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Abstract

Myostatin (MSTN) negatively regulates muscle development and positively regulates

metabolism through various pathways. Although MSTN function in cattle has been widely

studied, the changes in the gut microbiota due to MSTN mutation, which contribute to host

health by regulating its metabolism, remain unclear. Here, high-throughput sequencing of

the 16S rRNA gene was conducted to analyze the gut microbiota of wild-type (WT) and

MSTN mutant (MT) cattle. A total of 925 operational taxonomic units (OTUs) were obtained,

which were classified into 11 phyla and 168 genera. Alpha diversity results showed no signif-

icant differences between MT and WT cattle. Beta diversity analyses suggested that the

microbial composition of WT and MT cattle was different. Three dominant phyla and 21

dominant genera were identified. The most abundant bacterial genus had a significant rela-

tionship with the host metabolism. Moreover, various bacteria beneficial for health were

found in the intestines of MT cattle. Analysis of the correlation between dominant gut bacte-

ria and serum metabolic factors affected by MSTN mutation indicated that MSTN mutation

affected the metabolism mainly by three metabolism-related bacteria, Ruminococca-

ceae_UCG-013, Clostridium_sensu_stricto_1, and Ruminococcaceae_UCG-010. This

study provides further insight into MSTN mutation regulating the host metabolism by gut

microbes and provides evidence for the safety of gene-edited animals.

Introduction

Yellow cattle are a characteristic resource of China, having 52 breeds, of which Qinchuan,

Luxi, Nanyang, Jinnan, and Yanbian cattle have been domesticated and bred for thousands of

years. They contain rich genetic resources and have rough feeding tolerance, strong stress

resistance ability, strong adaptability, and tender meat. However, due to their long-term use as

service cattle, common defects in these cattle, such as slow growth rate, underdeveloped rear-

drive, slow fattening, weight gain, and low carcass production, cannot meet the requirements

of international beef cattle.

Myostatin (MSTN), a member of the transforming growth factor β (TGF-β) superfamily, is

highly expressed in skeletal muscle tissue and negatively regulates muscle growth [1]. MSTN
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mutation results in increased muscle mass in many species, including humans [2], sheep [3],

mice [4], dogs [5], and cattles [6], without causing severe adverse effects. MSTN not only regu-

lates muscle growth but also plays a vital role in fat metabolism [7], glucose metabolism [8, 9],

bone development [10], and other metabolic processes [8].

MSTN has become a vital target gene for gene modification techniques in domestic animals

because of its effects on skeletal muscle growth to enhance meat quality, and having a low fat

percentage and a high lean yield percentage. MSTN mutant Luxi cattle, prepared at the Inner

Mongolia University using Clustered regularly interspaced short palindromic repeats

(CRISPR)/Cas9, showed an enhanced muscle phenotype with less body fat and more lean

meat yield [11]. CRISPR/Cas9 technology is easy and effective for gene modification; however,

it may result in problems including high off-target efficiency. Therefore, the safety of gene-

edited animals is worthy of attention.

The gut microbiome comprises all microbial cells and related genetic material present in

the gastrointestinal tract of the host. Numerous types of gut flora are closely associated with

many physiological effects of the host [12–18]. Meanwhile, the dynamic equilibrium of gut

flora is symbolic of gut health and the foundation for the healthy growth of the host. Therefore,

the influence of intestinal microbial changes on the metabolic changes caused by MSTN gene

mutations needs further investigation. Thus, clarifying the changes in the composition of

intestinal microbes of the MSTN gene-edited cattle obtained using CRISPR/Cas9 technology is

of great significance for the safety evaluation of gene-edited animals and the regulatory mecha-

nism of MSTN gene mutants. In this study, 16S rRNA gene sequencing was used to identify

the gut flora composition from fecal samples of wild type (WT) and MSTN mutant (MT) Luxi

cattle bred under the same conditions. Furthermore, we analyzed the relationship between

bacterial community and serum metabolic factors influenced by the MSTN mutant. The find-

ings of this study provide further insight into the metabolic regulation mechanism of MSTN in

cattle by affecting gut microbes and theoretical evidence on the relationship between MSTN
and gut microbes and sheds new light on the safety evaluation for gene-edited animals.

Materials and methods

Ethical statement

The current study was performed as recommended on animal care and ethics in China. The

Animal Ethics and Welfare committee (AEWC) of Baotou Teachers College and Inner Mon-

golia University approved the implementation of the project.

Fecal sample collection

Fecal samples of three MSTN+/- and three WT Luxi cattle were collected. The MT cattle used

in this study were prepared at the Inner Mongolia University using CRISPR/Cas9 as previously

described [11]. Briefly, MSTN-targeted gRNA was designed and inserted into the CRISPR/

Cas9 vector and then transfected into bovine fetal fibroblast cells. The MSTN mutant cells

were selected and used as donor cells for somatic cell nuclear transfer to prepare MT embryos;

hence, MT cattle were produced using embryo transfer technology. The MSTN gene editing

protocol in cattle is illustrated in S1 Fig.

All cattle used in this study were females, approximately 24-month-old and fed on a local

livestock farm as ordinary beef cattle. All fecal samples were collected from the reproductive

tract of the cattle during the embryo transfer process, ensuring fresh and pollution-free feces,

and were stored on dry ice for further analysis.
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Determination of serum biochemical indicators

Blood samples from the three WT and three MT cattle were collected and centrifuged for 10

min at 1000 rpm. The sera of MT and WT cattle for determining biochemical indicators were

prepared. Serum biochemical indicators, including alanine aminotransferase (ALT), aspartate

aminotransferase (AST), α-amylase (AMY), lactate dehydrogenase (LDHL) and lactate

(LACT), were determined using a biochemical automatic analyzer (Hitachi 7020, Japan).

