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Yaks usually live in an extremely harsh natural environment resulting in

low reproductive performance, so the production of yak cannot meet local

demand in China. In order to solve this problem, the experiment aims to

explore the e�ect of di�erent feeding modes on the semen quality of male

yaks, so as to provide a theoretical basis for improving the yield of yaks

in Tibet. We used the combined analysis of metabolomics and microbial

sequencing to explore the underlying mechanisms that a�ect the di�erences

in semen quality between the house feeding (HF) system and the free range

(FR). The results showed that the sperm motility (P < 0.001) and sperm

concentration (P < 0.05) in the HF group were significantly higher than the

FR group, and the abnormal sperm rate (P < 0.01) in HF was significantly

lower compared to FR. House feeding modes increased some beneficial

materials in blood and testis especially some antioxidants, unsaturated fatty

acids, and amino acids. House feeding group increased some gut microbiota

at genus level namely Rikenellaceae, Bacteroides, Prevotellaceae_UCG-004,

Bacteroidales_RF16, and Alloprevotella, DgA-11. It was interesting that blood

metabolites, testicular metabolites, and fecal microbiota were well-correlated

with sperm parameters. Meanwhile, the blood metabolites and testicular

metabolites were well-correlated with microbes. The result indicated that the

HFmodel was beneficial for yak semen quality by improving the gutmicrobiota

and blood metabolism to increase yak fertility.

KEYWORDS

yaks, house feeding, free range,metabolome,microbiota, semenquality, reproductive

performance

Introduction

Yak is a unique livestock species on the Qinghai-Tibet Plateau, mainly distributed

in Tibet, Qinghai, and other regions with an altitude of more than 3,000m in China

(1, 2). Due to its strong adaptability to harsh environments, yak has been becoming the

most important dominant animal species in livestock husbandry on the Qinghai-Tibet
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Plateau (3, 4). Therefore, yak has an irreplaceable economic

status, which has an important impact on the development of

the yak industry and the promotion of economic development

in China (5). However, the harsh natural environment in the

plateau area greatly limits the reproductive performance of yak.

The semen quality of the breeding male yak not only affects the

feeding efficiency but also affects the production performance

of the offspring (6). Therefore, improving the semen quality

is a great significant strategy to improve the reproductive

performance of yaks.

Currently, there are two feeding modes of yaks in Tibet.

One is traditional full-grazing and the other is house feeding

(HF). The yak raised by grazing mainly feeds on natural pasture,

which is higher in crude fiber and lower in protein than other

feeds (7). On the other hand, house-feeding yaks are mainly fed

a complete mixed diet, which has a comprehensive nutritional

level (8). As we know, different feeding patterns can affect

animal performance due to differences in nutrient levels (9).

At the same time, different feeding methods can also affect the

meat quality of animals (10). Studies have shown that different

feeding methods can affect the composition of gut microbiota

and blood metabolites, and the proposed gut-testis axis reveals

that microbes can affect male fertility (11, 12). In fact, a study

has shown that gut microbes and blood metabolites can work

together to regulate semen quality in animals (13). Therefore,

yaks with different feeding patterns can improve reproductive

performance by changing the diversity of gut microbiota and

blood metabolome, which is crucial for yak production.

The current situation of yak farming in the Qinghai-Tibet

Plateau mainly has the following problems to be overcome. First

of all, yaks generally suffer from low fertility. Some data show

that the average reproductive rate of yaks is only 48.61%, of

which more than half are given birth every 2 or 3 years. In

addition, more than 90% of postpartum yaks are not in heat

during the estrus season in the same year (14, 15). Secondly,

the fresh semen quality of male yaks is not higher enough

compared to the boars, the artificial insemination technology

is also not developed in the yak field (16). Therefore, this

experiment combined metabolomics and microbial sequencing

technology to explore the effects of different feeding modes on

the reproductive performance of male yak, and to reveal the

underlying mechanism, so as to provide a theoretical basis for

improving the yield of yak in Tibet.

Materials and methods

Yaks and experimental design

All animal procedures were approved by the Animal Care

and Use Committee of the Linzhou Animal Husbandry and

Veterinary Station (LAHV2021-23). Twenty yaks (similar age

and weight) were used in this investigation at Linzhou Animal

Husbandry and Veterinary Station, Tibet, China. There were

two groups: (1) free range (FR), 10 yaks fed for natural

forage, the nutrition level is in Supplementary Table 5; (2)

house feeding (HF), 10 yaks fed with a basal diet, the

nutrition level is in Supplementary Table 6. Semen samples were

collected by gloved-hand techniques. After collection, three

semen parameters were assessed: sperm concentration, sperm

motility, and abnormal sperm rate, according to the reported

methods (17). Blood samples were harvested by venipuncture

from the hindlimb vein of yaks. Each blood sample was then

centrifuged at 3,000× g for 10min at 4◦C to obtain a plasma

sample and subsequently stored at −80◦C until analysis. Feces

were collected from the yak rectum and then stored at −80◦C

for subsequent microbiota analysis (18). Testicular samples were

obtained during yak slaughter, and a portion was fixed with

4% paraformaldehyde for tissue sectioning. Another portion

was stored in cryovials for testicular metabolome analysis, then

stored in liquid nitrogen.

Using computer-assisted sperm assay
sperm motility analyzer to detect sperm
parameters

Sperm motility, sperm concentration, and abnormal sperm

rate were determined by the computer-assisted sperm assay

(CASA) method according to World Health Organization

guidelines (19). Yak semen was diluted and then incubated

at 37.5◦C for the 30 s, after that transferred sperm on a

pre-warmed counting chamber (MICROPTIC S.L., Barcelona,

Spain). Finally, we can obtain the phenotype data.

Yak feces microbiota sequencing

The samples were analyzed by Shanghai OE Biotech. Co.,

Ltd. (Shanghai, China).

