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Multiple Fetal Nutritional Patterns Before Parturition in Viviparous Fish Sebastes schlegelii (Hilgendorf, 1880)
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Sebastes schlegelii is a commercially important fish with a special viviparous reproductive system that is cultured in near-shore seawater net cages in East Asia. In the gonadal development of the species, the gonad of males mature before those of females, which mature after mating. Mating in male/female fishes occurs in October of each year. Then, females undergoing oocyte maturation complete fertilization using stored sperm in March of the following year. The pregnancy is completed when larvae are produced in the ovary. It has been reported that embryonic nutrient supply originates entirely from the female viviparous reproductive systems. However, until now, the nutritional patterns and the processes of nutrient provision in S. schlegelii before parturition have not been clear. The goal of this research was to study the embryos, larvae and juveniles of S. schlegelii during pregnancy. Anatomical observations, light microscopy and scanning electron microscopy were used to study the developmental characteristics of early embryos and larvae and the connecting structures between the mother and the fetus. The results showed the following: (1) Placental-like structures were found during the process of embryonic development in S. schlegelii, and these placental-like structures proliferated after fertilization. (2) The embryos of S. schlegelii were encased by a saclike structure composed of blood vessels, connective tissue, and surface epithelial cells. The vessels near the embryo existed in the thecal layer. Vascularized proliferation was detected following embryonic development. (3) Starting in the gastrula stage, connections between the embryo and surrounding cells loosened, and ovarian fluid became abundant. In addition, a large number of small holes and cristae were observed on the surface of the embryo. We speculate that embryos may be able to absorb nutrients from the ovarian fluid. (4) Yolk was present throughout embryo development. (5) Two types of nutritional modes were observed, lecithotrophic and matrotrophic during embryonic development. Three forms of placental analogs may exist in S. schlegelii: (1) external epithelial absorptive surfaces; (2) trophonemata, with modifications of the ovarian epithelia for absorbing the histotroph; and (3) a follicular pseudoplacenta, with close apposition between follicle cells and embryonic absorptive epithelia.

Keywords: fish viviparity, fetal nutrition, matrotrophy, lecithotrophy, placental analogs


INTRODUCTION

Embryo development requires nutrients, and sufficient nutrient supply is the main factor for normal embryonic development. In oviparous species, embryos utilize the yolk in their eggs for development (Yu et al., 2014). However, in viviparous species, nutrition becomes more complex because embryos develop within the female body; thus, different sources of nutrients might be available from the pregnant female. The extant fishes that bear living young include chondrichthyans (sharks and rays) (40 families, 99 genera, and 420 species), Latimeria (1 family), and teleosts (13 families, 122 genera, 510 species) (Wourms, 1981). Different species have their own complex and specialized maternal-fetal related structures, which complicates the study of nutrient supply. Some species exhibit extreme lecithotrophy or extreme matrotrophy, but many other species exhibit with different degrees of matrotrophy. Consequently, there is a continuum of lecithotrophy and matrotrophy modes in viviparous species (Pollux et al., 2014; Blackburn, 2015). Nevertheless, there are only two sources of nutrients for viviparous fish: the embryonic yolk (lecithotrophy) and the pregnant female (matrotrophy).

Matrotrophic species provide substantial nutrients for their developing embryos via oophagy and adelphophagy, and placental analogs (Wourms, 1981; Blackburn and Vitt, 1992). Viviparous vertebrates have evolved maternal-fetal nutrient transfer structures. Although simple compared with those in mammals, in live-bearing fishes (in which fertilized eggs develop and hatch within the female ovary, called intraovarian gestation), these structures play an important role in studying nutritional systems. In teleosts, ovarian tissue has three effective modes of nutrient supply, the frequency trend in each mode is found as follows: absorption of ovarian histotrophs through (1) surface epithelia and a hypertrophied gut > (2) trophotaeniae > (3) the follicular pseudoplacenta (Wourms, 1981).