DNA extraction, 16S rRNA sequencing, and data analysis

The DNA was extracted from the fecal samples using E.Z.N.A. Stool DNA Kit (D4015; Omega

Bio-tek, Inc., Norcross, GA, USA) according to the manufacturer’s instructions. The V3-V4

hypervariable region of the bacterial 16S rRNA gene was amplified and sequenced, and the

obtained raw data were analyzed as previously reported [19]. Operational taxonomic unit

(OTU) level α-diversity indices, such as abundance-based coverage estimators (ACE), Chao1,

Shannon index, and Simpson index, were computed to evaluate the diversity and richness of

the bacterial composition. Non-metric multidimensional scaling (NMDS) based on weighted

UniFrac distance matrices was used to define beta diversity. Linear discriminant analysis

(LDA) effect size (LEfSe) analysis was used to indicate the significant ranking of plentiful mod-

ules in the MT and WT samples [20]. A logarithmic LDA score threshold of 2.0 was used to

distinguish functional biomarkers. Figures were plotted using the R software [21] with the

‘ggplot2’ package. The functions of the bacteria with significant abundance (>1% in each

group) were predicted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-

base. Redundancy discriminant analysis (RDA) biplots were performed to evaluate relative

importance through the exploration of ‘explanatory’ and ‘response’ variables. Spearman’s cor-

relations were used to prioritize marker species linking microbiota and serum biochemical

indicators.

Results

Serum biochemical indicators of MT and WT cattle

Serum biochemical indicators involving ALT, AST, AMY, LDHL, and LACT were detected,

results showed that significant differences were observed in all the detected serum biochemical

indicators between WT and MT cattle (Table 1).

Sequence statistics

A total of 501,216 effective sequences were acquired from the six cattle (three WT and three

MT cattle), with 76,939–111,650 (mean 83,536 ± 13,784) effective sequences and 961 OTUs

from each sample. These OTUs were classified into 11 phyla, 18 classes, 34 orders, 73 families,

and 168 genera. Both the rarefaction curve and the Shannon index curve were almost flat, indi-

cating that the bacterial diversity had achieved a platform. Further sequencing had no signifi-

cant effect (Fig 1).

A total of 925 OTUs were shared by cattle individuals of both WT and MT groups. Ten and

26 OTUs were present only in the gut microbiota of WT and MT cattle (Fig 2A). The 11 phyla

detected were present in all cattle tested (Fig 2B). Further, the gut microbiota composition of

the different cattle was analyzed. In addition to the 160 genera detected in both WT and MT

cattle samples, one genus was unique in WT cattle, and seven genera were found only in MT

cattle (Fig 2C).
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Alpha diversity and beta diversity analysis

In the current study, the alpha diversity analysis indicated that no significant differences

existed in ACE (903.05 ± 4.63 and 894.53 ± 17.95), Chao1 (910.82 ± 4.49 and 901.48 ± 14.23),

Shannon (7.91 ± 0.03 and 7.77 ± 0.16), and Simpson (0.9874 ± 0.0005 and 0.9825 ± 0.004) indi-

ces between WT and MT cattle (p> 0.05) (Fig 3).

The difference in the bacterial community between MT and WT cattle was evaluated using

beta diversity analysis. The scatter plots were generated using NMDS based on weighted Uni-

Frac distance. A significant clustering trend of fecal samples from the same type of cattle was

revealed, indicating that MT led to the change in the microbial composition in the Luxi cattle

(Fig 4).

Global composition of gut bacterial communities of MT and WT cattle

After roughly analyzing the sequencing data, the bacterial composition in the fecal samples

was further studied. Eleven phyla from the six fecal samples were identified, of which three

Table 1. Serum biochemical indicators of MSTN mutant (MT) and wild-type (WT) cattle.

Serum biochemical indicators AST(U/L) ALT(U/L) AMY(U/L) LDHL(U/L) LACT(mmol/L)

WT1 53.3 18.8 18.4 1070 1.81

WT2 55.5 24.1 14.2 1009 1.24

WT3 51.4 22.0 11.2 1062 0.92

WT average 53.4±2.05 21.63±2.67 14.6±3.62 1047±33.15 1.32±0.45

MT1 65.7 26.9 23.1 1280 5.84

MT2 97 32.9 28.8 1378 9.82

MT3 75.4 30 23.1 1162 4.43

MT average 79.37±16.02 29.93±3.00 25±3.29 1273.33±108.15 6.69±2.79

p value 0.05 0.023� 0.021� 0.026� 0.030�

Data indicate mean ± standard deviations. Student’s t test was used to analysis the significance of differences between the two groups. n = 3.

�p< 0.05.

https://doi.org/10.1371/journal.pone.0264849.t001

Fig 1. The Rarefaction curve (A) and Shannon diversity curve (B) of bacterial community in the analyzed samples. WT, wild type cattle; MT,

MSTN mutant cattle.

https://doi.org/10.1371/journal.pone.0264849.g001

PLOS ONE Gut microbiota of MSTN mutant cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0264849 March 4, 2022 4 / 15

https://doi.org/10.1371/journal.pone.0264849.t001
https://doi.org/10.1371/journal.pone.0264849.g001
https://doi.org/10.1371/journal.pone.0264849


Fig 2. Venn diagram of the bacterial community in the analyzed groups. It shows the numbers of shared or not shared OTUs (A), phyla (B) and

genera (C) by wild type cattle (WT) and MSTN mutant cattle (MT) individuals depending of overlaps.

https://doi.org/10.1371/journal.pone.0264849.g002

Fig 3. ACE index (A), Chao1 diversity (B), Shannon diversity (C) and Simpson indices (D) of bacterial populations in each sample. WT, wild type

cattle; MT, MSTN mutant cattle.

https://doi.org/10.1371/journal.pone.0264849.g003
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showed an average relative abundance above 1% (Fig 5A), including Firmicutes, Bacteroidetes,

and Tenericutes. The cumulative proportion of the three phyla was 96.29% for each sample.

The gut microbiota of WT and MT cattle was dominated by Firmicutes.