DNA extraction

Total genomic DNA of yak feces was isolated using an

E.Z.N.A.
R©
Stool DNA Kit (Omega Bio-tek Inc., USA) following

the manufacturer’s instructions. DNA quantity and quality were

analyzed using NanoDrop 2000 (Thermo Scientific, USA) and

1% agarose gel.

Library preparation and sequencing

TheV3–V4 region of the 16S rRNA gene was amplified using

the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3
′
) and

806R (5
′
-GGACTACHVGGGTWTCTAAT-3′) with Barcode.

The reaction system included 4 µl of 5× FastPfu Buffer, 2 µl of

2.5mM dNTPs, 0.8 µl of each primer (5µM), 0.4 µl of FastPfu
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FIGURE 1

House feeding modes benefit yak semen quality. (A) Experimental design. (B) Sperm motility is determined by CASA, Y-axis = % of total sperm,

X-axis = feeding modes. n = 10. ***P < 0.001. (C) Sperm concentration, Y-axis = sperm concentration (108/ml), X-axis = feeding modes n = 10.

*P < 0.05. (D) Abnormal sperm rate. Y-axis = % of abnormal sperm, X-axis = feeding modes. **P < 0.01.

Polymerase, and 10 µl of DNA template. The reactions were

performed based on GeneAmp R© 9700 (Applied Biosystems,

Foster City, CA, USA), and the processes briefly were as follows:

the denaturation lasted for 3min at 95◦C followed by 27 cycles

of 95◦C for 30 s, 55◦C for 30 s, and 72◦C for 45 s, with a

final extension of 10min at 72◦C. Meanwhile, the amplified

fragments were determined by electrophoresis on a 2% agarose

gel. Then, the products were purified with the AxyPrep DNAGel

Extraction Kit (Axygen Bioscience, CA, USA) according to the

manufacturer’s instructions.

Analysis of sequencing data

Operational taxonomic unit (OTU) abundance information

was normalized using a standard sequence number

corresponding to the sample with the least sequences. The

alpha diversity indices were calculated with QIIME (Version

1.7). PLS-DA was performed using R software (Version 2.15.3).

Plasma and testicular metabolites
determined by LC&GC/MS

Yak plasma and testicular were collected and

maintained at −80◦C. The protein was removed

from the samples before LC-MS/MS analysis with

ACQUITY UPLC and AB Sciex Triple TOF 5600

(LC&GC/MS).

The conditions for HPLC were: ACQUITY UPLC BEH C18

column (100 × 2.1mm, 1.7µm), solvent A [aqueous solution

with.1% (v/v) formic acid], and solvent B [acetonitrile with 0.1%

(v/v) formic acid] with a gradient program: 0–2min, 5–20% B;

2–4min, 20–25% B; 4–9min, 25–60% B; 9–17min, 60–100% B;

17–19min, 100% B; 19–19.1min, 100–5% B; and 19.1–20.1min,

5% B. The flow rate was set at 0.4 ml/min and 5 µl was injected.

ESI was used in the mass spectrometry program. Progenesis QI

version 2.3 (Nonlinear Dynamics, Newcastle, UK) was used to

normalize the peaks. Human Metabolome Database (HMDB),
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FIGURE 2

(A,B) H&E-stained sections of yak testis in free range group under 10x microscope. The arrow in (A) means part of the connective tissue was

broken in the FR group. The arrow in (B) means the space between the seminiferous tubules was enlarged, and the seminiferous tubules were

also loosely arranged and structurally disordered. (C,D) H&E-stained sections of yak testis in house feeding group under 10x microscope.

Lipidmaps (version 2.3), and METLIN software were used to

qualify the data.

Testicular tissue sections preparation

Testicular tissue section prepared method followed by

Luo et al. (20). Testicular tissue was immersed and fixed

with Carnoy’s solution for 24 h. Testicular samples were

then removed from formalin and embedded in paraffin.

Subsequently, the paraffin blocks were sectioned to obtain 5µm

thick sections using a semi-automaticmicrotome (LONGSHOU,

China). Sections were stained with H&E and viewed under an

optical microscope.

Statistical analysis

The multivariate analyses of serum and testis metabolites

were performed using the SIMCA 14.1 software package (V14.1,

MKS Data Analytics Solutions, Umea, Sweden). The data were

subjected to analyze the variance using SPSS (23.0). The student’s

t-test was used to analyze the differences between the two

groups, and the results were presented as means ± SEM. The

relationships among the metabolome, sperm parameters, and

microbiota were explored using Pearson’s correlation analysis.

The results were drawn by using GraphPad 8. With ∗ indicating

a statistically significant difference (p < 0.05), ∗∗ indicating a

highly significant difference (p < 0.01), and ∗∗∗ indicating a

highly significant difference (p < 0.001).

Results

House feeding increased yaks’ semen
quality

Twenty adult yaks with similar age and weight in different

feeding patterns were used in the current investigation: 10 yaks

for HF and 10 for FR. We collected semen, testis, blood, and

feces as samples to analyze (Figure 1A), and the HF group

showed significantly increased sperm motility (Figure 1B; p <
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FIGURE 3

House feeding modes benefited yak blood metabolome. (A–L) Increased blood metabolites Y-axis = relative amount, X-axis = feeding modes

**P < 0.01. (M) Correlation of blood metabolites and sperm concentration, motility, and abnormal sperm rate. *P < 0.05.

0.001). The sperm density showed a significantly increased in

HF over FR (Figure 1C; p < 0.05). However, the abnormal

sperm rate in the FR was higher than HF (Figure 1D; p <

0.01). Therefore, the data suggested that HF mode is better

than FR because the HF can improve yak semen quality

and fertility.

