abundance of Fir-
micutes increased, whereas that of Bacteroidota 
decreased in the MSTN-edited sheep. The F/B ratio, in 

the MSTN-edited sheep, was higher, which have been 
reported in the obese humans and animals relative to 
their counterparts with normal weight. This suggests a 
higher F/B ratio is a biomarker for excessive body fats 
(obesity and overweight) [28–30]. In contrast, however, 
conflicting findings have been reported. For instance, 
some researchers found no difference of F/B ratio in the 
lean and obsess individuals [31, 32]. In addition, lower 
F/B ratio in obese animals and humans have also been 
reported [33]. Following slaughter it was determined that 
the body weight, carcass weight and the eye muscle area 
increased significantly in the MSTN-edited sheep relative 
to the wild-type sheep. Given that Firmicutes is efficient 
energy-harvesting bacteria [29, 34], we hypothesized the 
higher abundance of Firmicutes in the MSTN-edited 
sheep is an adaptation to meet the increased energy 
requirements for bigger muscle gain. Bacteroidota have 
been reported to promote inflammation, and Bacteroi-
dota are more abundant in low-gene-count (LGC) indi-
viduals than in high-gene-count (HGC) individuals [35]. 
This suggests fewer Bacteroidota is a biomarker for a 
healthy gut.

In genus level, the abundance of some microbes includ-
ing Flavonifractor, Subdoligranulum, Ruthenibacterium, 
Agathobaculum, Anaerotignum, Oribacterium and Lac-
tobacillus, was significantly higher in the MSTN-edited 
sheep than those in the wild-type sheep. These microbes 
play a crucial role for their hosts in the synthesis of ace-
tate, propionate and butyrate [36–44]. These short-chain 
fatty acids (SCFAs) are not only secreted and absorbed by 
the gut as nutrients, but they are also important in main-
taining the health of the hosts. For example, butyrate is 
the key regulator for the homeostasis, endocrine and 
immune function [45, 46]. Specifically, it lowers the risk 
of colon cancer [47–51], modulates inflammation related 
to bacterial infection and participates in maintaining the 
body mass index (BMI) [35]. In addition, we found MSTN 
mutation increased the abundance of Thaumarchaeota, 
an archaebacterium that participates in the glycolysis, 
oxidative phosphorylation, vitamin production and nitri-
fication [52, 53].

Furthermore, KEGG analysis revealed the downregu-
lation of lipid metabolism, inflammation and apoptosis 
signaling pathways and upregulation of vitamin synthesis 
pathway, which are the positive signal for the gut health 
of the MSTN-edited sheep. But these findings need to be 
validated with further metabolomics data.

Conclusions
In conclusion, our results showed that MSTN inactiva-
tion remarkably influenced the composition and poten-
tial function of hindgut microbial communities of the 
sheep and significantly promoted growth performance 
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without affecting meat quality. Our results demonstrate 
that the different microbial composition in the hind-
gut may provide positive signal for the hindgut health 
and nutrition absorption for the host of MSTN-edited 
sheep. The findings of this study provide new insights 
into the relationship between MSTN mutation and the 
gut microbiota in sheep and preliminarily prove the 
quality of MSTN-edited mutton has no different from 
that of wild type mutton.

Materials and methods
The experimental animals and sample collection
In this study, MSTN gene-edited sheep were used as 
experimental group, and wild-type sheep were used as 
control group. Considering the possible influence of 
gender and age as well as other factors on the results, 
we selected 8 MSTN-edited female sheep (GEF), 8 
wild-type female sheep (WTF), 8 MSTN-edited male 
sheep (GEM) and 8 wild-type male sheep (WTM). All 
of these sheep were 1.5 years old, lived at the Ningxia 
Tianyuan Sheep Farm (Wuzhong, Ningxia, China) and 
housed in pens (6 m × 9 m; n = 4 per pen) under con-
trolled environmental conditions. They were provided 
with enough food and water. The feeds were formulated 
meeting or exceeding the current feeding recommen-
dations (Supplementary Table 1). The blood samples for 
DNA extraction and genotyping were extracted from 
the jugular veins into anticoagulant vacutainer tubes. 
The slaughtered sheep were from the GEM and WTM. 
The mutton samples for quality analysis were obtained 
from longissimus dorsi of slaughtered sheep. The fecal 
samples for metagenomic sequencing were collected 
from the rectum of the experimental sheep and stored 
in sterile 10  mL tubes in liquid nitrogen pending 
extraction of microbial DNA.

