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ARTICLE INFO ABSTRACT

Keywords: To guarantee the quality and survival rate of their offspring, ovoviviparous teleost evolved special characteristics
Trans‘cr‘iptt)‘mic of in vivo fertilization and embryo development. Maternal black rockfish, having over 50 thousand embryos
Ovoviviparity developing within the ovary simultaneously, provided around 40% nutrition throughout oocyte development,
2:[5:5;:;:5 while the capillaries around each embryo contributed the rest 60% during pregnancy. Since fertilization, cap-

illaries started to proliferate and developed into a placenta-like structure that covered over half of each embryo.
Aimed to characterize the potential mechanism behind, comparative transcriptome analysis of samples collected
according to the process of pregnancy. Three important time point in the process, including mature oocyte stage,
fertilization and sarcomere period, were chosen for the transcriptome sequencing. Our study identified key
pathways and genes involved in the cell cycle as well as DNA replication and repair, cell migration and adhesion,
immune, and metabolic functions. Notably, several of the semaphoring gene family members were differently
expressed. To confirm the accuracy of these genes, total of 32 sema genes were identified from the whole genome
and distinct expression pattern of sema genes was observed in different pregnant stages. Our results revealed a
novel insight for further investigating the functions of sema genes in reproduction physiology and embryo
processes in ovoviviparous teleost.

1. Introduction prolongation of embryonic development time, maternal nutrition to the

embryo, inhibition of the maternal immune rejection of embryos (Gra-

Reproduction, one of the most crucial biological activities during the
life cycle, is the only way to guarantee the continuation of the species.
With the largest population of vertebrates, fishes have evolved a variety
of reproduction strategies including oviparity, viviparity and ovovivi-
parity to acclimate their living environment (Juntti and Fernald, 2016).
Oviparity, the most common breeding strategy in teleost, allows the eggs
fertilized outside themother. While, different from oviparous fish,
fertilization and early development took place in the ovary or the uterus-
like organ of maternal body of viviparity and ovoviviparity species
(Lodé, 2012). After early development, the free-swimming larva were
breed by the female fish through parturition process (Rheubert et asl.,
2014). The phenotype varied with the evolution from oviparous to
viviparous fish in both the morphological structure and the physiolog-
ical process, including the disappearance of zygote egg shell,

ham et al., 2011; Heulin et al., 2005; Murphy and Thompson, 2011;
Packard et al., 1977; Thompson et al., 2000; Thompson and Speake,
2006), etc. Such breeding strategy protected the embryo from fluctua-
tions in environmental factors such as temperature, oxygen content,
osmotic pressure and pH, as well as from predation (Gross, 2005; Shine,
1989).

Another significant characteristic of viviparous animal was the
nutrition resource throughout the embryo development. The embryo not
only depend upon the yolk provide, however, additionally from the
mother through the blood vessel system. In mammals, the placenta,
located at the interface of the vascular bed between the maternal and the
fetus, had developed and played irreplaceable role in embryonic
development including the effectively transportation of nutrition, oxy-
gen information communication, discharge of metabolic waste and

* Corresponding author at: College of fishery, Ocean University of China, Qingdao, China.

E-mail address: qx@ouc.edu.cn (X. Qi).
1 Bingyan Zheng and Likang Lyu contributed equally to this work.

https://doi.org/10.1016/j.ygcen.2023.114275

Received 10 January 2023; Received in revised form 16 March 2023; Accepted 17 March 2023

Available online 20 March 2023
0016-6480/© 2023 Published by Elsevier Inc.


mailto:qx@ouc.edu.cn
www.sciencedirect.com/science/journal/00166480
https://www.elsevier.com/locate/ygcen
https://doi.org/10.1016/j.ygcen.2023.114275
https://doi.org/10.1016/j.ygcen.2023.114275
https://doi.org/10.1016/j.ygcen.2023.114275
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ygcen.2023.114275&domain=pdf