House feeding benefited testicular
histomorphological integrity

The testicular tissue sections of yak were made by H&E

staining. It was found that the space between the seminiferous

tubules was enlarged, the seminiferous tubules were also loosely

arranged and structurally disordered, and part of the connective

tissue was broken in the FR group (Figures 2A,B). On the

contrary, the testicular tissue of the yak in the HF group was

closely arranged, and the seminiferous tubule structure was

intact without lesions (Figures 2C,D).

House feeding modes improved yaks
blood metabolites

In this part, we used LC&GC/MS to detect blood

plasma, there were 165 metabolites detected in blood plasma

samples (Supplementary Table 1). Here, we found out that 12

metabolites were significantly different in HF compared with

FR. Some antioxidants in the HF group were significantly

higher than the FR group such as Sodium sorbate, Diallyl

disulfide, Sphinganine, Salicylic acid, Cytomycin, and 6,8-

Dihydroxypurine (Figures 3A–F). At the same time, some

unsaturated fatty acids in the HF group were significantly

higher than in the FR group, they were Erucic acid, trans-

9-palmitoleic acid, Aminocaproic acid, and Vaccenic acid

(Figures 3G–J). Functional enrichment of these metabolites

showed that they were involved in amino acid metabolites for

example Hydroxyprolyl-Isoleucine and Tryptophyl-Glutamate

in HF were significantly higher than in FR (Figures 3K,L).

As we all know that antioxidants, unsaturated fatty acids,

and amino acids are all beneficial materials to improve
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FIGURE 4

House feeding modes benefited yak testicular metabolome. (A–O) Increased testicular metabolites Y-axis = relative amount, X-axis = feeding

modes **P < 0.01; *P < 0.05.

blood health. Meanwhile, these metabolites were well-correlated

with sperm parameters (Figure 3M). We can see that fatty

acids (Aminocaproic acid and Vaccenic acid) were positively

correlated with sperm motility. However, Sodium sorbate and

Diallyl disulfide were negatively correlated with abnormal sperm

rates. The data suggested that blood metabolites may contribute

to semen quality changeable.

House feeding pattern improved yak
testicular metabolome

In this section, we used LC&GC/MS to investigate yak

testicular metabolites. There were 117 metabolites detected in

the yak testicular samples (Supplementary Table 2). According

to the raw data, 15 metabolites were significantly higher

in the HF group compared to the FR group. Six of the

significantly increased metabolites are shown in Figures 4A–F

which are reported to be beneficial to animals because of

their antioxidant activity. Some of the significantly increased

metabolites are shown in Figures 4G–M. They are all fatty

acids. As known, unsaturated fatty acids can be used during

the spermatogenesis procedure. Some amino acids in the HF

group were also significantly higher than in the FR group

(Figures 4N,O). These metabolites were well-correlated with

sperm motility, sperm density, and abnormal sperm rate

(Figure 5A), from the figure we can see that all testicular

metabolites were negatively correlated with abnormal sperm

rate, especially betaine and O-propanoyl-carnitine. At the

same time, the testicular metabolites were well-correlated

with sperm density and motility, the Oleamide was positively

correlated with sperm density and Valyl-Glutamate was also

positively correlated with spermmotility. As shown in Figure 5B

the testicular metabolites had well-correlated with blood

metabolites. The data suggested that blood may contribute to

changing testicular metabolites to improve semen quality in

HF modes.
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FIGURE 5

(A) Correlation between testicular metabolites and sperm parameters. (B) Correlation between blood metabolites and testicular metabolites.

*P < 0.05.

House feeding patterns benefited gut
microbiota

Fecal samples were determined to identify the differences

between the HF group and the FR group on gut microbiota,

which may contribute to altering blood metabolites and

testicular metabolites. The data showed that feeding modes

affected some of the microbiota in yak fecal samples

(Supplementary Tables 3, 4). There were 4,848 microbes in

the HF group and 4,839 in the FR group. There were 560 unique

microbes in the HF group, while 551 were found in the FR

group (Figure 6A). However, the α-diversity indicated by Chao1

was not significant (Figure 6B). Meanwhile, the β-diversity

was shown in Figure 6C. The microbiota in fecal samples

represents the microbiota in the large intestine. At the phylum

level, compared to the FR group, the HF group had increased

levels of Bacteroidetes, decreased Firmicutes (Figure 6D), and

an increased ratio of Bacteroidetes/Firmicutes. Moreover, at

the Genus level, we enrich the top 30 microbes (Figure 6E),

among them we found out 6 different microbes in the HF group

were higher than in the FR group, some of them are significant

and some are not, but had the tendency (Figures 6F–K). The

microbiota and sperm parameters were well-correlated. The

Prevotellaceae_UCG-004 was positively correlated with sperm

motility; Meanwhile, DgA-11 was negatively correlated with

abnormal sperm rate (Figure 7A).

Furthermore, blood metabolites and fecal microbiota were

well-correlated (Figure 7B). Blood metabolites, Aminocaproic
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FIGURE 6

House feeding modes improved yak gut microbiota. (A) The Wayne figures of fecal microbiota. (B) The Chao 1 index of fecal microbiota. (C) PC

analysis of fecal microbiota at the OUT level. (D) Di�erence bacterial abundance at the phylum level. (E) The relative abundances of fecal

microbiota at the genus level. (F–K) The relative abundances of six di�erent microbes in the genus level, which were increased in house feeding

modes. **P < 0.01; *P < 0.05.

acid, increased in the HF group and were positively correlated

with the beneficial microbiotas Coprostanoligenes. Similarly,

Vaccenic acid was positively correlated with beneficial

microbiotas Bacteroidales_RF16. The testicular metabolites

called cytosine which was increased in the HF group

was positively correlated with the beneficial microbiotas

Prevotellaceae_UCG-004, the 2-succinate was also positively

correlated with DgA-11 (Figure 7C).