Genotype identification
These experimental sheep were the offspring of MSTN± 
male sheep carrying 3  bp (c.469_471delTGG) deletions 
in the second exon and 11  bp (c.879_889delTGG ATG 
GGATT) deletions in the third exon of the MSTN and 
wild-type females. In order to ensure the accuracy of the 
sheep grouping, we verified the genotypes by sequenc-
ing. Total DNA was extracted using the Blood Genomic 
DNA Mini Kit (CoWin Biosciences, Shanghai, China). 
The MSTN gene was amplified using the 2 × Rapid Taq 
Master MIX (Vazyme Biotech Co., Ltd., Nanjing, China). 
The PCR products were separated and assessed on 1.0% 
agarose gel. Sanger sequencing was performed at Sangon 
Biotech Co., Ltd. (Shanghai, China). Deep sequencing 
was performed at Novogene Co., Ltd. (Tianjin, China).

Determination of slaughter parameters and meat quality
The experimental sheep were slaughtered on the same 
day by following the Halal slaughtering procedure, which 
involved exsanguination without electrical stunning. 
After skinning and removing heads, hooves and inter-
nal organs, the carcasses were weighted and the slaugh-
ter rate (carcass weight/body weight) were calculated. 
Finally, longissimus dorsi muscles were isolated for meat 
color, pH, water loss rate, cooking loss, intramuscular fat 
and eye muscle area measuring. Meat quality analysis was 
performed as previously described [54]. Briefly, the meat 
color (L*, a* and b*) and pH values at 45 min and 24 h in 
longissimus dorsi were measured by using a Minolta CM-
600D spectrophotometer (Konica Minolta Sensing Inc., 
Osaka, Japan) and a pH–STAT meter (SFK-Technology, 
Denmark), respectively. For the water loss rate, a circular 
sampler was used to cut the longissimus dorsi about 20 g 
and an analytical balance MS1602S (Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to weight the pre-
pressure weight. Then the sample was sandwiched into 
the multi-layer filter papers, pressed 35  kg with water 
loss rate tester Bulader-M10 (Bulader, Beijing, China) 
for 5  min and reweighted the sample. Water loss rate 
was expressed as a percentage of weight change before 
and after pressure. For the cooking loss analysis, 100 g of 
muscle was weighed and cooked in a thermostat water 
bath DK-S22 (Shanghai Jing Hong Laboratory Instrument 
Co., Ltd., Shanghai, China) at 85 ℃ for 50 min. After that, 
the sample was removed, blotted dry on filter paper, and 
reweighted. Cooking loss was expressed as a percentage 
of weight change before and after cooking. In addition, 
intramuscular fat content was determined by the soxhlet 
extraction method. Longissimus dorsi were lyophilized to 
a constant weight (no evaporable moisture remaining) 
using vacuum freeze dryer (SCIENTZ-18ND, Ningbo, 
Zhejiang, China), and then subjected to ether extraction 
using the Soxhlet apparatus and diethyl ether. After 8 h 
of extraction, the samples were removed, air-dried and 
reweighed to determine fat loss. Moreover, the eye mus-
cle area was measured by pasting a sulfate paper on the 
cross section of the muscle and measuring the area of 
the outline of the muscle. The data are expressed as the 
mean ± SEM and analyzed using Student’s t-test with sig-
nificant differences considered at P < 0.05.

Metagenomic sequencing, assembly, and construction 
of the gene library
To construct the paired-end (PE) library, DNA extracted 
from the GEF, WTF, GEM and WTM groups were frag-
mented into small 300  bp segments using the Cova-
ris M220 machine (Gene, Hong Kong, China). The PE 
library was then constructed using the TruSeq DNA 
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Sample Prep Kit (Illumina, San Diego, CA, USA), fol-
lowing the manufacturer’s instructions. Sequencing of 
the PE reads was performed using the Illumina HiSeq 
4000 platform (Illumina, San Diego, CA, USA). A total 
of 2,269,248, 212 raw reads were obtained. The minimum 
number of raw reads per group was 61,035,344 but aver-
aged 70,914,007. Adapter sequences were removed from 
the 3’ and 5’ ends of the raw reads. Low-quality raw reads 
(length < 50 bp, quality values < 20, or containing N bases) 
were also removed using the FastP software (Version 
0.20.0) [55]. A total of 2,235,699,610 clean reads were 
retained (98.52% of raw reads). The minimum number 
of clean reads in a given sample was 60,093,748 but aver-
aged 69,865,613. After removing sequences for the Ovis 
aries genome (assembly ARS-UI_Ramb_v2.0) sequences 
with BWA (version 0.7.9a) [56]. A total of 1,841,359,674 
high quality reads, representing 81.17% of total raw 
reads, were obtained. A minimum of 40,225,450, reads, 
but an averagely of 57,542,490 per sample, were cleaned. 
Contigs were generated using the Megahit software 
(Version 1.1.2) [57]. Only 25,233,472 contigs larger than 
300 bp were retained. The minimum number of contigs 
per sample was 561,569 but averaged 788,546. The aver-
age size of the contigs was 208,436  bp. The maximum 
N50 and N90 were 705  bp and 357  bp, the minimum 
N50, and N90 were 547 bp and 338 bp, and the average 
N50 and N90 were 622  bp and 347  bp. The open read-
ing frames (ORFs) in contigs were predicted using the 
MetaGene software [58]. A total of 57,239,602 ORFs 
larger than 100  bp, which were translated into amino 
acid sequences at the National Center for Biotechnol-
ogy Information (NCBI), were retained. The maximum 
ORFs ranged between 100  bp and 27,414  bp but aver-
aged 440  bp. All predicted genes with a 90% sequence 
identity (90% coverage) were clustered into groups using 
the CD-HIT software (version 4.6.1) [59]. The final non-
redundant gene sets contained 25,836,001 ORFs, which 
was 45.14% of the original ORFs. The average length of 
ORFs was 497 bp. To evaluate gene abundances in each 
sample, quality ORFs within each sample were mapped 
to the corresponding sequence with 95% identity using 
SOAP aligner (Version 2.21) [60]. For taxonomic annota-
tions, selected non-redundant gene sets were blasted in 
the NCBI-NR database using the DIAMOND software 
(parameter: BLASTP; E-value ≤  1e−5) [61, 62]. A total 
of 5 domains, 13 kingdoms, 235 phyla, 449 classes, 895 
orders, 1,779 families, 5,369 genera and 35,877 species 
were annotated. Similarly, for KEGG pathway analysis 
[63], non-redundant gene sets were blasted in the GENES 
using the DIAMOND software (parameter: BLASTP; 
E-value ≤  1e−5), and for CAZymes, non-redundant gene 
sets were blasted in the CAZy database (E-value ≤  1e−5) 
using the HMMSCAN [64].