Some studies have been conducted on matrotrophic viviparous fishes in species of the family Sebastidae regarding the maternal-fetal relationship and matrotrophy over the past century. These studies were mainly performed from the viewpoints of histology, anatomy, physiology, and biochemistry, combined with light microscopy and electron microscopy. In 1984, the study of S. melanops found that (1) 81% of the initial yolk energy still remained at birth and ~70% of the catabolic energy was supplied by the mother; and (2) there were no specialized processes for nutrient uptake, absorption by the embryo or assimilation of nutrients from the ovarian fluid (Boehlert and Yoklavich, 1984). In 1991, to find evidence of the absorption of maternal nutrients in S. schlegelii and S. melanops, researchers studied the ultrastructural features of the embryonic epidermis and rectum. During the later period of embryonic development, the embryonic epidermis absorbed low-molecular-weight substances, and after the development of the mouth, the hindgut absorbed large molecular substances (Shimizu et al., 1991). Additionally, [14C] phosphatidylcholine from S. flavidus maternal serum was detected in the embryos, and the radiolabeled content increased following embryo development. This was the first in vivo demonstration of maternal phospholipid nutrient supply in viviparous teleosts. This study suggested that nutrients are provided by the mother in the early to middle stages of embryonic development, since embryos maintained highly phosphorylated proteins and total protein content in the yolk, and nutrients stored in the yolk were used in the late stage of development (Macfarlane and Bowers, 1995). Another study used histological and immunohistological methods to demonstrate that nutrients were absorbed from ovarian fluid in the late stage of embryonic development in S. taczanowskii (Takemura et al., 1995).

In the past 5 years, studies on the functional and evolutionary morphology of viviparous fishes have been carried out in Poeciliidae (Torres-Martínez et al., 2017) and Goodeidae; these studies have helped us understand the mechanisms of embryo nutrition. Researchers found that early embryo development in Xenotoca eiseni (Goodeidae) was lecithotrophic based on embryonic morphology (Uribe et al., 2018). The embryo then transfers from the follicle to the ovarian cavity for further development, after which the nutritional mode for embryonic development of X. eiseni changes to matrotrophy. Schindler (2015) reviewed the structure and function of the placental exchange surface in goodeids and made a series of conclusions: during pregnancy, the inner ovary is hypervascularized and plays an important role as the maternal component of placental binding and nutrients are obtained from the inner epithelium of the ovary. Additionally, a comparative protein electrophoresis analysis of embryotroph and maternal blood serum indicated that the mother provides nutrients to embryos. The trophotaeniae, which are extensions of the embryonic caudal intestine to the ovarian lumen, provide a surface for embryo nutrient absorption. It is known that the X. eiseni trophotaeniae pseudoplacenta structure absorbs maternal nutrients before delivery and decreases nutrient supply after delivery; however, its removal mechanism needs to be further studied (Iida et al., 2015). This was the first report on the prenatal degeneration of a pseudoplacenta in a viviparous vertebrate and provided genetic support for the study of the genesis and degeneration of embryonic nutritional structures. Later researchers studied the tissue structure of the follicular pseudoplacenta in Heterandria formosa (Poeciliidae) using different staining methods and histological analysis (Guzman-Barcenas and Uribe, 2019). The ultrastructures of maternal follicular placentas of 11 species of poeciliids were identified by electron microscopy. Six ultrastructural characteristics (the number of vesicles, the area of vesicles, the number of microvilli, the length of microvilli, and the thicknesses of the follicle and follicle area) were described and the complexity of the structure was quantified. It was concluded that the existence of some placental structures improves the efficiency of nutrient transfer between the mother and embryo (Olivera-Tlahuel et al., 2018).