Discussion

There is no doubt that gut microbiota has been becoming a

hot topic in recent years because of many physiological roles; the

presence of the gut-testis axis was demonstrated, suggesting that

gut microbiota can influence male fertility. Previously, people

found that some natural plant extracts benefits gut microbiota

by increasing “beneficial” bacteria while decreasing “harmful”

bacteria in murine small intestines to rescue semen quality of

mice (21). In our experiment, we found six different kinds

of microbes increased in the HF group in the genus level,

Rikenellaceae was significantly higher than the FR group. The

study has shown that it was a kind of beneficial bacteria in Bull

fertility (22), and it can influence the production of Butyric acid

that was used for spermatogenesis. Another increased microbes

were Bacteroidales_RF16, it was also a beneficial bacteria because

it related to reducing heat stress in a pig model (23), adding

forage can also increase the microbes in yaks due to its high rate

of digesting cellulose (24). However, no research has shown that

the bacteria is related to male reproductive performance. In this

experiment, we speculated based on the phenotype that it may

be related to the reproductive performance of yaks, which needs

further experimental verification.

Gut microbial metabolic nutrients in the intestine

can regulate intestinal metabolites to influence the blood

metabolome (25, 26). In turn, while blood is cycled through

body organs, blood metabolites can influence their development

as feedback (27). As we know that metabolic regulation is
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FIGURE 7

(A) Correlation between gut microbes and sperm parameters. (B) Correlation between blood metabolites and gut microbes. (C) Correlation

between testicular metabolites and gut microbes. *P < 0.05.

essential for spermatogenesis (28–30), cholesterol and lipid

homeostasis play a vital role in male fecundity (31–35). In

our investigation, we analyzed blood metabolites, it was found

that the content of antioxidants was increased in the blood.

These antioxidants can improve the blood of yaks very well so

that they can adapt to the high-altitude environment, which is

beneficial to the health of yaks. Sodium sorbate was significantly

higher in the HF group, the study had shown that it can be used

as a safe food additive in diet to ferment corn silage (36, 37).

In addition, unsaturated fatty acids and amino acid derivatives

were increased in blood metabolites of yaks. The utilization of

fatty acids and amino acids is essential during spermatogenesis

(38–42), so the blood levels of these two nutrients were

significantly increased in the house-feeding group, that is

consistent with the phenotypic data. Blood metabolites are

well-correlated with gut microbiota, so the semen quality of

yaks may be regulated by the combination of blood metabolites

and gut microbiota.

Testicular metabolome and tissue sections can reflect the

physiological condition of the testis (43, 44). It is well-known

that the role of the testis is mainly reflected in two aspects. On

the one hand, the testis has the function of spermatogenesis

(45). Sperm is produced in the epithelial cells in the testis, then

it is transported to the seminal vesicles through the ureters

for temporary storage (46). On the other hand, the testes

produce androgens, which are important for maintaining male

sexual characteristics (47–49). In our research, we found out

that the testicular metabolites betaine significantly increased

in the HF group, betaine has a regulatory effect on boar

semen quality and it can be used as an osmoprotectant to

increase sperm concentration (50). When the addition rate of

betaine was 0.63 and 1.26%, the sperm density increased by

6 and 13%, respectively. Therefore, the addition of betaine to

the diet at 0.63% increased sperm density without negatively

affecting semen quality (51). Here, we may suppose HF mode

can increase the level of betaine in the testis to increase the

yak semen quality. Meanwhile, we also found out some fatty

acids and amino acid levels increased in the HF group, they

were Oleamide, 8-tridecynoic acid, and Octadecadienoic acid

(52). There are double bonds in their structure, which have

good biological activity and could be used by yaks. Apart

from that, they are all beneficial to spermatogenesis (53, 54).

According to the testicular tissue section, we can find that the

seminiferous tubules in the free-range group have necrosis, the

structure is disordered, part of the connective tissue is broken,

and the space between the seminiferous tubules is widened
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and the arrangement is loose. The increased antioxidants

are benefitted to reduce the reactive oxygen species in the

epididymis (55). The increased fatty acids and amino acids are

all beneficial to sperm formation (56). Therefore, combining

the testicular metabolome and tissue sections, we can conclude

that HF is more conducive to protecting the yaks’ testis and

improving its semen quality. There is also a good correlation

among the testicular metabolome, microbiome, and sperm

parameters, which may also indicate the existence of the gut-

testis axis.

Currently, in the Tibet region of China, the yak is the main

economic animal (57). Ninety percent of the world’s yak meat is

produced in the Qinghai-Tibet Plateau of China (58). However,

the growth of yak is relatively slow and the reproductive cycle

is longer than that of cattle, so the yield of yak meat is still

not high enough (59). Especially the reproductive performance,

the sperm motility of yak is lower than cattle (60), which may

be due to long-term living in high-altitude areas. Most yaks

are raised on a free-range model. The free-range mode may

lead to the insufficient nutritional intake of yaks, and there is

insufficient nutrient to use during spermatogenesis, resulting

in poor semen quality. Conversely, yaks raised in house-

feeding mode are fed a basal diet with balanced nutrition, and

their sperm motility can exceed 70% (61), which is consistent

with our study. Since the artificial insemination technology

of yaks is not mature enough compared to pigs, changing

the feeding mode is an effective way to improve the semen

quality of yaks. In this way, it can not only improve the

pregnancy rate of female yaks but also increase the number

of fetuses.

Conclusion

In summary, we found that the HF model was

beneficial to the semen quality of yaks by improving

the gut microbiota and blood metabolism. This kind of

feeding mode can be promoted so that the production

of yak meat in Tibet can be further increased for

global consumption.

Data availability statement

The data presented in the study are deposited in the NCBI

SRA database with accession number PRJNA871215.

Ethics statement

The animal study was reviewed and approved by the Animal

Care and Use Committee of the Linzhou Animal Husbandry and

Veterinary Station (LAHV2021-23).