Statistical analysis
The difference in gene expression between the GEF and 
WTF groups, GEM and WTM groups were analyzed 
using the Wilcoxon rank-sum test at two-tailed P-val-
ues. The gene expression data were presented using 
box-and-whisker plots. Alpha and beta diversity indices 
(Bray–Curtis) were calculated using the Mothur software 
(Version 1.30.2) and R (Version 3.3.1). The differences in 
the bacterial taxa between different groups were assessed 
using Analysis of similarity (ANOSIM) of Bray–Curtis 
distances. Data analysis and FDR correction of the p-val-
ues were performed using the R package (Version 3.3.3). 
The operational taxonomic units most likely to explain 
differences between classes by coupling standard tests for 
statistical significance with additional tests encoding bio-
logical consistency and effect relevance were identified 
based on Linear discriminant analysis (LDA) effect size 
(LEfSe). The correlation network analysis was performed 
using the Networks software (Version 2.1).
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species in the GEF, WTF, GEM and WTM. It excludes unclassified microbes. 
F. The significantly different species between the GEM and WTM. G. LEfSe 
analysis of the GEM and WTM. The histogram shows the microbes that can 
best illustrate the difference between the GEM and WTM. The larger the 
LDA score, the greater the contribution of the corresponding microbe to 
the difference.

Additional file 3: Supplementary Fig. 3. Upregulated and down-
regulated signaling pathways and CAZymes in the GEM and WTM. A. 
Bray-Curtis-based PCoA of the functional pathways. The P-value was 
based on ANOSIM. The boxplot for the discrete distribution of samples 
along the PC1 and PC2 axes. B. Significantly changed pathways at level 
1 (metabolism pathways) and (C) level 3. The vertical axis represents 
different pathways, and the horizontal axis represents the proportions of 
corresponding pathways. (0.01< P ≤0.05 *, 0.001< P ≤0.01 **, P ≤0.001 
***). D. Bray-Curtis-based PCoA of CAZymes. The P-value is based on the 
ANOSIM. The boxplot shows the discrete distribution of samples along the 
PC1 and PC2 axes. 

Additional file 4: Supplementary Table 1. Composition and nutrient 
levels of basal diet. 

Acknowledgements
Not applicable.

Authors’ contributions
Yulin Chen, Shiwei Zhou, Ke Zhang and Chenchen Du conceived the work 
search and participated in crafting the design of the study. Ke Zhang, 
Chenchen Du and Xianhui Zhou designed the experimental protocols and 

https://doi.org/10.1186/s12866-022-02687-8
https://doi.org/10.1186/s12866-022-02687-8


Page 10 of 11Du et al. BMC Microbiology          (2022) 22:273 

processed the samples. Chenchen Du and Xianhui Zhou performed DNA 
extraction library preparation work. Ke Zhang, Chenchen Du and Shuhong 
Huang analyzed the data. Chenchen Du drafted the original manuscript. Shi-
wei Zhou, Yulin Chen and Ke Zhang revised the manuscript. All authors read 
and approved the submission of the final manuscript.