Sebastes schlegelii, known as the black rockfish, has a large head with obviously weak bone ridges and spines. The back is dark brown, with irregular dark black plaques, and the abdomen is gray white (Matsuda et al., 1984). The body length is generally 20–30 cm (Xi et al., 2017). The fish has a special viviparous reproductive system and is a commercially important mariculture fish in the Yellow Sea, the Bohai Sea, and the East China Sea. In this species, the gonads of males mature before those of females, the gonads of females mature after mating. Mating in male/female fishes occur in October of each year, then, females undergoing oocyte maturation complete fertilization using stored sperm in March of the following year. The pregnancy is completed when larvae are produced in the ovary. Since the 1990s, due to overfishing and environmental changes in fishing grounds, the availability of this species as a resource has significantly declined. It is increasingly urgent to protect germplasm resources, breed and release specimens, and optimize conditions for artificial breeding. In recent years, various studies have been conducted on S. schlegelii, including their aquaculture (Song et al., 2019; Zhang et al., 2019), ecology (Yin et al., 2018; Yu et al., 2019), reproduction, development, in vitro embryo culture, immunology (Du et al., 2019; Godahewa et al., 2019; Wang et al., 2019), sperm maturation induction, and sperm storage capacity (Liu et al., 2019); however, there is still little knowledge about the evolution of viviparity (He et al., 2019). Moreover, there are few reports on maternal nutritional supply in S. schlegelii, and the maternal-fetal relationship during gestation is unclear.

To gain insight into the nutrient supply Sebastes schlegelii at different stages of embryonic development, we selected fish during the pregnancy period as the main experimental subject and performed investigations using morphological, anatomical and histological methods. The structure of the ovary, especially the connection between the mother and fetus, was observed and described to indicate the mode of nutrient supply. The present study provides baseline knowledge for further research on the mechanism of embryonic nutrient supply and a theoretical basis for in vitro embryonic culture, artificial propagation, and germplasm resource protection.



MATERIALS AND METHODS

Eighteen female adult S. schlegelii were sampled from February to July 2019 from seawater culture cages in Weihai (Weihai, Shandong). Six reproduction stages or time points were considered in non-gestating, gestating, and postpartum fish: (1) phase III oocyte stage, (2) cleavage stage, (3) gastrula stage, (4) organ-forming stage, (5) 1 day after birth, and (6) 3 days after birth. Three females were selected in each of these reproduction stages (total = 18 females). The specimens were sedated by adding the sedative MS-222 (Sigma–Aldrich, United States) to the water at a final concentration of 150 μg/ml. After sedation, the abdominal cavity was opened by a lateral incision, and the ovary was quickly excised and fixed in 2.5% glutaraldehyde and Bouin's fixative. After fixation, the ovaries were dehydrated in a graded series of ethyl alcohol (30, 50, 70, and 95%). The dehydrated ovaries were embedded in paraffin and sectioned at a thickness of 3–5 μm. The sections were stained with haematoxylin and eosin (H&E). The samples that were fixed in 2.5% glutaraldehyde were observed by scanning electron microscopy (SEM). Anatomical analysis was directly observed under a stereoscope after dissection.

All experiments were performed in accordance with the relevant national and international guidelines and approved by the Institutional Animal Care and Use Committee, Institute of Oceanology, and Chinese Academy of Sciences.



RESULTS


Anatomical Analysis (Light Microscopy)

The light microscopy data highlight the predicted differences in the quantity of blood vessels and villi ovariales across different developmental stages. In this study, we collected two groups of samples for comparison and observed significant changes in the maternal-fetal connection structure during embryonic development. Microscopic observations of stage III ovarian samples showed sparse distributions of blood vessels around oocytes, the blood vessels present were underdeveloped, and very close to the oocytes (Figure 1). After fertilization, as the embryo developed, a large number of blood vessels, and villi ovariales proliferated in the ovary (Figure 2). Anatomically, a placenta-like fleshy red structure was isolated from the ovary (Figure 2A). A large number of primary blood vessels, secondary blood vessels and microvessels were observed under a stereoscope. The embryo was surrounded by villi ovariales and blood vessels (Figures 2B,C). It was further observed that the embryo was enclosed in an egg membrane, and a large number of capillaries (Figure 2D) were distributed along the egg membrane. During embryonic development, hyperplasia of villi ovariales, and blood vessels was observed. We speculated that the existence of these structures is closely related to the nutrient supply during the process of embryonic growth and development, and these closely connected structures are likely to be the structural basis of maternal nutrient transfer. In this experiment, we selected ovaries in the organogenesis stage. Most of the embryos were enclosed in egg membranes, and yolk was present in the embryos (Figures 2E,F). We also found a few embryos in the ovary that lived outside of egg membranes (Figures 2G,H).