Author contributions

YZ and XL performed the experiments and analyzed the

data. L-z, S-z, S, and C designed and supervised the study.

YZ, GS, and C-y wrote the manuscript. B-w revised the

manuscript. All the authors edited the manuscript and approved

the final manuscript.

Funding

This research was supported by the Breeding and Efficient

Propagation of Yaks in Gesangtang of Linzhou County

(QYXTZX-LS2020-01), Seed Industry Innovation and Healthy

Breeding of Yaks (XZ202101ZD0002N), and National Meat Yaks

Industry Technology System (CARS-37).

Acknowledgments

We thank Shanghai OE Biotechnology Co., LCD for

technical support. We also thank Linzhou Animal Husbandry

and Veterinary Station and Institute of Animal Science

and Veterinary, Tibet Academy of Agricultural and Animal

Husbandry Sciences for their excellent support during

this experiment.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fvets.2022.989908/full#supplementary-material

SUPPLEMENTARY TABLE 1

Raw data of blood metablome (total).

SUPPLEMENTARY TABLE 2

Raw data of testicular metablome (total).

Frontiers in Veterinary Science 10 frontiersin.org

https://doi.org/10.3389/fvets.2022.989908
https://www.frontiersin.org/articles/10.3389/fvets.2022.989908/full#supplementary-material
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhu et al. 10.3389/fvets.2022.989908

SUPPLEMENTARY TABLE 3

16S raw data on phylum level.

SUPPLEMENTARY TABLE 4

16S raw data on genus level.

SUPPLEMENTARY TABLE 5

Nutrition level of nature pasture.

SUPPLEMENTARY TABLE 6

Nutrition level of basal diet.

References

1. Qiu Q, Zhang G, Ma T, Qian W, Wang J, Ye Z, et al. The yak genome and
adaptation to life at high altitude.Nat Genet. (2012) 44:946–9. doi: 10.1038/ng.2343

2. Xiong X, Fu M, Lan D, Li J, Zi X, Zhong J. Yak response to
high-altitude hypoxic stress by altering mRNA expression and DNA
methylation of hypoxia-inducible factors. Anim Biotechnol. (2015) 26:222–9.
doi: 10.1080/10495398.2014.1002563

3. Guo X, Long R, Kreuzer M, Ding L, Shang Z, Zhang Y, et al. Importance of
functional ingredients in yakmilk-derived food on health of Tibetan nomads living
under high-altitude stress: a review. Crit Rev Food Sci Nutr. (2014) 54:292–302.
doi: 10.1080/10408398.2011.584134

4. Ma J, Zhu Y, Wang Z, Yu X, Hu R, Wang X, et al. Comparing the
bacterial community in the gastrointestinal tracts between growth-retarded and
normal yaks on the Qinghai-Tibetan plateau. Front Microbiol. (2020) 11:600516.
doi: 10.3389/fmicb.2020.600516

5. Zhao J, Xu Z, Chen A, You X, Zhao Y, He W, et al. Identification of meat
from yak and cattle using SNP markers with integrated allele-specific polymerase
chain reaction-capillary electrophoresis method. Meat Sci. (2019) 148:120–6.
doi: 10.1016/j.meatsci.2018.08.019

6. Yu SJ. The challenges and progress in themanagement of reproduction in yaks.
Soc Reprod Fertil Suppl. (2007) 64:283–96. doi: 10.5661/RDR-VI-283

7. Palmioli E, Dall’Aglio C, Bellesi M, Tardella FM, Moscatelli S, Scocco P,
et al. The apelinergic system immuno-detection in the abomasum and duodenum
of sheep grazing on semi-natural pasture. Animals (Basel). (2021) 11:3173.
doi: 10.3390/ani11113173

8. Mumford SL, Johnstone E, Kim K, Ahmad M, Salmon S, Summers K, et al. A
prospective cohort study to evaluate the impact of diet, exercise, and lifestyle on
fertility: design and baseline characteristics. Am J Epidemiol. (2020) 189:1254–65.
doi: 10.1093/aje/kwaa073

9. Cheng J, Wang L, Wang S, Chen R, Zhang T, Ma H, et al. Transcriptomic
analysis of thigh muscle of Lueyang black-bone chicken in free-range and caged
feeding. Anim Biotechnol. (2021) 2021:1–11. doi: 10.1080/10495398.2021.1993235

10. Fu Y, Yin J, Zhao N, Xue G, Zhang R, Li J, et al. Effects of transport time
and feeding type on weight loss, meat quality and behavior of broilers. Anim Biosci.
(2022) 35:1039–47. doi: 10.5713/ab.21.0381

11. Li X, Cheng W, Shang H, Wei H, Deng C. The interplay between androgen
and gut microbiota: is there a microbiota-gut-testis axis. Reprod Sci. (2022)
29:1674–84. doi: 10.1007/s43032-021-00624-0

12. Zhang T, Sun P, Geng Q, Fan H, Gong Y, Hu Y, et al. Disrupted
spermatogenesis in a metabolic syndromemodel: the role of vitamin Ametabolism
in the gut-testis axis. Gut. (2022) 71:78–87. doi: 10.1136/gutjnl-2020-323347

13. Han H, Zhong R, Zhou Y, Xiong B, Chen L, Jiang Y, et al. Hydroxytyrosol
benefits boar semen quality via improving gut microbiota and blood metabolome.
Front Nutr. (2021) 8:815922. doi: 10.3389/fnut.2021.815922

14. Fu M, Xiong XR, Lan DL, Li J. Molecular characterization and tissue
distribution of estrogen receptor genes in domestic yak. Asian-Australas J Anim
Sci. (2014) 27:1684–90. doi: 10.5713/ajas.2014.14380