Funding
This study was supported by a Special project of the Ningxia Department 
of Agriculture and Rural Affairs (grant no. 2020NX03051). The funder did not 
participate in the design and conduct of the study.

Availability of data and materials
The datasets analysed during the current study are available in the national 
center for biotechnology information (NCBI) under accessions number 
PRJNA783381 (https:// www. ncbi. nlm. nih. gov/ biopr oject/ PRJNA 783381).

Declarations

Ethics approval and consent to participate
The authors declare that this article is reported in accordance with the ARRIVE 
guidelines 2.0. Protocols for animal experiments were approved by the ethics 
committee of Northwest A&F University (Approval ID: 2020NZ0801011) and 
the experiments were conducted following the Guidelines for the Care and 
Use of Laboratory Animals stipulated by the College of Animal Science and 
Technology, Northwest A&F University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 30 March 2022   Accepted: 13 October 2022

References
 1. Mcpherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in 

mice by a new TGF-psuperfamily member. Nature. 1997;387(6628):83–90.
 2. Grobet L, Martin LJ, Poncelet D, Pirottin D, Brouwers B, Riquet J, et al. 

A deletion in the bovine myostatin gene causes the double-muscled 
phenotype in cattle. Nat Genet. 1997;17(1):71–4. https:// doi. org/ 10. 1038/ 
ng0997- 71.

 3. Kambadur R, Sharma M, Smith TP, Bass JJ. Mutations in myostatin (GDF8) 
in double-muscled Belgian blue and Piedmontese cattle. Genome Res. 
1997;7(9):910–6. https:// doi. org/ 10. 1101/ gr.7. 9. 910.

 4. Mcpherron AC, Lee SJ. Double muscling in cattle due to mutations in the 
myostatingene. Proc Natl Acad Sci USA. 1997;94(23):12457–61.

 5. Mosher DS, Quignon P, Bustamante CD, Sutter NB, Mellersh CS, Parker 
HG, et al. A mutation in the myostatin gene increases muscle mass 
and enhances racing performance in heterozygote dogs. PLoS Genet. 
2007;3(5): e79. https:// doi. org/ 10. 1371/ journ al. pgen. 00300 79.

 6. Zou Q, Wang X, Liu Y, Ouyang Z, Long H, Wei S, et al. Generation of gene-
target dogs using CRISPR/Cas9 system. J Mol Cell Biol. 2015;7(6):580–3. 
https:// doi. org/ 10. 1093/ jmcb/ mjv061.

 7. Grochowska E, Borys B, Mroczkowski S. Effects of Intronic SNPs in the 
myostatin gene on growth and carcass traits in colored polish merino 
sheep. Genes (Basel). 2019;11(1). https:// doi. org/ 10. 3390/ genes 11010 002.

 8. Ni W, Qiao J, Hu S, Zhao X, Regouski M, Yang M, et al. Efficient gene 
knockout in goats using CRISPR/Cas9 system. PLoS ONE. 2014;9(9): 
e106718. https:// doi. org/ 10. 1371/ journ al. pone. 01067 18.

 9. Wang X, Yu H, Lei A, Zhou J, Zeng W, Zhu H, et al. Generation of gene-
modified goats targeting MSTN and FGF5 via zygote injection of CRISPR/
Cas9 system. Sci Rep. 2015;5:13878. https:// doi. org/ 10. 1038/ srep1 3878.

 10. Wang K, Tang X, Xie Z, Zou X, Li M, Yuan H, et al. CRISPR/Cas9-mediated 
knockout of myostatin in Chinese indigenous Erhualian pigs. Transgenic 
Res. 2017;26(6):799–805. https:// doi. org/ 10. 1007/ s11248- 017- 0044-z.

 11. Qian L, Tang M, Yang J, Wang Q, Cai C, Jiang S, et al. Targeted muta-
tions in myostatin by zinc-finger nucleases result in double-muscled 

phenotype in Meishan pigs. Sci Rep. 2015;5:14435. https:// doi. org/ 10. 
1038/ srep1 4435.

 12. Schuelke M, Wagner KR, Stolz LE, Hübner C, Riebel T, Kömen W, et al. 
Myostatin mutation associated with gross muscle hypertrophy in a 
child. N Engl J Med. 2004;350(26):2682–8. https:// doi. org/ 10. 1056/ 
NEJMo a0409 33.

 13. Wang X, Niu Y, Zhou J, Yu H, Kou Q, Lei A, et al. Multiplex gene editing 
via CRISPR/Cas9 exhibits desirable muscle hypertrophy without detect-
able off-target effects in sheep. Sci Rep. 2016;6:32271. https:// doi. org/ 
10. 1038/ srep3 2271.