B. Zheng et al.

carbon dioxide (Schindler and Hamlett, 1993). In the course of evolu-
tion, similar organs with variations were discovered in animals from
different kingdoms performing similar functions. In reptiles and avian,
placenta-like organs are evolutionarily conducive to maintaining moist
and warm embryos during the evolution from sea to land and sky (Power
and Schulkin, 2012). During embryo development in marsupials, a
monolayer structure was developed by trophoblast cells around the
embryo, which may represent the formation of the original placenta
(Renfree, 2010). While in mammals, generated by the chorionic mem-
brane, the placenta and umbilical cord ensured adequate nutrition
sources and an appropriate environment for the growth of the offspring
(Maltepe and Fisher, 2015). It is clear that placenta is an evolutionary
adaptation beneficial to the vertebrates in terms of evolutionary rela-
tionship, and its structure and species have been studied to be diverse
(Roberts et al., 2016). However, in ovoviviparous animals, less is known
about the interaction and the pathway of exchange of nutrition, oxygen
and information between the mother and the embryo (Gilmore et al.,
1983.). The increase in the fetal requirement for nutrients and oxygen in
early development is usually accompanied by a continuous augment in
angiogenesis and blood flow volume (Gude et al., 2004). Angiogenesis,
the generation of new vessels germinated from existing vessels, is strictly
and precisely regulated by diversified cells included endothelial cells
(ECs), vascular smooth muscle cells (VSMCs) and perivascular cells
(PCs) (Carmeliet, 2005; Folkman, 1995; He et al., 2021; Kriiger-Genge
and Franke, 2019; Yin et al., 2012) and requires the functional activities
of coordinated varied hormones and guidance molecules in microenvi-
ronment. Notably, during the fetal development, angiogenesis is regu-
lated by hormonal variations such as increased levels of estrogen
(Hanahan and Folkman, 1996; Turner et al., 2003). For example,
endothelial cells expressing estrogen receptors can be affected by the
estrogen stimulation during pregnancy (Losordo and Isner, 2001).
Endothelial tip cells (ETCs) are the navigators of the sprouts. Steer the
follow-up of the ECs by sensing the attractive or repulsive cues such as
VEGFs or semaphorins (Melincovici et al., 2018; Sakurai et al., 2012).
Semaphorins, as a large family of extracellular signaling molecules, play
essential roles in the development of blood vessels by mediating
cell-to-cell communication (Alto and Terman, 2017a). It has been well
demonstrated that estrogen levels up-regulate Sema3F transcription in
utero, particularly in the connective tissue that envelops intrauterine
blood vessels (Richeri et al., 2011). Loss-of-function of semaphorins
result in developmental defects and even death (Hota and Buck, 2012;
Tran et al., 2007), it is of interest to investigate whether semaphorins is
important to the formation of capillaries around embryo.

Black rockfish (Sebastes schlegelii) is an ovoviviparous teleost with
both fertilization and embryo development happened inside the ovary
(Wang et al., 2021). During gestation, approximately 70% of the cata-
bolic energy is contributed by the maternal system (Boehlert and
Yoklavich, 1984), indicating a direct communication between the
maternal and the embryo. Anatomical observations of pregnant black
rockfish show that the surface of each fertilized egg is covered with
abundant capillaries which may play the role for the nutrition and ox-
ygen transfer and information communication.

Ovoviviparous black rockfish was employed as the research model in
this study to understand the potential mechanisms under laying the
formation of capillaries following fertilization. For the transcriptome
sequencing, ovary samples from three distinct developmental stages
(without oocytes or embryos) were chosen. The identification of sem-
aphorins, structures of sequences, phylogenetic relationships, evolu-
tionary characteristics, and expression pattern at the genome-wide level
were then systematically analyzed. These findings will offer new in-
sights into the molecular mechanism of semaphorins in placental
angiogenesis as well as fresh perspectives on teleost reproduction and
evolution of the reproductive strategy.
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2. Materials and methods
2.1. Ethics statement

All animal experiments were reviewed and approved by the Animal
Protection and Utilization Institutional Committee of Ocean University
of China. The protocol of animal care and handling used in this study
was approved by the Animal Experimental Ethics Committee of Ocean
University of China prior to the study. The studies did not involve en-
dangered or protected species. All experiments were carried out in
accordance with relevant guidelines and regulations. In simple terms,
individuals were anesthetized with 3-aminobenzoate methanesulfonic
acid (MS-222, 0.2 g/L, Beijing Green Hengxing Biotechnology, Beijing,
China) and then quickly decapitated with spinal scissors to reduce the
animal’s suffering.

2.2. Sample preparation and pregnant stage identification

In total, 27 female black rockfish at different pregnant stages were
collected from the North Yellow Sea, Shandong province, China in April
2021. Under laboratory conditions, individuals were kept separately in
water tank (diameter 1 m, height 1.5 m) for 2 days without feeding.
After anesthetization with MS-222, ovary of each individual from late
April to late May was separated and the developmental period of oocyte/
embryo was observed to identify the precise pregnant stages by a
microtome (Leica, Wetzler, Germany). The oocyte in mature stage (M)
was fully mature but unfertilized. After fertilized in vivo, fertilized eggs
developed germinal disc and classified as fertilized stage (F). along the
development, myomere were observed in embryo during sarcomere
stage (S, Supplementary Fig. S1).

2.3. RNA extraction, Library construction and transcriptome sequencing

Total RNA of the ovarian tissues was extracted using TRIzol Reagent
kit (Invitrogen, CA, USA) after ground by a tissue lyser (DHS Life Science
& Technology, Beijing, China). Total RNA integrity was determined by
the RNA Nano 6000 Assay Kit of the 2100 Bioanalyzer System (Agilent
Technologies, CA, USA).

To minimize the difference between replicates, equal amounts of
total RNA from 3 individuals at the same pregnant stage were grouped
together. Nine sequenced libraries were generated using the NEBNex-
t®Ultra™ RNA Library Prep Kit for Illumina® (NEB, Ipswich, Massa-
chusetts, USA) and an index code was added to the attribute sequence
for each sample. The index-coded samples were sequenced on an Illu-
mina HiSeq X Ten platform, acquiring 150 bp of paired-end reads. The
raw sequence has been submitted to the National Center for Biotech-
nology Information’s (NCBI) Short Read Archive database
(PRINA820964).