The bacterial composition of the samples was analyzed at the genus level. A total of 168 bac-

terial genera from the six fecal samples were identified, of which 21 showed an average relative

abundance above 1%. These were Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-005,

Rummeliibacillus, Christensenellaceae_R-7_group, Ruminococcaceae_UCG-010, [Eubacterium]
_coprostanoligenes_group, Clostridium_sensu_stricto_1, uncultured_bacterium_f_Ruminococ
caceae, Ruminococcaceae_UCG-014, uncultured_bacterium_f_Muribaculaceae, Alistipes, Pre-
votellaceae_UCG-003, uncultured_bacterium_o_Mollicutes_RF39, Ruminococcaceae_UCG-
013, dgA-11_gut_group, Bacteroides, uncultured_bacterium_f_Lachnospiraceae, Prevotella-
ceae_UCG-004, uncultured_bacterium_o_Clostridiales, uncultured_bacterium_f_p-2534-
18B5_gut_group, and uminococcaceae_UCG-009 (Fig 5B). The dominant genus in both WT

and MT cattle was Ruminococcaceae_UCG-005. Furthermore, its closely related species, Rumi-
nococcaceae_UCG-009, was dominant (>1%) in WT cattle (1.23 ± 0.16%); however, its relative

abundance in MT cattle was <1% (0.80 ± 0.05%).

Fig 4. Results of the non-metric multidimensional scaling (NMDS) analysis. WT, wild type cattle; MT, MSTN mutant cattle.

https://doi.org/10.1371/journal.pone.0264849.g004
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Differences between gut microbial communities of MT and WT cattle

The gut microbiota composition of WT and MT cattle was analyzed to identify whether

MSTN mutation affects the gut bacterial communities of the cattle. Substantial differences

were observed in gut flora between WT and MT cattle. At the genus level, the presence of

Caproiciproducens, Erysipelatoclostridium, Prevotellaceae_Ga6A1_group, uncultured_bacter-
ium_f_Bifidobacteriaceae, uncultured_bacterium_o_Clostridiales, uncultured_bacterium_f_
Erysipelotrichaceae, Acetanaerobacterium, Aeriscardovia, Candidatus_Saccharimonas, Bifido-
bacterium, Sphingomonas, and Rikenellaceae_RC9_gut_group were substantially higher in MT

cattle than in WT cattle. However the presence of Ruminococcaceae_UCG-013, Clostridium_
sensu_stricto_1, Solibacillus, Lysinibacillus, Ruminococcaceae_UCG-009, Family_
XIII_AD3011_group, Paraclostridium, Blautia, Porphyromonas, uncultured_bacterium_
f_Christensenellaceae, Terrisporobacter, Pseudoflavonifractor, XBB1006, Paeniclostridium,

Ruminococcaceae_UCG-004, [Eubacterium]_nodatum_group, and uncultured_bacterium_o_
Rhodospirillales were substantially lower in MT cattle than in WT cattle (Fig 6) (LDA > 2.0,

p< 0.05).

Relationship between serum biochemical indicators and gut microbial

communities

The functions of the bacteria with significant abundance (>1% in each group) of the MT and

WT cattle were predicted using the KEGG database. The primary functions of these bacteria

were related to metabolism (Fig 7A). Several serum biochemical indicators, including ALT,

AST, AMY, LDHL, and LACT were upregulated in MT cattle (Table 1). Further, the relation-

ship between the serum biochemical indicators and the gut microbial community of WT and

MT cattle was analyzed using the redundancy discriminant analysis (RDA). The RDA analyses

indicated that the influence of the serum biochemical indicators differed on bacterial

Fig 5. Bar graph of the relative bacterial abundance at phylum (A) and genus (B) level. The Bacterial those with relative abundance (%) over 1%

were shown. Others, bacterial with a relative abundance of less than 1%. WT, wild type cattle; MT, MSTN mutant cattle.

https://doi.org/10.1371/journal.pone.0264849.g005
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Fig 6. Linear discriminant analysis effect size (LEfSe) analysis. The microbial species which had significant differences in WT and MT

cattle. Red presents the MT group, green presents the WT group. The classification at the level of genus, family, order, class and phylum

were exhibited from the outside to the inside (LDA score> 2.0).

https://doi.org/10.1371/journal.pone.0264849.g006
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communities (Fig 7B). The first axis illustrated 30.54% and the first and second axes together

illustrated 55.07% of the diversity in sample–serum biochemical indicators connections. The

most related serum biochemical indicator to bacterial composition was AMY, and ALT and

LDHL were significantly related. All serum biochemical indicators were closely related to the

bacterial communities in MT cattle (Fig 7B).

The relevance between microbial species abundances and serum biochemical indicators

was examined to identify marker species linking microbiota and serum biochemical indica-

tors. Spearman’s rank correlation coefficients between abundant microbial species (>1% in

each group) and serum biochemical indicators of the MT and WT cattle were determined (Fig

7C). Clostridium_sensu_stricto_1 and Ruminococcaceae_UCG-009 (p< 0.05) were signifi-

cantly positively correlated to AST. Clostridium_sensu_stricto_1 (p< 0.05) showed a signifi-

cant positive relationship with ALT. Clostridium_sensu_stricto_1,

Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-013, and Ruminococcaceae_UCG-009
(p< 0.05) were significantly correlated to AMY, of which Rikenellaceae_RC9_gut_group was

Fig 7. Relationship between serum biochemical indicators and gut microbial communities. (A) Bacterial community functional prediction by

KEGG database. (B) Redundancy discriminant analysis (RDA) biplot indicating relationships between bacterial communities and serum biochemical

indicator variables. (C) Relationship between serum biochemical indicator and gut microbial communities. Red/blue: positively/negatively correlation.�

p< 0.05; ��p< 0.01; ���p< 0.001.

https://doi.org/10.1371/journal.pone.0264849.g007
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negatively correlated, whereas the others were positively correlated. Rikenellaceae_RC9_
gut_group, Ruminococcaceae_UCG-009, and Ruminococcaceae_UCG-013 (p< 0.05) were sig-

nificantly related to LDHL, of which Rikenellaceae_RC9_gut_group was negatively correlated,

whereas the others were positively correlated. Rikenellaceae_RC9_gut_group, Ruminococca-
ceae_UCG-013, and Ruminococcaceae_UCG-009 (p< 0.05) were significantly related to

LACT, of which Rikenellaceae_RC9_gut_group were negatively correlated, and the others were

positively correlated.

