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Introduction: Myostatin (MSTN) negatively regulates skeletal muscle development. However, its function in reproductive performance and visceral organs has not been thoroughly investigated. Previously, we prepared a MSTN and fibroblast growth factor 5 (FGF5) double-knockout sheep, which was a MSTN and FGF5 dual-gene biallelic homozygous (MF−/−) mutant.

Methods: To understand the role of MSTN and FGF5 in reproductive performance and visceral organs, this study evaluated the ejaculation amount, semen pH, sperm motility, sperm density, acrosome integrity, rate of teratosperm, and seminal plasma biochemical indicators in adult MF−/− rams. We also compared the overall morphology, head, head-neck junction, middle segment and the transection of middle segment of spermatozoa between wildtype (WT) and MF−/− rams.

Results: Our results showed that the seminal plasma biochemical indicators, sperm structure and all sperm indicators were normal, and the fertilization rate also has no significant difference between WT and MF−/− rams, indicating that the MF−/− mutation did not affect the reproductive performance of sheep. Additional analysis evaluated the histomorphology of the visceral organs, digestive system and reproductive system of MF+/− sheep, the F1 generation of MF−/−, at the age of 12 months. There was an increased spleen index, but no significant differences in the organ indexes of heart, liver, lung, kidney and stomach, and no obvious differences in the histomorphology of visceral organs, digestive system and reproductive system in MF+/− compared with WT sheep. No MF+/− sheep were observed to have any pathological features.

Discussion: In summary, the MSTN and FGF5 double-knockout did not affect reproductive performance, visceral organs and digestive system in sheep except for differences previously observed in muscle and fat. The current data provide a reference for further elucidating the application of MSTN and FGF5 double-knockout sheep.
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1. Introduction

Myostatin (MSTN) is a well-known negative regulator of skeletal muscle development (1). The inhibition of MSTN can improve the meat production performance of livestock and poultry, and gene editing technology provides the possibility for this. At present, it has been reported in pigs, cattle, sheep, dogs, mice, humans and other animals that natural or artificial mutations of the MSTN gene results in a “double-muscle” phenotype (2–6).

Accumulating evidence has shown that the function of MSTN is extensive. In addition to the effects on muscle, bone and fat, MSTN significantly affects animal reproductive performance (7, 8) and visceral organ development (9, 10). For example, MSTN may act as a growth regulator during gonad development (11). A study on the fertility of MSTN+/− pigs showed that although MSTN+/− sows exhibit natural reproduction, their litter size was significantly lower than that of wildtype (WT) sows, and the estrous onset age of MSTN+/− sows was later than that of WT sows, suggesting that MSTN has some effect on fertility (12). The swing and beat of sperm of MSTN+/− bulls were significantly higher than those of WT bulls, indicating that MSTN gene-mutated sperm had higher motility and possibly higher fertilization ability (13). In addition, the organ weight of animals with MSTN gene mutations was usually significantly reduced (10, 14). For example, MSTN knockout mice had a significant reduction in heart, liver, kidney and digestive tract weights (4). Additionally, the visceral organ weight of MSTN−/− homozygous piglets was significantly lower than that of MSTN+/− heterozygotes and WT piglets (15). A previous study showed that MSTN has a crucial function in maintaining cardiac energy homeostasis and preventing ventricular hypertrophy (16). Another study on MSTN knockout mice showed that MSTN inhibits pathological hypertrophy in male mice stimulated by the α-adrenergic agonist phenylephrine (17). Reproductive performance directly affects the litter size of livestock and poultry, and the development of visceral organs affects the health of individuals. These are important factors in determining the economic value of livestock and poultry. The findings of altered reproductive performance and visceral organs have raised concerns about the health and welfare of MSTN-edited animals.

This study comprehensively evaluated the semen quality and sperm parameters of adult MF−/− rams, and also assessed the histomorphological characteristics of the visceral organs, vital reproductive organ and digestive system of MF+/− sheep. Our study will provide an important reference for MSTN and FGF5 double gene edited sheep, and can be used for sheep breeding in the future.