2.4. Sequence data processing and differentially expressed genes analysis

Raw data obtained from RNA-seq were first qualified by FastQC
software  (https://www.bioinformatics.babraham.ac.uk/projects/fast
qc/). To acquire clean, high quality readings, original raw reads with
quality scores below 20 (g-value < 20) were filtered by Fastp (version
0.22.0) (Chen et al., 2018). Subsequently, the filtered reads from each
sample were mapped to the reference Sebastes schlegelii genome in NCBI
(PRJNA516036) by Hisat2 (version 2.1.0) on paired-end model (Kim
et al., 2019). The quantification analysis of assembled reads from each
sample was accomplished using StringTie (version 2.2.0) (Pertea et al.,
2015) in a reference-based approach and quantify transcript abun-
dances. The transcript level of all genes was normalized according to the
fragments per kilobase per million mapped reads (FPKM). Different
expression analysis of two pregnant stages was performed by the DESeq2
R package (Love et al., 2014). Transcripts with absolute log2 Fold
Change values greater than 1 and g-value<0.05 were marked as
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differentially expression genes (DEGs).
2.5. Functional annotation and enrichment analysis of DEGs

The genome-wide functional annotation of DEGs was designated by
eggNOG-mapper pipeline (https://eggnog-mapper.embl.de/). Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes database
(KEGG) enrichment analysis of DEGs were implemented by the Clus-
terProfiler R package (Yu et al., 2012). The GO terms were classified into
official classifications, including molecular function (MF), cellular
component (CC), and biological process (BP). The false discovery rate
(FDR) was calculated for each p-value, and FDR < 0.05 were the criteria
for recognizing the significance enriched categories.

2.6. Identification and sequence analysis of black rockfish sema genes

Based on an E-value of 1e’!, the amino acid sequence of sema genes
in human (Homo sapiens), zebrafish (Danio rerio) and guppy (Poecilia
reticulata) were obtained from the NCBI database and used as queries for
BLAST program to identify sema genes in black rockfish. Open reading
frames (ORF) of candidate black rockfish sema genes were predicted by
ORFfinder program (https://www.ncbi.nlm.nih.gov/orffinder/), and
the ORFs were translated into amino acid sequences. Physicochemical
properties such as amino acid length, theoretical isoelectric points (pI)
and molecular weight (MW) were predicted by online ExPASy - Prot-
Param tool (https://web.expasy.org/protparam).

The exon-intron structures of sema genes were extracted from the
general feature format (GFF) of black rockfish reference genome. The
conserved domains and motifs were predicted from Conserved Domains
Database (CDD) and Resources (https://www.ncbi.nlm.nih.gov/Structu
re/cdd) and MEME suite (https://meme-suite.org/meme/doc/meme.ht
ml), respectively.

2.7. Phylogenetic and syntenic analysis of black rockfish SEMA

Multiple alignments of amino acid sequences were performed based
on semaphorins amino acid sequences of several representative species
using ClustalW online program (https://www.genome.jp/tools-bin
/clustalw). The phylogenetic tree was reconstructed by multiple align-
ments of deduced amino acid sequences using MEGA X software based
on the Neighbor-Joining (NJ) method and Jones-Taylor-Thornton (JTT)
model with bootstrap value setting as 1,000.

Information of chromosome distribution and homology regions,
based on reference genome of black rockfish, were accessed by TBtools
software (Chen et al., 2020). Collinearity between genomes was
analyzed by comparing the chromosomal distribution of black rockfish,
guppy and zebrafish. Chromosomal position information of sema genes
was obtained from the annotation files of the guppy reference genomes
(PRJNA238429) and zebrafish reference genomes (PRIJNA11776).
TBtools Super Circos software was used to visualize the chromosome
location and collinearity relationship.

2.8. Experimental validation by qPCR

9 DEGs were selected from transcriptomic data for qPCR verification.
Gene-specific primers were listed (Supplementary Table. S5). First-
strand cDNA was synthesized from 1.0 pg of total pure RNA using the
SPARK script 1st Strand cDNA Synthesis Kit (With gDNA Eraser,
SparkJade, China). qPCR reaction was performed in a 96-well optical
plate and pre-denaturation at 95 °C for 3 min, 40 cycles of denaturation
at 95 °C for 10 s and annealing at 60 °C for 30 s on a StepOne PlusTM
real-time PCR system (Applied Biosystems, Waltham, Massachusetts,
USA) using 2 x SYBR Green qPCR Mix (High ROX, SparkJade, China).
18 s rRNA was used as a reference gene to normalize the expression
levels (Liman et al., 2013). The relative expression levels for each gene
in F and S stages were quantified according to 22T method with
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reference to the M and F stage , respectively.
3. Results
3.1. RNA-seq data analysis

According to the previous identification results, 9 libraries were
constructed and sequenced from 27 samples in 3 pregnant stages (M, F,
S). Utilizing the Illumina HiSeq X Ten platform, a total of 393,596,444
raw reads were generated. After preprocessing and removing low-
quality sequences, 389,403,178 clean reads were obtained. Each of
these samples comprised at least 42 million reads, of which more than
94.7 and 90% were totally and uniquely mapped to the genome,
respectively (Supplementary Table. S1). The read counts and FPKM
values for all genes were calculated. In total, 24,094 expressed genes
were detected from the transcriptome dataset.