[image: Figure 1]
FIGURE 1. S. schlegelii oocytes during the primary and secondary growth stages in ovaries. (A,B) Blood vessels (bv) surround oil droplet-cortical alveoli oocytes (PGodca). Scale bars, 50 μm (A,B).



[image: Figure 2]
FIGURE 2. S. schlegelii embryos during the organogenesis stage. (A) Ovary with a large central blood vessel (bv) and a placentome (p). (B) Embryos are surrounded by blood vessels. (C) An embryo wrapped in an egg membrane (m) with many blood vessels around. (D) Blood vessels around the egg membrane, (E) embryos, (F) an embryo enveloped by an egg membrane. (G) A newly broken and curled embryo. (H) A broken and unfolded embryo. e, eye of the embryo; h, heart of the embryo; y, yolk of embryo. Scale bars, 200 μm (B); 50 μm (C,D,F,G, ; 100 μm (E,H).




Scanning Electron Microscopy

We collected embryos during organogenesis, selected three kinds of embryos, and described the surface and peripheral structures of embryos by SEM.


Embryo Encasement in a sac Structure

Encased embryos were surrounded by a thick sac structure (Figures 3, 4). The sac did not enclose the entire embryo tightly (Figures 3A, 4A); a part of the embryo was exposed. The exposed part comprised the egg membrane on the surface of the embryo. The egg membrane was a thin, non-cellular structure with many small holes (Figure 3D). In addition, we found that the embryo and sac were not closely connected, we could see a gap (Figures 3B,C, 4B,C). The sac was composed of multilayer connective tissue, follicular epithelial cells and blood vessels. In Figure 3, due to the relatively thick connective tissue covering, the follicular epithelial cells (Figures 4C,D) and blood vessels (Figure 4B) cannot be clearly distinguished. As shown in Figure 4, most of the connective tissue was fixed to form a branch shaped structure, which was collected at the top, and the lower part shows a layer of follicular epithelial cells and blood vessels located on the inner side near the embryo.


[image: Figure 3]
FIGURE 3. Representative SEM images of the surface of the maternal follicle in S. schlegelii. (A) The embryo was wrapped in a follicle. (B,C) The embryo and the sac were not closely connected. (D) Many small holes existed on the surface of the thin egg membrane. The gaps were marked with arrows. Scale bars, 200 μm (A); 100 μm (B,C); 10 μm (D).



[image: Figure 4]
FIGURE 4. Representative SEM images of the sac surface in S. schlegelii. (A) The embryo was suspended in branch structure. (B) Blood vessels (bv) and follicular epithelial cell layer. (C,D) Follicular epithelial cells. Gaps are marked with arrows. Scale bars, 200 μm (A); 100 μm (B); 10 μm (C,D).




Embryo Detachment From the Follicular Pseudoplacenta

During development, embryos leave the maternal follicle and live in the liquid environment of the ovary (Figure 5). At this time, the embryo is enclosed by the egg membrane (Figure 5A). Two states of the egg membrane, a smooth part and a folded part (ridge-like protuberance) can clearly be seen (Figures 5B,C). A swollen structure containing yolk droplets was observed (Figure 5D). The location of the yolk was noted and proved that yolk still existed in the embryo after separation from the follicle.


[image: Figure 5]
FIGURE 5. Representative SEM images of the surface of an S. schlegelii embryo. (A) The whole surface of the embryo and the location of the yolk (y). (B) Smooth part of the egg membrane. (C) Folded part of the egg membrane. (D) Area bulging with yolk droplets. Scale bars, 100 μm (A); 20 μm (B–D).




Larvae

During development, the embryo separates from the egg membrane and completes the hatching process. At this point, some structures still surrounding the larvae (Figures 6A,B). Figure 5 shows the structure of the swollen yolk droplet protuberance in the abdomens of larvae, proving that yolk still existed in larvae (Figures 6A,D). At this time, a large number of surface epithelial cells were present on the surfaces of the larvae (Figures 6B,C).