2. Materials and methods


2.1. Animals

All sheep were raised in the experimental base of Institute of Animal Husbandry and Veterinary Medicine, Tianjin Academy of Agricultural Sciences, in accordance with the national feeding standard NT/T815-2004. All procedures performed for this study were consistent with the National Research Council Guide for the Care and Use of Laboratory Animals. All experimental animal protocols in this study were approved and performed in accordance with the requirements of the Animal Care and Use Committee at China Agricultural University (AW02012202-1-3). Sperm samples were harvested from one MF−/− sheep and WT sheep, and other samples were harvested from three WT and four MF+/− female sheep. All samples were immediately frozen in liquid nitrogen and then stored at −80°C until analysis.



2.2. Histological analysis

The size, color, shape, softness and envelope of internal organs, such as heart, liver, spleen, lungs, kidneys and ovaries, of MF+/− and WT sheep were observed to determine whether lesions occurred. The heart, liver, spleen, lung, kidney, stomach, ovary, small intestine, and large intestine from MF+/− and WT sheep were immersed in 4% neutral formalin fixative, made into paraffin tissue sections and routinely stained with hematoxylin and eosin. Cell types, morphology and pathology of individual tissues were captured by real-time digital pathology system (Aperio LV1, Germany) to determine if differences existed between MF+/− and WT sheep.



2.3. Semen quality evaluation and sperm ultrastructure analysis

The semen was obtained by the pseudo-vaginal method, and semen volume measured by graduated pipette, pH by acidity meter (Sartorius, Germany) and viability by a semen analyzer (Proiser, Spain). A total of 200 μL of semen was diluted 1,000 times with diluent and then the density was determined using a cell counting plate. Slides with spermatozoa obtained by the smear method were soaked in methanol for 3 min, then subjected to Kimsa staining (Solarbio, China), and observed with a 100× objective and 10× eyepiece to examine spermatozoa and acrosome integrity. The remaining undiluted semen was centrifuged at 2,000 rpm for 10 min at 4°C, and the seminal plasma was separated and assayed for testosterone, alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum creatine kinase (CK), calcium (Ca) and phosphorus (P). After centrifugation and removal of seminal plasma, the remaining spermatozoa were further prepared into scanning electron microscopic sections to observe the ultrastructure of overall sperm morphology, including the sperm head, head-neck junction, mid-section and mid-section cross-section.



2.4. Statistical analysis

All results are presented as the mean ± SEM. Statistical analyses of differences between groups were performed using two-tailed Student's t-test. *P < 0.05, **P < 0.01.




3. Results


3.1. MSTN and FGF5 double-knockout does not affect semen quality and sperm structure in sheep

Previously, we prepared a MSTN and FGF5 double-knockout sheep by injecting Cas9 mRNA and sgRNA into zygotes, generating a MSTN and FGF5 dual-gene biallelic homozygous (MF−/−) mutant (18). Here, we evaluated the reproductive capacity of MF−/− rams. Similar to WT sheep, the semen of MF−/− sheep was creamy white with a tumbling cloudy appearance and no offensive odor. There were no significant differences (P>0.05) in semen quality indexes, such as ejaculation amount, pH, sperm motility, sperm density, acrosome integrity and the ratio of teratosperm between WT and MF−/− sheep (Figures 1A–C). Similarly, there were no significant differences (P>0.05) in most seminal plasma biochemical parameters, such as phosphorus, testosterone, AST and CK, between WT and MF−/− sheep (Figure 1D). Although the level of ALT in seminal plasma of MF−/− sheep was significantly higher (P < 0.01) than that of WT sheep, it was still within the normal range (0–40 U/L) (Figure 1D). It is worth noting that the Ca2+ content in semen supernatant was significantly higher (P < 0.05) for MF−/− sheep than for WT sheep (Figure 1D). There was no obvious difference in the ultrastructure of sperm between WT and MF−/− sheep. The acrosome structure of the two groups was relatively complete, and the mitochondrial structure in the middle section and the cross section of the middle section were all relatively normal, without mitochondrial vacuoles (Figure 1E). Finally, we calculated the conception rate of artificial insemination in different seasons, and the results showed that there was no significant difference (P > 0.05) between the fertilization rate of WT and MF−/− sheep (Table 1).