Discussion

MSTN, a TGF-β superfamily member, functions as a negative regulator during muscle growth

in many species [1–6]. Therefore, extensive efforts have been made to efficiently inhibit MSTN
expression for achieving muscle-improved animals [22–25]. To our knowledge, all MSTN
knockout animals have developed skeletal muscle development. Continued in-depth study of

regulation mechanisms has shown that MSTN regulates the metabolism of the host, including

muscle development, fat metabolism [7], glucose metabolism [8, 9], bone development [10],

and other metabolic processes.

The bacterial microbiota in the host plays vital roles in the energy and nutrition metabo-

lism, reproduction, and immune homeostasis of the host [26]. Concerning metabolism, they

provide enzymes that are not encoded by the host genome, such as the enzymes to digest com-

plex compounds, including polyphenols and polysaccharides, and synthesize vitamins. In con-

trast, the gut microbial composition can reflect the health of the body. To date, the

composition of the intestinal flora of most MT animals remains unknown. Only one study has

analyzed the intestinal flora in MT pigs [27]. In this study, high-throughput sequencing of the

16S rRNA gene was performed to analyze the composition of the gut microbial community of

MT cattle. Furthermore, the correlation between the changes in the gut microbial community

and serum physiology of the host caused by MSTN mutation was discussed. This study pro-

vides a research basis for evaluating the health status of MT cattle intestinal microflora and the

effect of MSTN mutation on the gut microbial composition.

The diversity and richness of the observed OTUs showed no significant difference between

the fecal samples of MT and WT cattle, indicating that the MSTN mutation had no significant

influence on the richness and diversity of gut microbiota, which is consistent with the results

on the MT pigs [27]. NMDS based on weighted UniFrac distance showed significant differ-

ences in gut microbiota composition between the MT and WT cattle, indicating that MSTN
mutation influenced the gut microbiota.

At the phylum level, 11 phyla in the six fecal samples were identified, and Firmicutes, Bac-

teroidetes, and Tenericutes showed an average relative abundance above 1%. Firmicutes and

Bacteroidetes were core microbiota of both MT and WT cattle, which is consistent with the

results on MT pigs [27]. Previous studies in humans reported that an elevated Firmicutes/

Bacteroidetes (F/B) ratio was associated with obesity [28, 29]. In this study, the F/B ratio was

lower in MT cattle (2.16 ± 0.14) than that in the WT cattle (2.53 ± 0.21). Although the differ-

ence is not significant, it can partly explain why MSTN mutation promoted fat metabolism

and inhibited its formation as reported before [30]. In other words, MSTN mutations can regu-

late metabolism by regulating changes in the gut flora community.

At the genus level, 168 genera in the six fecal samples were identified, of which 21 showed

an average relative abundance above 1%. Most of them were related to metabolism by function

prediction, of which some were butyrate-producing gut bacteria, such as Ruminococca-
ceae_UCG-005 [31], Ruminococcaceae_UCG-014, Ruminococcaceae_UCG-010, Ruminococca-
ceae_UCG-013, uncultured_bacterium_o_Mollicutes_RF39 [32], and
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uncultured_bacterium_o_Clostridiales [33]; others were cellulose-degrading bacteria, such as

Ruminococcaceae_UCG-005, Rummeliibacillus [34], uncultured_bacterium_f_Ruminococca-
ceae, and Prevotellaceae_UCG-004 [35]. These bacteria are strongly associated with obesity,

food metabolism, and serum metabolites. Furthermore, a small number of high-abundance

bacteria, such as Bacteroides, associated with human diseases, such as colorectal inflammation

[36], were observed. In addition, Bacteroides are a commonly occurring flora in the living envi-

ronment of animals [37], indicating that the living environment plays a vital role in the gut

microbial composition.

The abundance of some bacteria was significantly higher in MT cattle than those in WT cat-

tle. Most of the abundant bacteria such as Caproiciproducens [38], Acetanaerobacterium [39],

and Sphingomonas [40] are related to strengthening metabolism function, such as carbohy-

drate utilization and butyrate production, to protect the intestine structure and increase the

antioxidant enzyme concentration. Some microorganisms were those beneficial to intestinal

health, such as uncultured_bacterium_f_Bifidobacteriaceae [41], Aeriscardovia [42], and Bifido-
bacterium [41], which play a vital role in maintaining the balance of gut flora. A high propor-

tion of beneficial bacteria represents healthy hosts [18], and our results indicate that the MT

cattle were healthier than WT cattle, providing evidence for the safety of gene-edited animals.

MSTN mutation leads to a decrease in fat content and an increase in the lean meat rate, which

enhances the metabolism efficiency and reduces type 2 diabetes risk [43]. In our study, we

found that the abundance of Pseudoflavonifractor, a type 2 diabetes-related flora, was

decreased in MT cattle, indicating that MSTN can regulate metabolism by regulating intestinal

flora. Some flora associated with intestinal inflammation was increased in MT cattle, such as

Erysipelatoclostridium [44], Prevotellaceae_Ga6A1_group [45], and Candidatus_Saccharimo-
nas [46], whereas some flora associated with intestinal inflammation was decreased in MT cat-

tle, such as Paraclostridium, Porphyromonas, Terrisporobacter, and Paeniclostridium.

Therefore, in this study, the effect of MSTN mutation on intestinal inflammation could not be

determined. The results in MT pigs showed that MSTN mutation leads to a relative reduction

in the inflammatory response [27]; however, it needs further investigation in MT cattle.

In this study, we found that MSTN mutation was correlated with serum metabolic factors.