[image: Figure 6]
FIGURE 6. Representative SEM images of the body surface of larval S. schlegelii. (A) The complete morphology of a larva. (B) The partialof a larva. (C) Surface epithelium of fish. (D) An area bulging with yolk droplets. Eyes (e), tail (t), and yolk (y) can be observed. Scale bars, 100 μm (A); 50 μm (B–D).





Histology
 
Nongestation

In the samples obtained in the middle of February, ovarian development was at stage III, and the ovary was light yellow in color. As the ovarian volume increased, the branches of the villi ovarialis increased, and the blood vessels developed, featuring large central vessels and branches. At this time, yolk granules can be observed through the ovarian membrane with the naked eye (Figure 7A). In the sections, we observed that the branches of the dendrites were villi ovarialis, which extended into the ovarian cavity. The oocytes were wrapped by the follicular membrane and hung-like grapes through the stalk of the follicle (Figures 7B,C). Villi ovarialis were composed of follicles and the connective tissues. Folliole consisted of oocyte and many follicular cells (Figures 7D,E). The stage III ovary was mainly composed of phase III oocytes and early oocytes (Figures 7B–D). At this time, the oocytes are nearly round, the cytoplasm is weakly basophilic, and the oocytes begin to accumulate nutrients. There were small yolk granules in the cytoplasm near the inner edge of the plasma membrane and some small fat droplets around the nucleus of the oocyte. The cortical vesicles were sparse and not obvious. The nuclei were round to irregular, the large nucleoli disappeared, and dozens of small nucleoli appeared in the inner edge of the nuclear membrane (Figure 7E). At this time, the follicular membrane is composed of two layers: an inner layer (the granulosa layer), and an outer layer (the thecal layer). A zona pellucida existed between the egg membrane and the granulosa layer (Figures 7E,F). The blood vessels were highly branched, forming a capillary network distributed in the theca and wrapped around the follicles. The follicle stalk was to one side of the follicle and formed by the theca. The follicle hung from the branch structure.


[image: Figure 7]
FIGURE 7. S. schlegelii, oocytes during non-gestation. (A) Anatomical structure of the ovary. (B) The follicular cells hang on the villi ovarialis (vo) and form grape like structure. (C) The villi ovarialis (vo) were distributed along the ovarian cavity (oc), and the oocytes in different developmental stages were surrounded by follicular cells, mainly III phase oocytes, also called the primary and secondary growth stages oil droplet-cortical alveoli oocytes (PGodca). (D) Follicular cells hang on the villi ovarialis (vo) through the stalk of the follicle (sf). (E) III phase oocytes. There were small yolk granules (yg) were present in the cytoplasm near the inner edge of the plasma membrane and some small lipids (l) appeared around the nucleus (n) of the oocyte. The follicles are composed of oocytes and follicular cells. The follicular cells include a granulosa layer (gl) and thecal layer (tl), these are located outside the zona pellucida (zp), and there are blood vessels (bv) are present in the thecal layer(tl). (F) Blood vessels (bv) and connective tissue (ct) of villi ovarialis (vo). Scale bars, 1 cm (A); 500 μm (B); 100 μm (C,D); 50 μm (E,F). HandE stained.




Gestation
 
Cleavage Stage

In the early stage of embryo development, the volume of the ovary increased, the wall of the ovary thinned, the number of blood vessels increased, and the color of the ovary deepened from light yellow to bright orange yellow (Figure 8A). The embryo was enclosed by the egg membrane (Figure 8B); there were yolk and oil spheres in the egg envelope, and the embryo was situated the animal pole (Figure 8C). There was a layer of follicular epithelium around the embryo, around which epithelium there were blood vessels (Figure 8F). There was abundant connective tissue and blood vessels also surrounded immature or unfertilized eggs (Figures 8D,E).


[image: Figure 8]
FIGURE 8. S. schlegelii, embryos in the cleavage stage. (A) Morphology of ovary. (B) Embryos at cleavage. (C) The embryo (e) lives in the egg membrane (m), which contains yolk (y) and oil spheres (os). (D) Connective tissue (ct) and blood vessels (bv) surrounded immature or unfertilized eggs. (E) Connective tissue(ct) and blood vessels (bv) (F) A layer of follicular epithelium (fe) with many blood vessels (bv) around the embryo. Scale bars, 1 cm (A); 100 μm (B–D,F); 50 μm (E). HandE stained.