15. Xiao X, Zi XD, Niu HR, Xiong XR, Zhong JC, Li J, et al. Effect of addition of
FSH, LH and proteasome inhibitor MG132 to in vitro maturation medium on the
developmental competence of yak (Bos grunniens) oocytes. Reprod Biol Endocrinol.
(2014) 12:30. doi: 10.1186/1477-7827-12-30

16. Moore SG, Hasler JF. A 100-year review: reproductive technologies in dairy
science. J Dairy Sci. (2017) 100:10314–31. doi: 10.3168/jds.2017-13138

17. Lamb GC, Mercadante VRG. Synchronization and artificial insemination
strategies in beef cattle. Vet Clin North Am Food Anim Pract. (2016) 32:335–47.
doi: 10.1016/j.cvfa.2016.01.006

18. Valerio A, Casadei L, Giuliani A, Valerio M. Fecal metabolomics as a novel
noninvasive method for short-term stress monitoring in beef cattle. J Proteome Res.
(2020) 19:845–53. doi: 10.1021/acs.jproteome.9b00655

19. Cao XW, Lin K, Li CY, Yuan CW. [A review of WHO Laboratory Manual for
the Examination and Processing of Human Semen (5th edition)]. Zhonghua Nan
Ke Xue. (2011) 17:1059–63. doi: 10.13263/j.cnki.nja.2011.12.005

20. Luo C, Xia B, Zhong R, Shen D, Li J, Chen L, et al. Early-life nutrition
interventions improved growth performance and intestinal health via the gut
microbiota in piglets. Front Nutr. (2021) 8:783688. doi: 10.3389/fnut.2021.783688

21. Zhang P, Liu J, Xiong B, Zhang C, Kang B, Gao Y, et al. Microbiota
from alginate oligosaccharide-dosed mice successfully mitigated small intestinal
mucositis.Microbiome. (2020) 8:112. doi: 10.1186/s40168-020-00886-x

22. Cojkic A, Niazi A, Guo Y, Hallap T, Padrik P, Morrell JM. Identification of
bull semen microbiome by 16S sequencing and possible relationships with fertility.
Microorganisms. (2021) 9:2431. doi: 10.3390/microorganisms9122431

23. He J, Zheng W, Tao C, Guo H, Xue Y, Zhao R, et al. Heat stress during
late gestation disrupts maternal microbial transmission with altered offspring’s
gut microbial colonization and serum metabolites in a pig model. Environ Pollut.
(2020) 266(Pt 3):115111. doi: 10.1016/j.envpol.2020.115111

24. Liu C, Wu H, Liu S, Chai S, Meng Q, Zhou Z. Dynamic alterations in yak
rumen bacteria community and metabolome characteristics in response to feed
type. Front Microbiol. (2019) 10:1116. doi: 10.3389/fmicb.2019.01116

25. Tajima S, Inoue H, Kawada A, Ishibashi A, Takahara H, Hiura N. Alginate
oligosaccharides modulate cell morphology, cell proliferation and collagen
expression in human skin fibroblasts in vitro.Arch Dermatol Res. (1999) 291:432–6.
doi: 10.1007/s004030050434

26. Tusi SK, Khalaj L, Ashabi G, Kiaei M, Khodagholi F. Alginate
oligosaccharide protects against endoplasmic reticulum- and mitochondrial-
mediated apoptotic cell death and oxidative stress. Biomaterials. (2011) 32:5438–
58. doi: 10.1016/j.biomaterials.2011.04.024

27. Dai Z, Wu Z, Hang S, Zhu W, Wu G. Amino acid metabolism in intestinal
bacteria and its potential implications for mammalian reproduction. Mol Hum
Reprod. (2015) 21:389–409. doi: 10.1093/molehr/gav003

28. Cheng CY, Wong EW, Yan HH, Mruk DD. Regulation of spermatogenesis in
the microenvironment of the seminiferous epithelium: new insights and advances.
Mol Cell Endocrinol. (2010) 315:49–56. doi: 10.1016/j.mce.2009.08.004

29. Rato L, Socorro S, Cavaco JE, Oliveira PF. Tubular fluid secretion in the
seminiferous epithelium: ion transporters and aquaporins in sertoli cells. J Membr
Biol. (2010) 236:215–24. doi: 10.1007/s00232-010-9294-x

30. Rato L, Alves MG, Socorro S, Duarte AI, Cavaco JE, Oliveira PF. Metabolic
regulation is important for spermatogenesis. Nat Rev Urol. (2012) 9:330–8.
doi: 10.1038/nrurol.2012.77

31. Cross NL. Role of cholesterol in sperm capacitation. Biol Reprod. (1998)
59:7–11. doi: 10.1095/biolreprod59.1.7

32. Ergün A, Köse SK, Aydos K, Ata A, Avci A. Correlation of seminal
parameters with serum lipid profile and sex hormones. Arch Androl. (2007)
53:21–3. doi: 10.1080/01485010600888961

33. Maqdasy S, Baptissart M, Vega A, Baron S, Lobaccaro JM, Volle DH.
Cholesterol and male fertility: what about orphans and adopted?. Mol Cell
Endocrinol. (2013) 368:30–46. doi: 10.1016/j.mce.2012.06.011

34. Lu JC, Jing J, Yao Q, Fan K, Wang GH, Feng RX, et al. Relationship between
lipids levels of serum and seminal plasma and semen parameters in 631 chinese
subfertile men. PLoS ONE. (2016) 11:e0146304. doi: 10.1371/journal.pone.0146304

35. Kim N, Nakamura H, Masaki H, Kumasawa K, Hirano KI, Kimura T.
Effect of lipid metabolism on male fertility. Biochem Biophys Res Commun. (2017)
485:686–92. doi: 10.1016/j.bbrc.2017.02.103