All serum biochemical factors were related to enhanced metabolism, indicating that MSTN
mutation leads to increased metabolism, which was consistent with a previous study [47]. Pre-

vious studies have shown that Rikenellaceae_RC9_gut_group was positively correlated with

HFD-induced “harmful indicators” and negatively correlated with “beneficial indicators” [48].

In our study, Rikenellaceae_RC9_gut_group was negatively correlated with AMY, LDHL, and

LACT, suggesting that MSTN mutation was negatively correlated with HFD-induced

“harmful indicators” and positively correlated with “beneficial indicators.” In addition,

Clostridium_sensu_stricto_1 was positively correlated with AST, ALT, and AMY, Ruminococ-
caceae_UCG-013 was positively correlated with AMY, LDHL, and LACT, and Ruminococca-
ceae_UCG-010 was positively correlated with AST, AMY, LDHL, and LACT. The three

abovementioned bacteria were all indicators for improving metabolic intensity [39], which is

consistent with the phenotype of MSTN mutation and indicates that MSTN mutation mainly

affected the metabolism by regulating these three bacteria.

Conclusion

In this study, high-throughput sequencing of the 16S rRNA gene was performed to analyze

fecal samples of WT and MT cattle. MSTN mutation had no remarkable influence on the

diversity and richness of the gut microbiota in Luxi cattle. However, MSTN mutation influ-

enced the composition of gut microbiota. The most abundant bacterial genus had a significant
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relationship with host metabolism. Moreover, the abundance of microorganisms beneficial for

the health in the intestine of MT cattle was higher than in the WT cattle. Analysis of the corre-

lation between bacteria and serum metabolic factors affected by MSTN mutation indicated

that MSTN mutation affected the metabolism mainly by three metabolism-related bacterial,

Ruminococcaceae_UCG-013, Clostridium_sensu_stricto_1, and Ruminococcaceae_UCG-010.

The findings of this study provide further insight into MSTN mutation regulating host metab-

olism via gut microbes and theoretical evidence for the connection between MSTN and gut

microbes. In addition, this study demonstrates a novel way to evaluate the safety of gene-edited

animals.

Supporting information

S1 Fig. The evidences of gene editing of MSTN of the MT cattle used in the study.

(DOCX)

S1 Appendix. Bacteria_MT1_raw_1.fq.

(GZ)

S2 Appendix. Bacteria_MT1_raw_2.fq.

(GZ)

S3 Appendix. Bacteria_MT2_raw_1.fq.

(GZ)

S4 Appendix. Bacteria_MT2_raw_2.fq.

(GZ)

S5 Appendix. Bacteria_MT3_raw_1.fq.

(GZ)

S6 Appendix. Bacteria_MT3_raw_2.fq.

(GZ)

S7 Appendix. Bacteria_WT1_raw_1.fq.

(GZ)

S8 Appendix. Bacteria_WT1_raw_2.fq.

(GZ)

S9 Appendix. Bacteria_WT2_raw_1.fq.

(GZ)

S10 Appendix. Bacteria_WT2_raw_2.fq.

(GZ)

S11 Appendix. Bacteria_WT3_raw_1.fq.

(GZ)

S12 Appendix. Bacteria_WT3_raw_2.fq.

(GZ)

S1 Raw images.

(PDF)

PLOS ONE Gut microbiota of MSTN mutant cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0264849 March 4, 2022 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264849.s014
https://doi.org/10.1371/journal.pone.0264849


Acknowledgments

We would like to thank Dr. Lei Yang, School of Life Science, Inner Mongolia University for

his technical assistance in sample collection.

Author Contributions

Conceptualization: Li Gao.

Formal analysis: Tong Wen, Chenyu Mao.

Funding acquisition: Li Gao.

Project administration: Tong Wen, Chenyu Mao.

Writing – original draft: Tong Wen, Li Gao.

Writing – review & editing: Li Gao.

References
1. McPherron AC, Lee SJ. Double muscling in cattle due to mutations in the myostatin gene. Proceedings

of the National Academy of Sciences of the United States of America. 1997; 94(23):12457–61. https://

doi.org/10.1073/pnas.94.23.12457 PMID: 9356471.
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mate microRNA target site in the myostatin gene affects muscularity in sheep. Nature genetics. 2006;

38(7):813–8. https://doi.org/10.1038/ng1810 PMID: 16751773.

4. McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in mice by a new TGF-beta

superfamily member. Nature. 1997; 387(6628):83–90. https://doi.org/10.1038/387083a0 PMID:

9139826.

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

genetics. 2007; 3(5):e79. https://doi.org/10.1371/journal.pgen.0030079 PMID: 17530926.

6. Kambadur R, Sharma M, Smith TP, Bass JJ. Mutations in myostatin (GDF8) in double-muscled Belgian

Blue and Piedmontese cattle. Genome research. 1997; 7(9):910–6. https://doi.org/10.1101/gr.7.9.910

PMID: 9314496.

7. Lipina C, Kendall H, McPherron AC, Taylor PM, Hundal HS. Mechanisms involved in the enhancement

of mammalian target of rapamycin signalling and hypertrophy in skeletal muscle of myostatin-deficient

mice. FEBS letters. 2010; 584(11):2403–8. https://doi.org/10.1016/j.febslet.2010.04.039 PMID:

20412806.

8. Xin XB, Yang SP, Li X, Liu XF, Zhang LL, Ding XB, et al. Proteomics insights into the effects of MSTN

on muscle glucose and lipid metabolism in genetically edited cattle. General and comparative endocri-

nology. 2020; 291:113237. https://doi.org/10.1016/j.ygcen.2019.113237 PMID: 31374285.

9. Yang S, Li X, Liu X, Ding X, Xin X, Jin C, et al. Parallel comparative proteomics and phosphoproteomics

reveal that cattle myostatin regulates phosphorylation of key enzymes in glycogen metabolism and gly-

colysis pathway. Oncotarget. 2018; 9(13):11352–11370. https://doi.org/10.18632/oncotarget.24250

PMID: 29541418.