 14. Zhou S, Kalds P, Luo Q, Sun K, Zhao X, Gao Y, et al. Optimized 
Cas9:sgRNA delivery efficiently generates biallelic MSTN knockout 
sheep without affecting meat quality. BMC Genomics. 2022;23(1):348. 
https:// doi. org/ 10. 1186/ s12864- 022- 08594-6.

 15. Salzman NH, Hung K, Haribhai D, Chu H, Karlsson-Sjoberg J, Amir E, et al. 
Enteric defensins are essential regulators of intestinal microbial ecology. 
Nat Immunol. 2010;11(1):76–83. https:// doi. org/ 10. 1038/ ni. 1825.

 16. Lamas B, Richard ML, Leducq V, Pham HP, Michel ML, Da Costa G, 
et al. CARD9 impacts colitis by altering gut microbiota metabolism 
of tryptophan into aryl hydrocarbon receptor ligands. Nat Med. 
2016;22(6):598–605. https:// doi. org/ 10. 1038/ nm. 4102.

 17. Mishra V, Bose A, Kiran S, Banerjee S, Shah IA, Chaukimath P, et al. Gut-
associated cGMP mediates colitis and dysbiosis in a mouse model of an 
activating mutation in GUCY2C. J Exp Med. 2021;218(11). https:// doi. org/ 10. 
1084/ jem. 20210 479.

 18. Schwarzer M, Makki K, Storelli G, Machuca-Gayet I, Srutkova D, 
Hermanova P, et al. Lactobacillus plantarum strain maintains 
growth of infant mice during chronic undernutrition. Science. 
2016;351(6275):854–7.

 19. Kim HS, Whon TW, Sung H, Jeong YS, Jung ES, Shin NR, et al. Longitudinal 
evaluation of fecal microbiota transplantation for ameliorating calf diar-
rhea and improving growth performance. Nat Commun. 2021;12(1):161. 
https:// doi. org/ 10. 1038/ s41467- 020- 20389-5.

 20. Pei Y, Chen C, Mu Y, Yang Y, Feng Z, Li B, et al. Integrated microbiome and 
metabolome analysis reveals a positive change in the intestinal environ-
ment of myostatin edited large white pigs. Front Microbiol. 2021;12: 
628685. https:// doi. org/ 10. 3389/ fmicb. 2021. 628685.

 21. Wen T, Mao C, Gao L. Analysis of the gut microbiota composition 
of myostatin mutant cattle prepared using CRISPR/Cas9. PLoS ONE. 
2022;17(3): e0264849. https:// doi. org/ 10. 1371/ journ al. pone. 02648 49.

 22. Ding T, Schloss PD. Dynamics and associations of microbial com-
munity types across the human body. Nature. 2014;509(7500):357–60. 
https:// doi. org/ 10. 1038/ natur e13178.

 23. Sinha T, Vich Vila A, Garmaeva S, Jankipersadsing SA, Imhann F, Collij V, 
et al. Analysis of 1135 gut metagenomes identifies sex-specific resistome 
profiles. Gut Microbes. 2019;10(3):358–66. https:// doi. org/ 10. 1080/ 19490 
976. 2018. 15288 22.

 24. Yurkovetskiy L, Burrows M, Khan AA, Graham L, Volchkov P, Becker L, et al. 
Gender bias in autoimmunity is influenced by microbiota. Immunity. 
2013;39(2):400–12. https:// doi. org/ 10. 1016/j. immuni. 2013. 08. 013.

 25. Cui WT, Xiao GJ, Jiang SW, Qian LL, Cai CB, Li B, et al. Effect of ZFN-edited 
myostatin loss-of-function mutation on gut microbiota in Meishan pigs. 
PLoS ONE. 2019;14(1): e0210619. https:// doi. org/ 10. 1371/ journ al. pone. 
02106 19.

 26. Guardia-Escote L, Basaure P, Biosca-Brull J, Cabré M, Blanco J, Pérez-
Fernández C, et al. APOE genotype and postnatal chlorpyrifos expo-
sure modulate gut microbiota and cerebral short-chain fatty acids in 
preweaning mice. Food Chem Toxicol. 2020;135: 110872. https:// doi. org/ 
10. 1016/j. fct. 2019. 110872.

 27. Ji J, Xu Y, Luo C, He Y, Xu X, Yan X, et al. Effects of the DMRT1 genotype 
on the body weight and gut microbiota in the broiler chicken. Poult Sci. 
2020;99(8):4044–51. https:// doi. org/ 10. 1016/j. psj. 2020. 03. 055.

 28. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut 
microbes associated with obesity. Nature. 2006;444(7122):1022–3.

 29. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An 
obesity-associated gut microbiome with increased capacity for energy har-
vest. Nature. 2006;444(7122):1027–31. https:// doi. org/ 10. 1038/ natur e05414.