3.2. Different expression analysis and functional annotation

To identify differently expressed genes involved in the development
of capillaries around embryos, we subjected the expression values to
pairwise comparisons, F vs M, S vs M, S vs F. Genes with g-value < 0.05
and |log2 Fold Change|greater thanl were considered as DEGs. The
results demonstrate that 1,579 DEGs (714 up-regulated and 865 down-
regulated) were found in F vs M group, 2,771 DEGs (2,052 up-regulated
and 718 down-regulated) were found in S vs M group, and 7,237 DEGs
(3,965 up-regulated and 3,272 down-regulated) were found in S vs F
group (Fig. 1A-C). Venn diagram and Upset diagram showed that a total
of 142 genes were found to be differentially expressed in all comparisons
(Fig. 1D). In addition, 181, 568 and 4,054 DEGs were expressed exclu-
sively in F vs M group, S vs M group and S vs F group, respectively.
According to the heatmap, M stage and F stage showed roughly similar
expression pattern, which is opposite to S stage (Fig. 1E).

GO enrichment analysis was performed to define and describe gene
and protein functions. In this study, 30 significant enriched GO terms (p
adjust < 0.01) were screened in S vs F group and F vs M group,
respectively (Supplementary Table. S2). Compared with M stage,
significantly up-regulated enriched GO terms in F stage were mainly
associated with Immune, Molecular transport and Metabolism (Fig. 2A).
Down-regulated DEGs in F vs M group were significantly enriched in GO
terms related to Meiotic, DNA replication, Chromosome, Molecular trans-
port, and Cytoskeleton (Fig. 2B). Compared with F stage, up-regulated
DEGs in S stage were mainly overrepresented with GO terms related
to RNA process, DNA replication and Chromosome (Fig. 2C). Additionally,
terms associated specifically with Immune, Cell junction and Membrane
were also found in down-regulated DEGs in S vs F group (Fig. 2D).

A more profound understanding of functions and processes of the
biological system were performed by KEGG pathway enrichment anal-
ysis. In the present study, 18 and 20 significant enriched pathways (p
adjust < 0.01) were screened in S vs F group and F vs M group,
respectively (Supplementary Table. S3). Compared with M stage,
significantly up-regulated KEGG pathways in F stage were mainly clas-
sified into 2 categories: Metabolism and Immune (Fig. 3A), while the
down-regulated KEGG pathways were enriched for DNA replication and
repair (Fig. 3B). KEGG Pathways up-regulated in S vs F group were
significantly enriched for Cell cycle, Metabolism, RNA process and DNA
repair and replication (Fig. 3C). Whereas the expression of DEGs involved
in Immune, Cell junction and Signal transduction were down-regulated in S
stage in comparison with F stage (Fig. 3D).

3.3. KEGG pathways are altered in ovary matrix at sarcomere period

Considering that S vs F group showed most abundant DEGs, indi-
cating various and complex physiological changes appear to occurred in
ovary matrix during pregnancy. We focused on KEGG pathways in the S
vs F group and compared their expression (Fig. 4). Due to the increased
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Fig. 1. Analysis of DEGs. A-C: Volcano plots of DEGs in the pairwise comparisons, Red and blue dots indicate significant up-regulation and down-regulation of genes,
respectively, while black dots indicate non-significantly DEGs; D: Venn diagram and Upset diagram of the DEGs in 3 comparisons, points connected by a line
indicating an intersection in a comparison group; E: Cluster analysis and heatmap. A Heatmap showing expression pattern of DEGs in each sample based on FPKM
values (according to the F-test p-value from the linear model fit), Green represents down-regulated expression and Red represents up-regulated expression.

cell proliferation, differentiation, and protein synthesis from F stage to S
stage, as pregnancy goes by, the category Cell proliferation were most
significantly overexpressed including “Cell cycle”, “DNA replication”,
“Ribosome biogenesis in eukaryotes”, “Oocytes meiosis”, “RNA degra-
dation”, “RNA polymerase”, “RNA transport”, “Cellular senescence”.
Additional pathways related specifically with DNA damage checkpoints
and repairment were also elevated. Cell-cell interactions pathways
involved in cell junction, adherens junction, cell adhesion molecules
(CAMs), focal adhesion, and ECM-receptor interaction were down-
regulated at the S stage, suggesting an probable increase in the ability
of cells to migrate and invade. In the category of metabolism, “Cysteine
and methionine metabolism” “One carbon pool by folate” “Terpenoid
backbone biosynthesis” and “Ubiquitin mediated proteolysis” were up-
regulated at S stage compared to F stage, while “Inositol phosphate
metabolism” was down-regulated, demonstrating the complex meta-
bolic processes might be occur during pregnancy. When comparing S
stage and F stage, the down-regulation pathways involved in immune
seemed to prevent the maternal from rejecting the fetus during
pregnancy.