10. Tang L, An S, Zhang Z, Fan X, Guo J, Sun L, et al. MSTN is a key mediator for low-intensity pulsed ultra-

sound preventing bone loss in hindlimb-suspended rats. Bone. 2021; 143:115610. https://doi.org/10.

1016/j.bone.2020.115610 PMID: 32829040.

11. Li GP, Bai CL, Wei ZY, Su GH, Wu YX, Han LD, et al. Study on Gene Editing of Yellow Cattle Myostatin.

Journal of Inner Mongolia University (Natural Science Edition), 2020, 51(01):12–32.(In Chinese).

12. Tilg H, Kaser A. Gut microbiome, obesity, and metabolic dysfunction. The journal of clinical investiga-

tion.2011; 121(6):2126–32. https://doi.org/10.1172/JCI58109 PMID: 21633181.

13. Fallucca F, Porrata C, Fallucca S, Pianesi M. Influence of diet on gut microbiota, inflammation and type

2 diabetes mellitus. First experience with macrobiotic Ma-Pi 2 diet. Diabetes/metabolism research and

reviews. 2014; 30 Suppl 1:48–54. https://doi.org/10.1002/dmrr.2518 PMID: 24532292.

PLOS ONE Gut microbiota of MSTN mutant cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0264849 March 4, 2022 13 / 15

https://doi.org/10.1073/pnas.94.23.12457
https://doi.org/10.1073/pnas.94.23.12457
http://www.ncbi.nlm.nih.gov/pubmed/9356471
https://doi.org/10.1056/NEJMoa040933
http://www.ncbi.nlm.nih.gov/pubmed/15215484
https://doi.org/10.1038/ng1810
http://www.ncbi.nlm.nih.gov/pubmed/16751773
https://doi.org/10.1038/387083a0
http://www.ncbi.nlm.nih.gov/pubmed/9139826
https://doi.org/10.1371/journal.pgen.0030079
http://www.ncbi.nlm.nih.gov/pubmed/17530926
https://doi.org/10.1101/gr.7.9.910
http://www.ncbi.nlm.nih.gov/pubmed/9314496
https://doi.org/10.1016/j.febslet.2010.04.039
http://www.ncbi.nlm.nih.gov/pubmed/20412806
https://doi.org/10.1016/j.ygcen.2019.113237
http://www.ncbi.nlm.nih.gov/pubmed/31374285
https://doi.org/10.18632/oncotarget.24250
http://www.ncbi.nlm.nih.gov/pubmed/29541418
https://doi.org/10.1016/j.bone.2020.115610
https://doi.org/10.1016/j.bone.2020.115610
http://www.ncbi.nlm.nih.gov/pubmed/32829040
https://doi.org/10.1172/JCI58109
http://www.ncbi.nlm.nih.gov/pubmed/21633181
https://doi.org/10.1002/dmrr.2518
http://www.ncbi.nlm.nih.gov/pubmed/24532292
https://doi.org/10.1371/journal.pone.0264849


14. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-phylogenetic

characterization of microbial community imbalances in human inflammatory bowel diseases. Proceed-

ings of the National Academy of Sciences of the United States of America. 2007; 104(34):13780–5.

https://doi.org/10.1073/pnas.0706625104 PMID: 17699621.

15. Kim SE, Choi SC, Park KS, Park MI, Shin JE, Lee TH, et al. Change of Fecal Flora and Effectiveness of

the Short-term VSL#3 Probiotic Treatment in Patients With Functional Constipation. Journal of neuro-

gastroenterology and motility. 2015; 21(1):111–20. https://doi.org/10.5056/jnm14048 PMID: 25537674.

16. Mayer EA, Savidge T, Shulman RJ. Brain-gut microbiome interactions and functional bowel disorders.

Gastroenterology. 2014; 146(6):1500–12. https://doi.org/10.1053/j.gastro.2014.02.037 PMID:

24583088.

17. Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, et al. Host-gut microbiota metabolic

interactions. Science. 2012; 336(6086):1262–7. https://doi.org/10.1126/science.1223813 PMID:

22674330.

18. Hooper LV, Midtvedt T, Gordon JI. How host-microbial interactions shape the nutrient environment of

the mammalian intestine. Annual review of nutrition. 2002; 22:283–307. https://doi.org/10.1146/

annurev.nutr.22.011602.092259 PMID: 12055347.

19. Gao L, Liu L, Du C, Hou Q. Comparative Analysis of Fecal Bacterial Microbiota of Six Bird Species.

Frontiers in veterinary science. 2021, 8:791287. https://doi.org/10.3389/fvets.2021.791287 PMID:

34957285.

20. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker dis-

covery and explanation. Genome biology. 2011; 12(6):R60. https://doi.org/10.1186/gb-2011-12-6-r60

PMID: 21702898.

21. Logue JB, Stedmon CA, Kellerman AM, Nielsen NJ, Andersson AF, Laudon H, et al. Experimental

insights into the importance of aquatic bacterial community composition to the degradation of dissolved

organic matter. The ISME journal. 2016; 10(3):533–45. https://doi.org/10.1038/ismej.2015.131 PMID:

26296065.

22. 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 research. 2017; 26(6):799–805. https://doi.org/10.

1007/s11248-017-0044-z PMID: 28993973.

23. Yu B, Lu R, Yuan Y, Zhang T, Song S, Qi Z, et al. Efficient TALEN-mediated myostatin gene editing in

goats. BMC developmental biology. 2016; 16(1):26. https://doi.org/10.1186/s12861-016-0126-9 PMID:

27461387.

24. Wang X, Niu Y, Zhou J, Zhu H, Ma B, Yu H, et al. CRISPR/Cas9-mediated MSTN disruption and herita-

ble mutagenesis in goats causes increased body mass. Animal genetics. 2018; 49(1):43–51. https://

doi.org/10.1111/age.12626 PMID: 29446146.