 30. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley 
RE, et al. A core gut microbiome in obese and lean twins. Nature. 
2009;457(7228):480–4. https:// doi. org/ 10. 1038/ natur e07540.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA783381
https://doi.org/10.1038/ng0997-71
https://doi.org/10.1038/ng0997-71
https://doi.org/10.1101/gr.7.9.910
https://doi.org/10.1371/journal.pgen.0030079
https://doi.org/10.1093/jmcb/mjv061
https://doi.org/10.3390/genes11010002
https://doi.org/10.1371/journal.pone.0106718
https://doi.org/10.1038/srep13878
https://doi.org/10.1007/s11248-017-0044-z
https://doi.org/10.1038/srep14435
https://doi.org/10.1038/srep14435
https://doi.org/10.1056/NEJMoa040933
https://doi.org/10.1056/NEJMoa040933
https://doi.org/10.1038/srep32271
https://doi.org/10.1038/srep32271
https://doi.org/10.1186/s12864-022-08594-6
https://doi.org/10.1038/ni.1825
https://doi.org/10.1038/nm.4102
https://doi.org/10.1084/jem.20210479
https://doi.org/10.1084/jem.20210479
https://doi.org/10.1038/s41467-020-20389-5
https://doi.org/10.3389/fmicb.2021.628685
https://doi.org/10.1371/journal.pone.0264849
https://doi.org/10.1038/nature13178
https://doi.org/10.1080/19490976.2018.1528822
https://doi.org/10.1080/19490976.2018.1528822
https://doi.org/10.1016/j.immuni.2013.08.013
https://doi.org/10.1371/journal.pone.0210619
https://doi.org/10.1371/journal.pone.0210619
https://doi.org/10.1016/j.fct.2019.110872
https://doi.org/10.1016/j.fct.2019.110872
https://doi.org/10.1016/j.psj.2020.03.055
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature07540


Page 11 of 11Du et al. BMC Microbiology          (2022) 22:273  

 31. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, et al. 
Energy-balance studies reveal associations between gut microbes, caloric 
load, and nutrient absorption in humans. Am J Clin Nutr. 2011;94(1):58–
65. https:// doi. org/ 10. 3945/ ajcn. 110. 010132.

 32. Patil DP, Dhotre DP, Chavan SG, Sultan A, Jain DS, Lanjekar VB, et al. 
Molecular analysis of gut microbiota in obesity among Indian individuals. 
J Biosci. 2012;37(4):647–57. https:// doi. org/ 10. 1007/ s12038- 012- 9244-0.

 33. Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA, Donus C, et al. Microbiota 
and SCFA in lean and overweight healthy subjects. Obesity (Silver Spring). 
2010;18(1):190–5. https:// doi. org/ 10. 1038/ oby. 2009. 167.

 34. Bhattacharya T, Ghosh TS, Mande SS. Global profiling of carbohydrate 
active enzymes in human gut microbiome. PLoS ONE. 2015;10(11): 
e0142038. https:// doi. org/ 10. 1371/ journ al. pone. 01420 38.

 35. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. 
Richness of human gut microbiome correlates with metabolic markers. 
Nature. 2013;500(7464):541–6. https:// doi. org/ 10. 1038/ natur e12506.

 36. Carlier JP, Bedora-Faure M, K’Ouas G, Alauzet C. Proposal to unify Clostrid-
ium orbiscindens Winter et al. 1991 and Eubacterium plautii (Seguin 
1928) Hofstad and Aasjord 1982, with description of Flavonifractor 
plautii gen. nov., comb. nov., and reassignment of Bacteroides capillosus 
to Pseudoflavonifractor capillosus gen. nov., comb. nov. Int J Syst Evol 
Microbiol. 2010;60(Pt 3):585–90. https:// doi. org/ 10. 1099/ ijs.0. 016725-0.

 37. Carlier JP, K’Ouas G, Bonne I, Lozniewski A, Mory F. Oribacterium sinus 
gen. nov, sp. nov., within the family “Lachnospiraceae” (phylum Firmi-
cutes). Int J Syst Evol Microbiol. 2004;54(Pt 5):1611–5. https:// doi. org/ 10. 
1099/ ijs.0. 63060-0.

 38. Holmstrom K, Collins MD, Moller T, Falsen E, Lawson PA. Subdoligranulum 
variabile gen. nov., sp. nov. from human feces. Anaerobe. 2004;10(3):197–
203. https:// doi. org/ 10. 1016/j. anaer obe. 2004. 01. 004.

 39. Kaur S, Yawar M, Kumar PA, Suresh K. Hungatella effluvii gen. nov., sp. 
nov., an obligately anaerobic bacterium isolated from an effluent treat-
ment plant, and reclassification of Clostridium hathewayi as Hungatella 
hathewayi gen. nov., comb. nov. Int J Syst Evol Microbiol. 2014;64(Pt 
3):710–8. https:// doi. org/ 10. 1099/ ijs.0. 056986-0.