[image: Figure 1]
FIGURE 1
 The reproductive safety evaluation of genome editing ram. (A) Giemsa stained ram sperm in WT and MF−/− sheep. (B) Different types of teratosperm. (C) Comparison of the semen quality between WT and MF−/− sheep. (D) Comparison of the seminal plasma biochemical index between WT and MF−/− sheep. (E) Comparison of the semen ultrastructure between WT and MF−/− sheep.



TABLE 1 The conception rate of artificial insemination in different seasons.

[image: Table 1]



3.2. Effects of MF+/− mutation on organ size and index in sheep

To further evaluate the effects of MSTN and FGF5 gene mutations on sheep health, F1 generation MF+/− heterozygotes were obtained from breeding MF−/− with WT sheep. Comparisons of the organ indexes of 12-month-old WT and MF+/− sheep found no significant differences (P > 0.05) in organ indexes of heart, liver, lung, kidney and abomasum (Table 2). However, the spleen index was significantly increased in MF−/− vs. WT sheep (P < 0.05) (Table 2). In addition, there were no differences in the appearance of heart, spleen, kidney, and ovary between WT and MF+/− sheep; the heart was ruddy with an obvious fat layer, the spleen was dark red with a smooth and neat surface, the surfaces of paired kidneys were smooth and reddish brown, the ovaries in pairs were grayish red with convex surface (Figure 2).


TABLE 2 Organ indexes in WT and MF+/− sheep (%).
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FIGURE 2
 Morphological analysis of heart, spleen, kidney and ovary in WT and MF+/− sheep. (A–C) Morphology of heart (A), spleen (B), and kindey (C) in 12-month-old WT and MF+/− sheep. Scale bar 20 mm. (D) Morphology of ovary in 12-month-old WT and MF+/− sheep. Scale bar 10 mm.




3.3. No significant changes in organ histomorphology between WT and MF+/− sheep

Evaluation of the histomorphology of the heart, liver, spleen, lung, kidney and ovary found no significant differences between WT and MF+/− sheep, and no obvious pathological changes were observed (Figure 3A). The longitudinal section of the heart showed that the myocardial fibers were short and columnar, with connective tissue and capillaries. The nucleus of the myocardial fibers was located in the center of the muscle fibers, and there was a deeply stained intercalated disc at the junction of adjacent muscle fibers (Figure 3A).


[image: Figure 3]
FIGURE 3
 Histological analysis of heart, liver, spleen and lung in WT and MF+/− sheep. (A–C) Representative pictures of HE staining of heart (A), liver (B), spleen (C), and lung (D) in 12-month-old WT and MF+/− sheep. Scale bar 100 μm.


No pathological changes, such as inflammatory cell infiltration and steatosis, were found in liver sections, and there were no significant differences between WT and MF+/− sheep (Figure 3B). The boundary of the hepatic lobule was unclear, and the contiguous hepatic lobules were connected into pieces. The central vein was visible in the center of the hepatic lobule, and the surrounding was roughly radially arranged hepatic cord and hepatic sinusoid (Figure 3B).

Overall, there were no significant differences between WT and MF+/− sheep spleens (Figure 3C). At low magnification, the spleen capsule was intact, and the capsule penetrated into the parenchyma to form a trabecular. In the parenchyma, the deeply stained round or oval white pulp and most of the red pulp structure were visible. The central artery was visible in the white pulp with a thicker periarterial lymph sheath around the artery and splenic vesicles were visualized on one side. At high magnification, macrophages were readily observed in the marginal zone between the white and red pulp (Figure 3C).