Gastrula Stage

The volume of the ovary was further increased, the ovary was fleshy, and the ovarian fluid increased (Figure 9). It is speculated that the embryo absorbs nutrients from the ovarian fluid through the surface epithelium.


[image: Figure 9]
FIGURE 9. S. schlegelii embryos in the cleavage stage. (A) Fleshy ovaries, (B) Loosely arranged embryo (e) with connective tissue (ct) attached. (C,D) Numerous blood vessels (bv) in the connective tissue (ct). Scale bars, 1 cm (A); 100 μm (B,C); 50 μm (D). HandE stained.




Organ-Forming Stage

The ovarian volume increased considerably as the embryo in the ovary developed and entered the late stage, close to delivery. At this time, the ovaries are black due to the eye and pigmentation (Figure 10A). The embryo was still enclosed in the egg membrane and surrounded by abundant loose connective tissue and blood vessels (Figures 10B–F). The yolk sac structure was located on the ventral side and contained yolk (Figures 10C–E).


[image: Figure 10]
FIGURE 10. S. schlegelii, embryos in the organ forming stage. (A) Black ovaries during organogenesis. (B) The embryo is located in the egg membrane (m) with loose connective tissue (ct) outside. (C) An embryo containing yolk. (D,E) Yolk in the yolk sac (ys). (F) Numerous blood vessels (bv) in the connective tissue (ct). Scale bars, 1 cm (A); 500 μm (B); 100 μm (C,D); 50 μm (E,F). HandE stained.





Postnatal Larva

One day after delivery, there was still a small amount of yolk on the ventral surface (Figures 11A–D). However, with the growth and development of larvae in vitro, the yolk was consumed. Three days after delivery, no yolk was observed (Figures 11E–H).


[image: Figure 11]
FIGURE 11. Histology of postnatal larvae. (A–D) Larva 1 day after delivery with a small yolk (y) (E–H) 3rd day larva after delivery without yolk. Different parts were obtained by continuous sectioning. Scale bars, 500 μm (A); 100 μm (B,C,F,G); 50 μm (D,H). HandE stained.






DISCUSSION

Traditional classifications of fetal nutritional modes are lecithotrophy and matrotrophy, which represent two extremes of nutritional delivery modes. These modes are not limited to one reproductive pattern, they include both oviparity and viviparity; therefore, it is better to classify them as two “sources” rather than as two modes. In many viviparous vertebrates, the embryos receive nutrients from these two sources (Wourms et al., 1988; Stewart, 1992; Thompson et al., 2000; Marsh-Matthews, 2011). Based on the bipartite system combined with the reproductive pattern (oviparity or viviparity), vertebrates have been classified as having four reproductive strategies: lecithotrophic oviparity, lecithotrophic viviparity, matrotrophic oviparity, and matrotrophic viviparity (or viviparous matrotrophy) (Blackburn, 2015). In lecithotrophic viviparous species, some incipient, limited, or minimal matrotrophic provision may also occur (Blackburn and Vitt, 1992; Blackburn, 2005a,b; Hamlett et al., 2005; Conrath and Musick, 2012). Matrotrophic viviparous species include various fishes, amphibians, and lizards. According to the traditional concept, S. schlegelii belongs to lecithophytic viviparity (Wourms, 1981). This study suggests that two kinds of nutritional modes occur in S. schlegelii: yolk nutrition and maternal nutrition. In contrast with limited or minimal nutrient provision, maternal nutrition exists in most stages of S. schlegelii embryonic development. The morphological evidence obtained by electron microscopy and anatomical and histological examinations shows that there is a structure for material transport between the mother and fetus during embryonic development.