 40. Kläring K, Hanske L, Bui N, Charrier C, Blaut M, Haller D, et al. Intes-
tinimonas butyriciproducens gen nov, sp nov, a butyrate-producing 
bacterium from the mouse intestine. Int J Syst Evol Microbiol. 2013;63(Pt 
12):4606–12. https:// doi. org/ 10. 1099/ ijs.0. 051441-0.

 41. Shkoporov AN, Chaplin AV, Shcherbakova VA, Suzina NE, Kafarskaia LI, 
Bozhenko VK, et al. Ruthenibacterium lactatiformans gen. nov., sp. nov., 
an anaerobic, lactate-producing member of the family Ruminococcaceae 
isolated from human faeces. Int J Syst Evol Microbiol. 2016;66(8):3041–9. 
https:// doi. org/ 10. 1099/ ijsem.0. 001143.

 42. Ueki A, Goto K, Ohtaki Y, Kaku N, Ueki K. Description of Anaerotignum 
aminivorans gen. nov., sp. nov., a strictly anaerobic, amino-acid-decom-
posing bacterium isolated from a methanogenic reactor, and reclas-
sification of Clostridium propionicum, Clostridium neopropionicum and 
Clostridium lactatifermentans as species of the genus Anaerotignum. 
Int J Syst Evol Microbiol. 2017;67(10):4146–53. https:// doi. org/ 10. 1099/ 
ijsem.0. 002268.

 43. Ueki A, Goto K, Kaku N, Ueki K. Aminipila butyrica gen. nov., sp. nov., 
a strictly anaerobic, arginine-decomposing bacterium isolated from 
a methanogenic reactor of cattle waste. Int J Syst Evol Microbiol. 
2018;68(1):443–8. https:// doi. org/ 10. 1099/ ijsem.0. 002534.

 44. Wong J, Piceno YM, DeSantis TZ, Pahl M, Andersen GL, Vaziri ND. Expansion 
of urease- and uricase-containing, indole- and p-cresol-forming and con-
traction of short-chain fatty acid-producing intestinal microbiota in ESRD. 
Am J Nephrol. 2014;39(3):230–7. https:// doi. org/ 10. 1159/ 00036 0010.

 45. Donohoe DR, Garge N, Zhang X, Sun W, O’Connell TM, Bunger MK, 
et al. The microbiome and butyrate regulate energy metabolism and 
autophagy in the mammalian colon. Cell Metab. 2011;13(5):517–26. 
https:// doi. org/ 10. 1016/j. cmet. 2011. 02. 018.

 46. Silva YP, Bernardi A, Frozza RL. The role of short-chain fatty acids from Gut 
Microbiota in Gut-Brain communication. Front Endocrinol. 2020;11(25). 
https:// doi. org/ 10. 3389/ fendo. 2020. 00025.

 47. Encarnacao JC, Abrantes AM, Pires AS, Botelho MF. Revisit dietary fiber 
on colorectal cancer: butyrate and its role on prevention and treatment. 
Cancer Metastasis Rev. 2015;34(3):465–78. https:// doi. org/ 10. 1007/ 
s10555- 015- 9578-9.

 48. Ji J, Shu D, Zheng M, Wang J, Luo C, Wang Y, et al. Microbial metabolite 
butyrate facilitates M2 macrophage polarization and function. Sci Rep. 
2016;6:24838. https:// doi. org/ 10. 1038/ srep2 4838.

 49. Rivera-Chavez F, Zhang LF, Faber F, Lopez CA, Byndloss MX, Olsan EE, 
et al. Depletion of butyrate-producing clostridia from the gut microbiota 
drives an aerobic luminal expansion of salmonella. Cell Host Microbe. 
2016;19(4):443–54. https:// doi. org/ 10. 1016/j. chom. 2016. 03. 004.

 50. Schulthess J, Pandey S, Capitani M, Rue-Albrecht KC, Arnold I, Franchini 
F, et al. The short chain fatty acid butyrate imprints an antimicrobial 
program in macrophages. Immunity. 2019;50(2):432-45 e7. https:// doi. 
org/ 10. 1016/j. immuni. 2018. 12. 018.

 51. Xiong H, Guo B, Gan Z, Song D, Lu Z, Yi H, et al. Butyrate upregulates 
endogenous host defense peptides to enhance disease resistance 
in piglets via histone deacetylase inhibition. Sci Rep. 2016;6:27070. 
https:// doi. org/ 10. 1038/ srep2 7070.

 52. Doxey AC, Kurtz DA, Lynch MD, Sauder LA, Neufeld JD. Aquatic metagen-
omes implicate Thaumarchaeota in global cobalamin production. ISME J. 
2015;9(2):461–71. https:// doi. org/ 10. 1038/ ismej. 2014. 142.