3.4. Degs related to capillary angiogenesis on embryo surface

A more specific identification of the genes connected to
angiogenesis-related pathways is necessary to learn more about the
proliferation of capillaries covering embryos during pregnancy. DNA
replication, RNA transcription, and protein synthesis were essential
steps in the process of cell proliferation. Our RNA-seq data revealed an
increase in vascular development-related DEGs and pathways at the S
stage, which suggests that endothelial cells in the ovary matrix prolif-
erated and expanded to produce capillaries. For example, the expression
levels of genes encoding Cyclin-dependent kinases (CDKs), mini-
chromosome maintenance proteins (MCMSs), RNA replicase polyprotein
(POLRs), ribosomal protein (MRPLs) were up-regulated at S stage than F
stage (Supplementary Table. S4). Degradation of extracellular matrix,
the diminishing of cell connections and reorganization of actin

cytoskeleton facilitate the movement and invasion of capillaries. In our
study, DEGs coding proteins involved in Cell migration and invasion
included matrix metalloproteinase (MMPs) were upregulated after
fertilization, while integrin (ITGs), cadherins (CDHs) were shown to be
down-regulated at S stage compared to F stage (Supplementary Table.
$3). The growth of capillaries was regulated by multiple stimulating or
inhibiting factors. Among DEGs, common angiogenic factors such as
vascular endothelial growth A (VEGFA), erythropoietin (EPO), platelet-
derived growth factor (PDGF), C-X-C motif chemokine 8 (CXCL8) pre-
sented up-regulation after fertilization (Supplementary Table. S3).
Interestingly, our transcriptome data revealed significant variations in a
number of semaphorin gene family (a class of vascular developmental
regulators) members, with 7 of them up-regulated and 9 of them down-
regulated during S stage compared to F stage (Table. 1), which deserves
further study.

3.5. Identification and analysis of sema genes in black rockfish

Subsequently, a comprehensive analysis of gene identification, gene
structure and evolutionary characteristics was conducted to systemati-
cally study the Sema family of genes in black rockfish. A total of 32 sema
genes were identified in black rockfish. The sema genes were classified
into 5 subfamilies: 12 sema genes in subfamily 3 (sema3aa, sema3ab,
sema3b, sema3c, sema3da, sema3db, sema3e, sema3fa, sema3fb, sema3fc,
sema3g, sema3h), 11 sema genes in subfamily 4 (sema4aa, sema4ab,
sema4ba, sema4bb, sema4c, sema4d, semadea, sema4eb, sema4f, sema4ga,
sema4gb), 2 sema genes in subfamily 5 (sema5ba, sema5bb), 6 sema genes
in subfamily 6 (sema6a, sema6ba, sema6bb, semab6ca, semabeb, semabd)
and 1 sema gene in subfamily 7 (sema7a). The predicted amino acids
lengths of sema genes ranged from 526 to 1,451, the molecular weights
(MWs) were varied from 59.72 kDa to 161.01 kDa and the predicted
isoelectric point (PI) varied from 5.64 to 8.83 (Table. 2).

Phylogenetic analysis was constructed using the amino acid se-
quences of sema genes in black rockfish and several mammals, birds,
amphibian, teleost and invertebrate (Fig. 5). According to the topology
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Fig. 2. GO enrichment analysis of DEGs. A: Bar plot of GO enrichment analysis of up-regulated DEGs in F vs M, the top 30 most significantly enriched categories are
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represent the molecular function group; B: Bar plot of GO enrichment analysis of down-regulated DEGs in F vs M; C: Bar plot of GO enrichment analysis of up-
regulated DEGs in S vs F; D: Bar plot of GO enrichment analysis of down-regulated DEGs in S vs F.

of phylogenetic tree, all sema genes were separated into five separate
clades and were clustered together with counterparts as expected. It was
noteworthy that teleost were home to far more numbers of various sema
gene subtypes than higher vertebrates. As a result, sema genes were
mostly preserved throughout the evolution of vertebrates, and their
copy number rose in teleost. Chromosomal distribution results showed
that sema genes in black rockfish were distributed among 15 chromo-
somes (chrs), including chrl, chr2, chr4, chr5, chr6, chr7, chrll, chrl2,
chrl3, chrl6, chrl8, chr20, chr21, chr22 and chr23 (Supplementary
Fig. S2A). Comparative genomic analysis showed that tandem ar-
rangements and duplication of sema genes were also detected in the
genomes of guppy and zebrafish (Supplementary Fig. S2B).