In 1981, Wourms reported 10 forms of placental analogs (Wourms, 1981). In our research, we found that three forms of placental analogs may exist in S. schlegelii by comparing the morphological characteristics of the somatic cells around embryos and oocytes. These include external epithelial absorptive surfaces, trophonemata, with modifications to the epithelial tissue for absorbing histotroph and a follicular pseudoplacenta closely positioned between the follicle cells and embryonic absorptive epithelia. According to previous research, in the early stage of S. schlegelii development, many epithelial cells differentiated from interstitial cells and combine with connective tissue and a large number of proliferating blood vessels to form a placental analog structure. Through this connection structure, the mother can continuously transfer large amounts of nutrients through the blood. The embryos absorb nutrients from the maternal blood for their own growth and development. At the later stages of embryo development, the connection of the embryo to the surrounding interstitial cells and connective tissue becomes loose. When we dissected the ovaries, we found that they contained large amounts of fluid. We speculate that the epithelium on the surface of the embryo directly absorbs the fluid to obtain nutrients to meet the needs of the developing embryo. In the final stage of embryo development and the primary stage of larval and juvenile development, the yolk nutrients are used. Some yolk exists until a few days after delivery.

The connection structure between the mother and fetus provides a structural basis for material transportation. Panhuis et al. (2017) examined the embryonic surface epidermis in the viviparous poeciliid genus Poeciliopsis and focused on embryo surface features that may facilitate maternal-fetal nutrient transfer. This research revealed common types of surface epithelial cells across species, including pavement cells with apical-surface microridges or microvilli and presumed ionocytes and mucus-secreting cells (Panhuis et al., 2017). Kwan et al. (2015) undertook a comprehensive comparative study of the maternal follicle in eight closely related Poeciliopsis species. Follicle sections and histology revealed that the epithelial folds of the extensive matrotrophs are comprised primarily of cuboidal and columnar cells and are richly supplied with capillaries (Kwan et al., 2015). Through the maternal-fetal junction structure, energy is not the only material source in the embryonic development of viviparous vertebrates. Yolk also plays an important role in the energy supply. However, there are few reports on how and when yolk can provide energy for viviparous fish. Some research has been carried out on reptiles. Powers and Blackburn (2017) studied the yolk-processing mechanisms in two colubrid snakes, the kingsnake Lampropeltis getula and the milksnake L. triangulum, using scanning electron microscopy and histology. They found that the close association between cells, yolk, and blood vessels allowed yolk material to be cellularized, digested, and transported for embryonic use (Powers and Blackburn, 2017). The embryo developmental process of S. schlegelii features both maternal-fetal junction structures and yolk. How these fish supply nutrients and switch patterns will be the focus of the next stage of research.



CONCLUSION

According to anatomical evidence, placental-like structures are present during S. schlegelii embryonic development. Our results showed that after fertilization, the embryos live in an environment rich in blood vessels and connective tissue, and many capillaries appear adjacent to the egg membrane. The SEM results showed that the embryo developed and was contained in a saclike structure composed of blood vessels, connective tissue, and surface epithelial cells. The histological results showed that villi ovarialis exist not only during the process of embryonic development but also at all levels of oocyte development. After fertilization, the embryo begins to develop, and the degree of vascularization in the villi ovarialis increases. Capillaries close to the embryo originally exist in the thecal layer, but as the embryo develops, the thecal cell layer and granular cell layer become less important, and the connection between the embryo and peripheral cells becomes increasingly loose. The cell layer most closely associated with the embryo is called the follicular layer, where the adjacent capillaries exist in the same positions as in the thecal cell layer. Starting from the gastrula stage, as various organs form, the connection between the embryo and surrounding cells becomes increasingly loose, and the ovarian fluid becomes increasingly abundant. We speculated that the nutrients needed for embryo development are released into the ovarian fluid through blood vessels and capillaries at all levels. The nutrients in the ovarian fluid are transported to the embryo through pores or related receptors on the surface of the embryo and are used for embryonic growth and development. In this study, we also observed small holes and cristae on the surfaces of embryos. According to the electron microscopy and histological findings, yolk was still available to S. schlegelii after rupture of the membrane and even after delivery, which indicates that the yolk provides nutrients for the fish development in the later stages of embryo development as well as in the early stage of larval and juvenile development. In conclusion, in S. schlegelii exhibits two types of nutritional modes in the process of embryo development: maternal nutrition (matrotrophy) and yolk nutrition (lecithothrophy).
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