 53. Pinto OHB, Silva TF, Vizzotto CS, Santana RH, Lopes FAC, Silva BS, et al. 
Genome-resolved metagenomics analysis provides insights into the eco-
logical role of Thaumarchaeota in the Amazon River and its plume. BMC 
Microbiol. 2020;20(1):13. https:// doi. org/ 10. 1186/ s12866- 020- 1698-x.

 54. Zhao J, Li K, Su R, Liu W, Ren Y, Zhang C, et al. Effect of dietary Tartary 
buckwheat extract supplementation on growth performance, meat 
quality and antioxidant activity in ewe lambs. Meat Sci. 2017;134:79–85. 
https:// doi. org/ 10. 1016/j. meats ci. 2017. 07. 016.

 55. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34(17):i884–90. https:// doi. org/ 10. 1093/ bioin 
forma tics/ bty560.

 56. 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/ bioin forma tics/ btp324.

 57. Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via suc-
cinct de Bruijn graph. Bioinformatics. 2015;31(10):1674–6. https:// doi. org/ 
10. 1093/ bioin forma tics/ btv033.

 58. Noguchi H, Park J, Takagi T. MetaGene: prokaryotic gene finding 
from environmental genome shotgun sequences. Nucleic Acids Res. 
2006;34(19):5623–30. https:// doi. org/ 10. 1093/ nar/ gkl723.

 59. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the 
next-generation sequencing data. Bioinformatics. 2012;28(23):3150–2. 
https:// doi. org/ 10. 1093/ bioin forma tics/ bts565.

 60. Li R, Yu C, Li Y, Lam TW, Yiu SM, Kristiansen K, et al. SOAP2: an improved 
ultrafast tool for short read alignment. Bioinformatics. 2009;25(15):1966–
7. https:// doi. org/ 10. 1093/ bioin forma tics/ btp336.

 61. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using 
DIAMOND. Nat Methods. 2015;12(1):59–60. https:// doi. org/ 10. 1038/ 
nmeth. 3176.

 62. Buchfink B, Reuter K, Drost HG. Sensitive protein alignments at tree-of-life 
scale using DIAMOND. Nat Methods. 2021;18(4):366–8. https:// doi. org/ 10. 
1038/ s41592- 021- 01101-x.

 63. Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M. 
KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. 
2021;49(D1):D545–51. https:// doi. org/ 10. 1093/ nar/ gkaa9 70.

 64. Lombard 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/ gkt11 78.

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

https://doi.org/10.3945/ajcn.110.010132
https://doi.org/10.1007/s12038-012-9244-0
https://doi.org/10.1038/oby.2009.167
https://doi.org/10.1371/journal.pone.0142038
https://doi.org/10.1038/nature12506
https://doi.org/10.1099/ijs.0.016725-0
https://doi.org/10.1099/ijs.0.63060-0
https://doi.org/10.1099/ijs.0.63060-0
https://doi.org/10.1016/j.anaerobe.2004.01.004
https://doi.org/10.1099/ijs.0.056986-0
https://doi.org/10.1099/ijs.0.051441-0
https://doi.org/10.1099/ijsem.0.001143
https://doi.org/10.1099/ijsem.0.002268
https://doi.org/10.1099/ijsem.0.002268
https://doi.org/10.1099/ijsem.0.002534
https://doi.org/10.1159/000360010
https://doi.org/10.1016/j.cmet.2011.02.018
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1007/s10555-015-9578-9
https://doi.org/10.1007/s10555-015-9578-9
https://doi.org/10.1038/srep24838
https://doi.org/10.1016/j.chom.2016.03.004
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1038/srep27070
https://doi.org/10.1038/ismej.2014.142
https://doi.org/10.1186/s12866-020-1698-x
https://doi.org/10.1016/j.meatsci.2017.07.016
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
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/bioinformatics/btv033
https://doi.org/10.1093/nar/gkl723
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/btp336
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1093/nar/gkaa970
https://doi.org/10.1093/nar/gkt1178

	Inactivation of the MSTN gene expression changes the composition and function of the gut microbiome in sheep
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Genotype identification
	Slaughter parameters and meat quality analysis
	Alpha and beta diversity of the gene-edited and wild-type sheep
	Composition of gut microbiota of gene-edited and wild-type sheep
	MSTN mutation altered potential function of hindgut microbiota based on metagenomic sequencing
	MSTN mutation altered the metabolic activities of CAZymes

	Discussion
	Conclusions
	Materials and methods
	The experimental animals and sample collection
	Genotype identification
	Determination of slaughter parameters and meat quality
	Metagenomic sequencing, assembly, and construction of the gene library
	Statistical analysis

	Acknowledgements
	References