3.6. Gene structure, conserved motifs and protein structure analysis of
sema in black rockfish

To further study the diversity and conservatism, the exon-intron
architecture, conserved motifs, and conserved domains of Sema in black
rockfish were demonstrated and compared (Fig. 6). Results showed that
the majority of the class 3 sema genes subfamily members, with the
exception of sema3fc, have 16-18 exons. Among class 4 sema genes
subfamily, the number of exons ranged from 13 to 15, while class 6 sema
genes subfamily contained 14-18 exons. Besides, 14, 25 and 22 exons

existed in sema”a, sema5ba and sema5bb, respectively (Fig. 6C). All
semaphorins had a highly conserved Sema domain located at N-terminal
and a Plexin-sema-integrin (PSI) domain was next to the C-terminal of
Sema domain. Additionally, an Immunoglobulin-like (Ig-like) domain
was contained solely in class 3 and 4 Sema and multiple Thrombo-
spondin 1 (TSP1) domains were founded exclusively in class 5 Sema
(Fig. 6B). In total, ten conserved motifs of Sema in black rockfish were
identified (Fig. 6A), and the distribution and characteristics of motifs in
the same sema genes subfamily were analogous. The results indicated
that motif 1, 3, 4, 5, 6, 8, 9, and 10 were found in Sema domain, and
motif 2 and 7 were defined in PSI domain.

3.7. Expression patterns of sema genes at 3 pregnant stages in black
rockfish

The expression profile of sema genes was constructed in order to
investigate how sema genes react to pregnancy signals. (Fig. 7). Based on
the expression levels and hierarchical clustering information, these sema
genes were clustered as high, moderate and low expression. The
expression level of the sema genes included sema3da, sema3fc, sema4aa,
sema4ba, sema4c, semadeb, sema6ch and sema7a were maintained at a
relatively high level at 3 pregnant stages, indicated they were appeared
to be highly relevant to the embryo angiogenesis. On the contrary, the
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Fig. 3. KEGG enrichment analysis of DEGs. A: Scatterplot of KEGG pathway enrichment analysis of up-regulated DEGs in F vs M. The “GeneRatio” represents the
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abundance of other several sema genes, such as sema3ab, sema3fb,
sema3h, sema4f, semadga, semadgb, semaba, sema6ba, semabbb and
sema6d were maintained at a low level.

3.8. Validation of transcriptomicresults by gPCR

To validate the RNA-Seq data, 9 DEGs were randomly selected and
subjected to qPCR analysis. The results showed that the qPCR expression
pattern of the selected genes was significantly correlated with the RNA-
Seq results of F vs M (R%:0.8538) and S vs F (R%:0.8213) (Fig. 8). In total,
the RNA-Seq data were confirmed by the qPCR results, implying the

reliability and accuracy of the RNA-Seq analysis.
4. Discussion

Animals evolved their reproductive strategies from oviparity to
viviparity to adapt to keep the continuation of species, despite with an
increase in parental investment in offspring (Gross, 2005). Ovovivi-
parity is a reproductive strategy evolved between oviparity and
vivipary, with advantages in extending the time a fertilized egg spends
developing inside the maternal body, which ensure the health and
growth of the offspring (Wake, 2015). In mammals, chorionic and
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allantoic structures in the placenta were developed to provide nutrition
and oxygen for the embryo and fetus development. Similar vascular
network in the yolk sac was also observed in lower vertebrate lizard
(Stewart and Thompson, 2017), as a result, except birds, placentas have
evolved within every vertebrate class (Roberts et al., 2016). In black
rockfish, the capillaries increased dramatically with the embryo devel-
opment and formed a cap shape network, which cover up to half of the
embryo, indicating the existence of the substantial deliver system. Ac-
cording to the results, we collected the ovary matrix without oocyte or
embryos, at three time points, including mature oocyte, fertilized oocyte
and sarcomere period for further transcriptomic analysis, aimed to
figure the potential regulation pathways in the formation of the extra-
embryonic capillaries.

In our study, abundant DEGs were found after fertilization, sug-
gesting that the ovaries responded more actively and dramatically as
pregnancy went by. As compared to pre-fertilization period, signifi-
cantly higher number of DEGs participated in assorted biological pro-
cesses including cell proliferation, cell interaction, nutritional
metabolism at post-fertilization period based on KEGG analysis. Up-
regulation of “Calcium signaling pathway” revealed activation of
diverse physiological processes. In black rockfish, oocytes mature and
the sperms stored under the ovigerous lamellae epithelium was released
to combine the oocytes in April (Kawaguchi et al., 2008). Release of
calcium ions from oocytes after sperm fusion is the key to meiosis
reactivation (Boni et al., 2007). Transporting through the placenta,
calcium regulates massive cellular processes such as genes expression,
cell proliferation, differentiation and apoptosis (Baczyk et al., 2011;

Berridge et al., 2003). It has been well documented that, to guarantee
the proper function of placenta, the interactions between trophoblast
cells and the maternal vascular system were enhanced (Adamson et al.,
2002; Harris, 2010). Herein, our study found that pathways involved in
cellular communication such as “ECM-receptor interaction”, “Adherents
junction”, “Cell adhesion molecules (CAMs)”, “Focal adhesion” were up-
regulated to higher levels after fertilization. Since the ovary matrix
undergoing a series of changes in cell type preprogramme and
expressing gene variation (Xu et al., 2022), the “Cell cycle”, “DNA