36. Kung Jr L, Smith ML, Benjamim da Silva E, Windle MC, da Silva TC, Polukis
SL. An evaluation of the effectiveness of a chemical additive based on sodium
benzoate, potassium sorbate, and sodium nitrite on the fermentation and aerobic
stability of corn silage. J Dairy Sci. (2018) 101:5949–60. doi: 10.3168/jds.2017-
14006

Frontiers in Veterinary Science 11 frontiersin.org

https://doi.org/10.3389/fvets.2022.989908
https://doi.org/10.1038/ng.2343
https://doi.org/10.1080/10495398.2014.1002563
https://doi.org/10.1080/10408398.2011.584134
https://doi.org/10.3389/fmicb.2020.600516
https://doi.org/10.1016/j.meatsci.2018.08.019
https://doi.org/10.5661/RDR-VI-283
https://doi.org/10.3390/ani11113173
https://doi.org/10.1093/aje/kwaa073
https://doi.org/10.1080/10495398.2021.1993235
https://doi.org/10.5713/ab.21.0381
https://doi.org/10.1007/s43032-021-00624-0
https://doi.org/10.1136/gutjnl-2020-323347
https://doi.org/10.3389/fnut.2021.815922
https://doi.org/10.5713/ajas.2014.14380
https://doi.org/10.1186/1477-7827-12-30
https://doi.org/10.3168/jds.2017-13138
https://doi.org/10.1016/j.cvfa.2016.01.006
https://doi.org/10.1021/acs.jproteome.9b00655
https://doi.org/10.13263/j.cnki.nja.2011.12.005
https://doi.org/10.3389/fnut.2021.783688
https://doi.org/10.1186/s40168-020-00886-x
https://doi.org/10.3390/microorganisms9122431
https://doi.org/10.1016/j.envpol.2020.115111
https://doi.org/10.3389/fmicb.2019.01116
https://doi.org/10.1007/s004030050434
https://doi.org/10.1016/j.biomaterials.2011.04.024
https://doi.org/10.1093/molehr/gav003
https://doi.org/10.1016/j.mce.2009.08.004
https://doi.org/10.1007/s00232-010-9294-x
https://doi.org/10.1038/nrurol.2012.77
https://doi.org/10.1095/biolreprod59.1.7
https://doi.org/10.1080/01485010600888961
https://doi.org/10.1016/j.mce.2012.06.011
https://doi.org/10.1371/journal.pone.0146304
https://doi.org/10.1016/j.bbrc.2017.02.103
https://doi.org/10.3168/jds.2017-14006
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Zhu et al. 10.3389/fvets.2022.989908

37. Mohammadzadeh-Aghdash H, Sohrabi Y, Mohammadi A, Shanehbandi D,
Dehghan P, Ezzati Nazhad Dolatabadi J. Safety assessment of sodium acetate,
sodium diacetate and potassium sorbate food additives. Food Chem. (2018)
257:211–5. doi: 10.1016/j.foodchem.2018.03.020

38. EstienneMJ, Harper AF, Crawford RJ. Dietary supplementation with a source
of omega-3 fatty acids increases sperm number and the duration of ejaculation in
boars. Theriogenology. (2008) 70:70–6. doi: 10.1016/j.theriogenology.2008.02.007

39. Castellano CA, Audet I, Bailey JL, Chouinard PY, Laforest JP, Matte JJ. Effect
of dietary n-3 fatty acids (fish oils) on boar reproduction and semen quality. J Anim
Sci. (2010) 88:2346–55. doi: 10.2527/jas.2009-2779

40. Dong HJ, Wu D, Xu SY, Li Q, Fang ZF, Che LQ, et al. Effect of dietary
supplementation with amino acids on boar sperm quality and fertility. Anim
Reprod Sci. (2016) 172:182–9. doi: 10.1016/j.anireprosci.2016.08.003

41. Andriola YT, Moreira F, Anastácio E, Camelo FA Jr, Silva AC, Varela
AS Jr, et al. Boar sperm quality after supplementation of diets with omega-3
polyunsaturated fatty acids extracted from microalgae. Andrologia. (2018) 50:223–
9. doi: 10.1111/and.12825

42. Chen JQ, Li YS, Li ZJ, Lu HX, Zhu PQ, Li CM. Dietary l-arginine
supplementation improves semen quality and libido of boars under high ambient
temperature. Animal. (2018) 12:1611–20. doi: 10.1017/S1751731117003147

43. Martins AD, Jarak I, Morais T, Carvalho RA, Oliveira PF, Monteiro MP, et al.
Caloric restriction alters the hormonal profile and testicular metabolome, resulting
in alterations of sperm head morphology. Am J Physiol Endocrinol Metab. (2020)
318:E33–43. doi: 10.1152/ajpendo.00355.2019

44. Zhao Y, Zhang P, Ge W, Feng Y, Li L, Sun Z, et al. Alginate
oligosaccharides improve germ cell development and testicular microenvironment
to rescue busulfan disrupted spermatogenesis. Theranostics. (2020) 10:3308–24.
doi: 10.7150/thno.43189

45. Griswold MD. The central role of sertoli cells in spermatogenesis. Semin Cell
Dev Biol. (1998) 9:411–6. doi: 10.1006/scdb.1998.0203

46. Zhou Y, Wang Y. Action and interaction between retinoic acid signaling
and blood-testis barrier function in the spermatogenesis cycle. Cells. (2022) 11:352.
doi: 10.3390/cells11030352

47. Teng X, Min Z, Zhu Y, Qi J. [Effect of testosterone on spermatogenesis:
dynamics of testosterone secretion in adult rat testis]. Zhonghua Wai Ke Za Zhi.
(1999) 37:635–8.