25. Zhang J, Cui ML, Nie YW, Dai B, Li FR, Liu DJ, et al. CRISPR/Cas9-mediated specific integration of fat-

1 at the goat MSTN locus. The FEBS journal. 2018; 285(15):2828–2839. https://doi.org/10.1111/febs.

14520 PMID: 29802684.

26. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M, Nageshwar Reddy D. Role of the

normal gut microbiota. World journal of gastroenterology. 2015; 21(29):8787–803. https://doi.org/10.

3748/wjg.v21.i29.8787 PMID: 26269668.

27. 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/

journal.pone.0210619 PMID: 30645618.

28. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes associated with

obesity. Nature. 2006; 444(7122):1022–3. https://doi.org/10.1038/4441022a PMID: 17183309.

29. 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/nature07540 PMID:

19043404.

30. Gao L, Yang M, Wang X, Yang L, Bai C, Li G. Mstn knockdown decreases the trans-differentiation from

myocytes to adipocytes by reducing Jmjd3 expression via the SMAD2/SMAD3 complex. Bioscience,

biotechnology, and biochemistry. 2019; 83(11):2090–2096. https://doi.org/10.1080/09168451.2019.

1644152 PMID: 31334687.

31. Li N, Wang X, Sun C, Wu X, Lu M, Si Y, et al. Change of intestinal microbiota in cerebral ischemic stroke

patients. BMC microbiology. 2019; 19(1):191. https://doi.org/10.1186/s12866-019-1552-1 PMID:

31426765.

32. Menni C, Hernandez MM, Vital M, Mohney RP, Spector TD, Valdes AM. Circulating levels of the anti-

oxidant indoleproprionic acid are associated with higher gut microbiome diversity. Gut microbes. 2019;

10(6):688–695. https://doi.org/10.1080/19490976.2019.1586038 PMID: 31030641.

PLOS ONE Gut microbiota of MSTN mutant cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0264849 March 4, 2022 14 / 15

https://doi.org/10.1073/pnas.0706625104
http://www.ncbi.nlm.nih.gov/pubmed/17699621
https://doi.org/10.5056/jnm14048
http://www.ncbi.nlm.nih.gov/pubmed/25537674
https://doi.org/10.1053/j.gastro.2014.02.037
http://www.ncbi.nlm.nih.gov/pubmed/24583088
https://doi.org/10.1126/science.1223813
http://www.ncbi.nlm.nih.gov/pubmed/22674330
https://doi.org/10.1146/annurev.nutr.22.011602.092259
https://doi.org/10.1146/annurev.nutr.22.011602.092259
http://www.ncbi.nlm.nih.gov/pubmed/12055347
https://doi.org/10.3389/fvets.2021.791287
http://www.ncbi.nlm.nih.gov/pubmed/34957285
https://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
https://doi.org/10.1038/ismej.2015.131
http://www.ncbi.nlm.nih.gov/pubmed/26296065
https://doi.org/10.1007/s11248-017-0044-z
https://doi.org/10.1007/s11248-017-0044-z
http://www.ncbi.nlm.nih.gov/pubmed/28993973
https://doi.org/10.1186/s12861-016-0126-9
http://www.ncbi.nlm.nih.gov/pubmed/27461387
https://doi.org/10.1111/age.12626
https://doi.org/10.1111/age.12626
http://www.ncbi.nlm.nih.gov/pubmed/29446146
https://doi.org/10.1111/febs.14520
https://doi.org/10.1111/febs.14520
http://www.ncbi.nlm.nih.gov/pubmed/29802684
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.3748/wjg.v21.i29.8787
http://www.ncbi.nlm.nih.gov/pubmed/26269668
https://doi.org/10.1371/journal.pone.0210619
https://doi.org/10.1371/journal.pone.0210619
http://www.ncbi.nlm.nih.gov/pubmed/30645618
https://doi.org/10.1038/4441022a
http://www.ncbi.nlm.nih.gov/pubmed/17183309
https://doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
https://doi.org/10.1080/09168451.2019.1644152
https://doi.org/10.1080/09168451.2019.1644152
http://www.ncbi.nlm.nih.gov/pubmed/31334687
https://doi.org/10.1186/s12866-019-1552-1
http://www.ncbi.nlm.nih.gov/pubmed/31426765
https://doi.org/10.1080/19490976.2019.1586038
http://www.ncbi.nlm.nih.gov/pubmed/31030641
https://doi.org/10.1371/journal.pone.0264849


33. Pichler MJ, Yamada C, Shuoker B, Alvarez-Silva C, Gotoh A, Leth ML, et al. Butyrate producing colonic

Clostridiales metabolise human milk oligosaccharides and cross feed on mucin via conserved path-

ways. Nature communications. 2020; 11(1):3285. https://doi.org/10.1038/s41467-020-17075-x PMID:

32620774.

34. Tan HY, Chen SW, Hu SY. Improvements in the growth performance, immunity, disease resistance,

and gut microbiota by the probiotic Rummeliibacillus stabekisii in Nile tilapia (Oreochromis niloticus).

Fish & shellfish immunology. 2019; 92:265–275. https://doi.org/10.1016/j.fsi.2019.06.027 PMID:

31202962.

35. Liao R, Xie X, Lv Y, Dai J, Lin Y, Zhu L. Ages of weaning influence the gut microbiota diversity and func-

tion in Chongming white goats. Applied microbiology and biotechnology. 2021; 105(9):3649–3658.

https://doi.org/10.1007/s00253-021-11301-2 PMID: 33885927.

36. Wexler HM. Bacteroides: the good, the bad, and the nitty-gritty. Clinical microbiology reviews. 2007; 20

(4):593–621. https://doi.org/10.1128/CMR.00008-07 PMID: 17934076.

37. Ismaeil M, Yoshida N, Katayama A. Bacteroides sedimenti sp. nov., isolated from a chloroethenes-

dechlorinating consortium enriched from river sediment. Journal of microbiology. 2018; 56(9):619–627.

https://doi.org/10.1007/s12275-018-8187-z PMID: 30141156.