»

replication”, “Ribosome biogenesis in eukaryotes”, “RNA degradation”,

LLINTS

“RNA polymerase”, “Mismatch repair”, “Base excision repair”, “Fanconi
anemia pathway”, “Homologous recombination” and “Nucleotide exci-
sion repair” related genes were enriched in our results. On the other
hand, to provide enough nutrition for the embryo development, preg-
nant maternal change the lipid and protein synthesis to supply the
essential materials for the embryo (Herrera, 2002). In our data, DGEs
and enriched pathways such as lipid and protein synthesis such as
“aminoacyl-tRNA biosynthesis”, “fatty acid biosynthesis”, “steroid hor-
mone biosynthesis” were significantly enhanced with the embryo
development. These results indicated that with the fertilization, ovary
matrix cells were reprogrammed to fit the requirement of the embryos
not only in regulating genes expression, but also in the materials
biosynthesis.

During pregnancy, oxygen is necessary for the survival of embryos
(Carter, 2015; Harvey, 2007). Due to the large amount and in vivo
development, black rockfish embryos are usually exposed to hypoxic

environment. Thus, many animals developed morphological and
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Table 1
Differential expression multiples of semaphorins involved in angiogenesis in
three comparison groups.

Geneid GeneName  log2FoldChange
FvsM SvsM SvsF

evm.model.Chr21.288 sema3aa —1.09904 —1.58130
evm.model.Chr5.849 sema3ab
evm.model.Chr7.685 sema3b
evm.model.Chr21.178 sema3c
evm.model.Chr5.847 sema3da —1.00841 1.07805 2.08645
evm.model.Chr1.1809 sema3db
evm.model.Chr5.851 sema3e 1.87627 —1.02851
evm.model.Chr1.1388 sema3fa
evm.model.Chr1.2436 sema3fb
evm.model.Chr7.596 sema3fc —1.16478
evm.model.Chr7.684 sema3g —1.06045  —1.49835
evm.model.Chr7.714_evm. sema3h

model.Chr7.715
evm.model.Chr16.26 sema4aa
evm.model.Chr16.3 sema4ab —1.14860  —1.46307
evm.model.Chr2.915 sema4ba
evm.model.Chr5.777 sema4bb —1.23941
evm.model.Chr6.795 sema4c —1.19448 1.83393
evm.model.Chr1.994 sema4d 1.03002 1.94162
evm.model.Chr11.879.1 semadea
evm.model.Chr4.770 sema4eb
evm.model.Chr20.570 sema4f
evm.model.Chr12.564 sema4ga —2.15715  —1.63847
evm.model.Chr18.350 sema4gb —1.11872 1.63695
evm.model. sema5ba —1.04135 1.86655

Chr13.1156_evm.model.

Chr13.1159
evm.model.Chr23.545 sema5bb 1.00257 1.97194
evm.model.Chr6.868 semaba 1.51715 —1.19221
evm.model.Chr4.758 sema6ba —1.14771
evm.model.Chr11.884 sema6bb
evm.model.Chr22.221 sema6ca
evm.model.Chr16.224 sema6cb 1.14888 1.29351
evm.model.Chr2.1098 sema6d
evm.model.Chr5.705 sema’a 1.81842 —2.15111