The lung sections showed alveolar cavities of different sizes between WT and MF+/− sheep (Figure 3D). The alveolar cavities in the WT group were smaller and numerous, and were larger and fewer in the MF+/− group. At high magnification, the adjacent alveolar cavities were separated by alveolar septa (Figure 3D).

There were no significant differences between WT and MF+/− sheep kidneys (Figure 4A). The complete peritoneum of the kidney was visible at low magnification, with the cortical labyrinth and medullary vagal lines were arranged alternately. There were many scattered round renal corpuscles in the cortical vagus, and these tubules were surrounded by small, irregular proximal tubules and larger, regular distal tubules. The renal capsule was visible at high magnification, and the wall layer of the renal capsule was a single layer of flattened epithelium with a dirty layer encircling the vascular bulb, and dense plaques were visible at the vascular pole (Figure 4A).


[image: Figure 4]
FIGURE 4
 Histological analysis of kidney and ovary in WT and MF+/− sheep. (A, B) Representative pictures of HE staining of kidney (A) and ovary (B) in 12-month-old WT and MF+/− sheep. Scale bar 100 μm.


There were no significant differences between WT and MF+/− sheep ovaries (Figure 4B). The ovarian peritoneum was visible in tissue sections, and the epidermal epithelium consisted of a single layer of flattened epithelium or a single layer of cuboidal epithelium at high magnification. Primitive follicles were visible within the superficial layers of the cortex, and follicular cell structures at all levels were visible within the deeper layers. No corpus luteum was found, and no obvious pathological changes were observed (Figure 4B).



3.4. No significant changes in the histomorphology of the digestive system between WT and MF+/− sheep

No pathological changes were observed, and no significant differences were found between the digestive system of WT and MF+/− sheep (Figure 5A). At low magnification, the epithelium of the gastric mucosa was exfoliated and disappeared, and the underlying lamina propria was filled with a single tubular fundus gland, and the glandular cavity was visible in the gastric foveola. The parietal, principal and cervical mucous cells were observed at high magnification. The submucosa was loose connective tissue, and the submucosal nerve plexus was also observed. The muscular layer was thick, and the boundaries of various smooth muscles were not clear (Figure 5A).


[image: Figure 5]
FIGURE 5
 Histological analysis of the digestive system in WT and MF+/− sheep. (A–C) HE staining of abomasum (A), small intestine (B), and large intestine (C) in 12-month-old WT and MF+/− sheep. Scale bar 200 μm.


At low magnification, the structure of the layers of the small intestinal wall was complete, and the mucosal and submucosal layers together protruded into the lumen, to form thicker folds. At high magnification, the surface of the mucosal layer was not smooth, and there were finger-like intestinal villi, and different sections of small intestinal glands were visible in the lamina propria (Figure 5B).

The structure of the large intestine was clear, the tissues of the intestinal wall were complete in all layers. At high magnification, the epithelium was a single layer of columnar epithelial cells, and a large number of densely arranged large intestine glands were visible in the lamina propria, which were monotubular and contained a large number of goblet and absorptive cells (Figure 5C).




4. Discussion

As previously mentioned, the disruption of the MSTN gene may affect the reproductive capacity of animals. For example, the swing and beat of sperm of MSTN+/− bulls were significantly higher than those of WT bulls (13). Here, the volume, color, smell and pH of semen were not significantly different between MF−/− and WT sheep, similar to findings for MSTN gene-edited Chinese yellow cattle and MSTN gene knockout pigs (13, 19). Reproductive performance is closely related to sperm motility. Abnormal sperm morphology may lead to decreased fertility, and thus the assessment of sperm morphology has become an important method to determine individual potential fertility (20). Therefore, we examined the motility, acrosome integrity and ultrastructure of sperm from MF−/− sheep. Our results showed that there were no significant differences in sperm morphology-related indicators between WT and MF−/− sheep, suggesting that MF−/− gene editing did not cause any adverse effects on sperm. Seminal plasma is the medium for sperm and provides energy for sperm metabolism and motility, and also contributes a buffer to resist changes in pH (21). In our study, the calcium level was significantly increased in seminal plasma of MF−/− sheep. Although the calcium level in seminal plasma is known to be proportional to sperm motility (22), the change in seminal plasma of MF−/− sheep did not significantly change sperm motility. It is well known that enzyme levels in seminal plasma have a strong correlation with sperm quality. Among them, AST showed a significant negative correlation with sperm quality activity, individual viability and sperm motility, and was negatively correlated with abnormal sperm and sperm concentration (23, 24). In our study, sperm motility and density were not significantly different in MSTN and FGF5 double-knockout vs. WT sheep, indicating that the changes in AST and ALT did not affect the sperm quality. In summary, sperm quality and ultrastructure were normal in MSTN and FGF5 dual-gene biallelic homozygous mutant sheep.