48. Smith LB, Walker WH. The regulation of spermatogenesis by androgens.
Semin Cell Dev Biol. (2014) 30:2–13. doi: 10.1016/j.semcdb.2014.02.012

49. Wang L, Bu T, Li L, Wu X, Wong CKC, Perrotta A, et al. Planar cell polarity
(PCP) proteins support spermatogenesis through cytoskeletal organization in the
testis. Semin Cell Dev Biol. (2022) 121:99–113. doi: 10.1016/j.semcdb.2021.04.008

50. Fernández-Fígares I, Wray-Cahen D, Steele NC, Campbell RG, Hall
DD, Virtanen E, et al. Effect of dietary betaine on nutrient utilization and
partitioning in the young growing feed-restricted pig. J Anim Sci. (2002) 80:421–8.
doi: 10.2527/2002.802421x

51. Cabezón FA, Stewart KR, Schinckel AP, Barnes W, Boyd RD, Wilcock
P, et al. Effect of natural betaine on estimates of semen quality in mature
AI boars during summer heat stress. Anim Reprod Sci. (2016) 170:25–37.
doi: 10.1016/j.anireprosci.2016.03.009

52. Decrouy X, Gasc JM, Pointis G, Segretain D. Functional characterization of
Cx43 based gap junctions during spermatogenesis. J Cell Physiol. (2004) 200:146–
54. doi: 10.1002/jcp.10473

53. Ezirim CY, Abarikwu SO, Uwakwe AA, Mgbudom-Okah CJ. Protective
effects of Anthocleista djalonensis A. Chev root extracts against induced testicular
inflammation and impaired spermatogenesis in adult rats. Mol Biol Rep. (2019)
46:5983–94. doi: 10.1007/s11033-019-05033-w

54. Luo K, Liu X, Nian M, Wang Y, Qiu J, Yu H, et al. Environmental exposure
to per- and polyfluoroalkyl substances mixture and male reproductive hormones.
Environ Int. (2021) 152:106496. doi: 10.1016/j.envint.2021.106496

55. Singh M, Talimoa Mollier R, Sharma PR, Kadirvel G, Doley S, Sanjukta RK,
et al. Dietary flaxseed oil improve boar semen quality, antioxidant status and in-
vivo fertility in humid sub-tropical region of North East India. Theriogenology.
(2021) 159:123–31. doi: 10.1016/j.theriogenology.2020.10.023

56. Esmaeili V, Shahverdi AH, Moghadasian MH, Alizadeh AR. Dietary
fatty acids affect semen quality: a review. Andrology. (2015) 3:450–61.
doi: 10.1111/andr.12024

57. Mi J, Zhou J, Huang X, Long R. Lower methane emissions from yak
compared with cattle in rusitec fermenters. PLoS ONE. (2017) 12:e0170044.
doi: 10.1371/journal.pone.0170044

58. Nie J, Shao S, Xia W, Liu Z, Yu C, Li R, et al. Stable isotopes verify
geographical origin of yak meat from Qinghai-Tibet plateau. Meat Sci. (2020)
165:108113. doi: 10.1016/j.meatsci.2020.108113

59. Wang P, Hu Y, Yang H, Han J, Zhao Y, Chen Y. DNA-based authentication
method for detection of yak (Bos grunniens) in meat products. J AOAC Int. (2013)
96:142–6. doi: 10.5740/jaoacint.11-398

60. Liu P, Yu S, Cui Y, He J, Zhang Q, Sun J, et al. Regulation by Hsp27/P53 in
testis development and sperm apoptosis of male cattle (cattle-yak and yak). J Cell
Physiol. (2018) 234:650–60. doi: 10.1002/jcp.26822

61. Zou S, Liu P, Yu S, Cui Y, He J, Afedo SY, et al. Heat shock protein
60 expression and localisation in different tissues and testis development of
male cattle (cattle-yak and yak). Folia Morphol (Warsz). (2021) 80:857–69.
doi: 10.5603/FM.a2020.0126

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2022.989908
https://doi.org/10.1016/j.foodchem.2018.03.020
https://doi.org/10.1016/j.theriogenology.2008.02.007
https://doi.org/10.2527/jas.2009-2779
https://doi.org/10.1016/j.anireprosci.2016.08.003
https://doi.org/10.1111/and.12825
https://doi.org/10.1017/S1751731117003147
https://doi.org/10.1152/ajpendo.00355.2019
https://doi.org/10.7150/thno.43189
https://doi.org/10.1006/scdb.1998.0203
https://doi.org/10.3390/cells11030352
https://doi.org/10.1016/j.semcdb.2014.02.012
https://doi.org/10.1016/j.semcdb.2021.04.008
https://doi.org/10.2527/2002.802421x
https://doi.org/10.1016/j.anireprosci.2016.03.009
https://doi.org/10.1002/jcp.10473
https://doi.org/10.1007/s11033-019-05033-w
https://doi.org/10.1016/j.envint.2021.106496
https://doi.org/10.1016/j.theriogenology.2020.10.023
https://doi.org/10.1111/andr.12024
https://doi.org/10.1371/journal.pone.0170044
https://doi.org/10.1016/j.meatsci.2020.108113
https://doi.org/10.5740/jaoacint.11-398
https://doi.org/10.1002/jcp.26822
https://doi.org/10.5603/FM.a2020.0126
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	House feeding pattern increased male yak fertility by improving gut microbiota and serum metabolites
	Introduction
	Materials and methods
	Yaks and experimental design
	Using computer-assisted sperm assay sperm motility analyzer to detect sperm parameters
	Yak feces microbiota sequencing
	DNA extraction
	Library preparation and sequencing
	Analysis of sequencing data

	Plasma and testicular metabolites determined by LC&GC/MS
	Testicular tissue sections preparation
	Statistical analysis

	Results
	House feeding increased yaks' semen quality
	House feeding benefited testicular histomorphological integrity
	House feeding modes improved yaks blood metabolites
	House feeding pattern improved yak testicular metabolome
	House feeding patterns benefited gut microbiota

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