38. Bengelsdorf FR, Poehlein A, Daniel R, Dürre P. Genome Sequence of the Caproic Acid-Producing Bac-

terium Caproiciproducens galactitolivorans BS-1T (JCM 30532). Microbiology resource announce-

ments. 2019; 8(31):e00346–19. https://doi.org/10.1128/MRA.00346-19 PMID: 31371534.

39. Chen SY, Niu LL, Dong XZ. [Hydrogen production from glucose by Acetanaerobacterium elongatum].

Acta microbiologica sinica. 2006; 46(2):233–7. Chinese. PMID: 16736583.

40. Li Y, Bian DR, Chang JP, Guo LM, Yang XQ. Sphingomonas populi sp. nov., isolated from bark of Popu-

lus × euramericana. International journal of systematic and evolutionary microbiology. 2020; 70(2):897–

901. https://doi.org/10.1099/ijsem.0.003841 PMID: 31778350.

41. Gonai M, Shigehisa A, Kigawa I, Kurasaki K, Chonan O, Matsuki T, et al. Galacto-oligosaccharides

ameliorate dysbiotic Bifidobacteriaceae decline in Japanese patients with type 2 diabetes. Beneficial

microbes. 2017; 8(5):705–716. https://doi.org/10.3920/BM2016.0230 PMID: 28884590.

42. Simpson PJ, Ross RP, Fitzgerald GF, Stanton C. Bifidobacterium psychraerophilum sp. nov. and Aeris-

cardovia aeriphila gen. nov., sp. nov., isolated from a porcine caecum. International journal of system-

atic and evolutionary microbiology. 2004; 54(Pt 2):401–406. https://doi.org/10.1099/ijs.0.02667-0

PMID: 15023951.

43. Wang F, Liao Y, Li X, Ren C, Cheng C, Ren Y. Increased circulating myostatin in patients with type 2

diabetes mellitus. Journal of Huazhong University of Science and Technology. 2012; 32(4):534–539.

https://doi.org/10.1007/s11596-012-0092-9 PMID: 22886966.

44. Milosavljevic MN, Kostic M, Milovanovic J, Zaric RZ, Stojadinovic M, Jankovic SM, et al. Antimicrobial

treatment of Erysipelatoclostridium ramosum invasive infections: a systematic review. Revista do Insti-

tuto de Medicina Tropical de Sao Paulo. 2021; 63:e30. https://doi.org/10.1590/S1678-9946202163030

PMID: 33852713.

45. Zhang X, Li C, Cao W, Zhang Z. Alterations of Gastric Microbiota in Gastric Cancer and Precancerous

Stages. Frontiers in cellular and infection microbiology. 2021; 11:559148. https://doi.org/10.3389/fcimb.

2021.559148 PMID: 33747975.

46. Cruz BCDS, Conceição LLD, Mendes TAO, Ferreira CLLF, Gonçalves RV, Peluzio MDCG. Use of the

synbiotic VSL#3 and yacon-based concentrate attenuates intestinal damage and reduces the abun-

dance of Candidatus Saccharimonas in a colitis-associated carcinogenesis model. Food research inter-

national. 2020; 137:109721. https://doi.org/10.1016/j.foodres.2020.109721 PMID: 33233290.

47. Sharma M, McFarlane C, Kambadur R, Kukreti H, Bonala S, Srinivasan S. Myostatin: expanding hori-

zons. IUBMB life. 2015; 67(8):589–600. https://doi.org/10.1002/iub.1392 PMID: 26305594.

48. Gao X, Chang S, Liu S, Peng L, Xie J, Dong W, et al. Correlations between α-Linolenic Acid-Improved

Multitissue Homeostasis and Gut Microbiota in Mice Fed a High-Fat Diet. mSystems.2020; 5(6):

e00391–20. https://doi.org/10.1128/mSystems.00391-20 PMID: 33144308.

PLOS ONE Gut microbiota of MSTN mutant cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0264849 March 4, 2022 15 / 15

https://doi.org/10.1038/s41467-020-17075-x
http://www.ncbi.nlm.nih.gov/pubmed/32620774
https://doi.org/10.1016/j.fsi.2019.06.027
http://www.ncbi.nlm.nih.gov/pubmed/31202962
https://doi.org/10.1007/s00253-021-11301-2
http://www.ncbi.nlm.nih.gov/pubmed/33885927
https://doi.org/10.1128/CMR.00008-07
http://www.ncbi.nlm.nih.gov/pubmed/17934076
https://doi.org/10.1007/s12275-018-8187-z
http://www.ncbi.nlm.nih.gov/pubmed/30141156
https://doi.org/10.1128/MRA.00346-19
http://www.ncbi.nlm.nih.gov/pubmed/31371534
http://www.ncbi.nlm.nih.gov/pubmed/16736583
https://doi.org/10.1099/ijsem.0.003841
http://www.ncbi.nlm.nih.gov/pubmed/31778350
https://doi.org/10.3920/BM2016.0230
http://www.ncbi.nlm.nih.gov/pubmed/28884590
https://doi.org/10.1099/ijs.0.02667-0
http://www.ncbi.nlm.nih.gov/pubmed/15023951
https://doi.org/10.1007/s11596-012-0092-9
http://www.ncbi.nlm.nih.gov/pubmed/22886966
https://doi.org/10.1590/S1678-9946202163030
http://www.ncbi.nlm.nih.gov/pubmed/33852713
https://doi.org/10.3389/fcimb.2021.559148
https://doi.org/10.3389/fcimb.2021.559148
http://www.ncbi.nlm.nih.gov/pubmed/33747975
https://doi.org/10.1016/j.foodres.2020.109721
http://www.ncbi.nlm.nih.gov/pubmed/33233290
https://doi.org/10.1002/iub.1392
http://www.ncbi.nlm.nih.gov/pubmed/26305594
https://doi.org/10.1128/mSystems.00391-20
http://www.ncbi.nlm.nih.gov/pubmed/33144308
https://doi.org/10.1371/journal.pone.0264849