Although natural or artificial mutations of the MSTN gene produces a “double-muscle” phenotype and characteristics of high-yield meat with great economic value, these mutant animals are exposed to respiratory diseases, fatigue, urolithiasis, lameness, dystocia and other shortcomings at different development stages (9, 25). For example, the famous “double-muscle” Belgian blue cattle, with a natural MSTN mutation, are often observed with dystocia, and homozygotes are more likely to exhibit such problems than the heterozygotes (25). The Italian Marchigiana cattle with a homozygous mutation of the MSTN gene have severe disorders, such as giant tongue, cardiac hypoplasia and bone defects (26). However, heterozygous individuals feature a large body with well-developed muscles, without any of the above defects, and produce better meat quality (26). In addition, piglets from the MSTN knocked out Large White/Landrace × Duroc breed died within 24 h after birth, and weighed less at birth than WT piglets (27). Similarly, eight of the MSTN−/− Landrace newborns produced by CRISPR/Cas9 also died within a week (28). A homozygous piglet with a natural mutation in MSTN exhibited lameness syndrome, which caused them to fail to survive when their live weight exceeded 40 kg (10). A recent study showed that MSTN+/− pigs exhibited no developmental defects associated with the mutant alleles (9, 29). None of the above diseases were observed in our heterozygous MF+/− sheep. Therefore, our MF+/− heterozygous sheep are in good health, and heterozygote MSTN edited animals are most likely to emerge in the potential future market.

Accumulating evidence suggests that several internal organ sizes were reduced in MSTN−/− homozygous mutant compared with WT animals (4, 14, 15). For example, the digestive tract was reduced by 18% and the heart by 14% in Belgian blue cattle (14). Likewise, the weight of the heart, liver, lung, kidney and stomach of newborn MSTN−/− piglets was reduced relative to body weight by 21.4, 21.3, 29.8, 16.7, and 20.0%, respectively (15). The weight of liver, kidney, heart and digestive tract of mice with a homozygous mutation of MSTN also decreased significantly (12–20%) (4). Compared with WT animals, the cardiac performance, reserve, and capability of the smaller heart were also decreased in MSTN−/− animals (30). A recent study showed that MSTN+/− pigs had no histological abnormalities in heart morphology and myocardial structure, nor decreased cardiac function (9). Here, we systematically evaluated the heart, liver, spleen, lung, kidney, ovary and digestive system, including abomasum, small intestine and large intestine, of MF+/− sheep, and no pathological changes were observed, and no significant differences were found compared with WT sheep. The immune organ index of healthy animals was reported to be positively proportional to the strength of their immune performance (31). Interestingly, the spleen index was significantly increased in MF+/− sheep, suggesting that MF+/− sheep may have a stronger immunity. These results indicate that our MF+/− sheep are relatively healthy, and it is unnecessary to take additional precautions in these animals.



5. Conclusion

Sperm quality and ultrastructure of MSTN and FGF5 dual-gene biallelic homozygous mutant sheep were not different from those of WT sheep. The histomorphology of the visceral organs, ovaries and digestive system of heterozygous F1 generation MF+/− sheep were also similar to those of WT sheep, without any pathological features.
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