biochemical response to adapt to hypoxia (Dunwoodie, 2009; Hickey
and Simon, 2006). We observed that as pregnancy went on, capillaries
around embryos proliferated constantly and rapidly and this phenotype
could be explained by our transcriptome data. In our study, an epasl
gene involved in oxygen deprivation and several genes responsible for
vascular development were induced to greater levels after fertilization.
Transcriptional response mediated by hypoxia inducible factor (HIF) is a
typical pathway to promote hypoxia tolerance, followed by the
expression of downstream genes such as VEGF, PDGF, EPO, etc., to
promote the proliferation and migration of vascular ECs (Coma et al.,
2011; Dai et al., 2007; Darby and Hewitson, 2016; Grimm et al., 2002;
Peng et al., 2021; Spirina et al., 2012). Accumulating evidence indicates
that HIFs are linked to the health of pregnancy by regulating the dif-
ferentiation of trophoblast of placenta (Albers et al., 2019; Kenche-
gowda et al., 2017). To rescue the cells from hypoxia, angiogenesis was
induced by several factors including EPO, eNOS, VEGF, Flt-1 regulated
by the HIFs (Coulet et al., 2003; Forsythe et al., 1996; Gerber et al.,
1997; Semenza and Wang, 1992). Angiogenesis is a complex process,
containing movement, invasion and extension of the vascular endothe-
lial tip cells regulated by a balance between pro-angiogenic and anti-
angiogenic guiding signals (Adams and Eichmann, 2010; Eichmann
and Thomas, 2013; Sakurai et al., 2012; Tam and Watts, 2010). A key
feature of angiogenesis is the increasing quantity of ECs to synthesize
newborn tubes and an enhancement in ECs invasion. In our study, DEGs
involved in cell proliferation and migration were significantly expressed
to produce ECs in angiogenesis. In black rockfish, several DEGs associ-
ated with angiogenesis, such as stimulating factors of vegfa, epo, pdgf,
cxcl8 and proteases in ECM degradation mmp13, mmp14, were highly
expressed with the embryo development. In conclusion, our morpho-
logical and transcriptomic results suggested that during pregnancy, the
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Table 2
Characteristics of sema genes in black rockfish.
Subfamily Gene CDS Predicted Isoelectric Molecular
classification = Name length Protein point (PI) weight
(bp) Length (KDa)
(Amino
Acid)
Sema3 sema3aa 2604 867 8.53 96.61
sema3ab 2403 800 7.15 91.23
sema3b 2256 751 8.83 84.90
sema3c 1944 648 7.24 72.90
sema3da 2424 807 8.52 81,74
sema3db 2430 809 6.72 91.53
sema3e 2382 793 7.52 90.28
sema3fa 2400 799 7.09 90.21
sema3fb 2775 924 8.01 104.26
sema3fc 4356 1451 5.91 161.01
sema3g 2364 787 7.25 89.14
sema3h 2289 762 8.51 85.36
Sema4 sema4aa 2511 836 6.32 92.39
sema4ab 2724 907 7.29 99.89
sema4ba 2514 837 6.35 94.30
sema4bb 2427 808 7.45 91.00
sema4c 2607 868 7.48 96.39
sema4d 2670 889 5.77 98.53
semadea 2442 813 6.24 90.90
semadeb 2433 810 5.64 89.67
sema4f 2559 852 5.81 92.61
semadga 2688 895 7.26 100.04
semadgb 2499 832 8.14 93.50
Semab sema5ba 3375 1124 6.41 124.95
sema5bb 3279 1092 6.88 121.37
Sema6 sema6a 2826 941 8.09 105.31
semabba 2610 869 8.77 97.15
sema6bb 2433 810 8.77 88.97
sema6ca 3273 1090 8.14 120.56
sema6cb 1773 590 8.12 65.48
sema6d 3336 1111 8.19 122.18
Sema7 sema7a 1851 526 6.17 59.72

ovary’s capillaries responded to hypoxia cues by extending and
expanding.

Interestingly, in our transcriptome data, several members in the
semaphoring family expressed significantly different at 3 pregnancy
stages. Semaphorins were verified as guidance signals of both nervous
and circulating system. During blood vessels growth, semaphorins
regulate the direction of angiogenesis by combining specific receptors
on endothelial tip cells (Alto and Terman, 2017b; Goshima et al., 2000).
Semaphorins are well-known to play essential role in the development of
tumors and pathological vascular development (Neufeld et al., 2016),
but little is known about their involvement in ovoviviparous teleost
reproduction. A total of 32 sema genes were identified from the genomic
and transcriptomic databases of black rockfish. Notably, the para-
phyletic homologous sema genes have evolved in great numbers in
vertebrates, which may be connected to their more developed neuro-
logical and circulatory system. In black rockfish, sema subtype genes
were located in different chromosomes. Compared with higher verte-
brates, the numbers of sema genes were significantly expanded in most
selected teleost, which could be the teleost-specific whole genome
duplication (Glasauer and Neuhauss, 2014). Within the same subfamily
of sema genes in black rockfish, the positions of the protein domains and
motifs were relatively conserved. The N-terminal Sema domains were
crucial for the activation of their receptors, like plexins and neuropilins,
which were mostly found in the neurological and circulatory systems
and hinted to the formation of blood vessels and axons (Tamagnone
et al., 1999; Zachary, 2014). A Plexin-Sema-Integrin (PSI) domain next
to the C-terminal of Sema domain, which is homologous to the chain of
integrins and a potential regulator of integrin activation (Zhu et al.,
2017). Additionally, an immunoglobulin-like domain is only presented
in class 3 and class 4 sema genes, while class 5 sema genes contain several
thrombospondin (TSP) domains. By directly binding to various receptors
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Fig. 5. Phylogenetic relationships of sema genes in black rockfish and selected species, including human, mouse (Mus musculus), chicken (Gallus gallus), cattle (Bos
taurus), African clawed frog (Xenopus laevis), channel catfish (Ictalurus punctatus), guppy, large yellow croaker (Larimichthys crocea), Atlantic salmon (Salmo salar),

zebrafish, honeycomb rockfish (Sebastes umbrosus) and invertebrate species including

Caenorhabditis elegans and fruit fly (Drosophila melanogaster). The phylogenetic

tree constructed using MEGA X software based on the Neighbor-Joining method and Jones-Taylor-Thornton (JTT) model with 1000 replicates. Semaphorins in black

rockfish are indicated by black arrows.

and co-receptors, these domains play a crucial role in the physiological
functions of semaphorins. In the glomerular endothelial cells of mouse,
Sema3C stimulates integrin-phosphorylated endothelial cell prolifera-
tion, migration (Banu et al., 2006). While Sema4D can induce angio-
genesis by activating MET receptor in HUVECs (Conrotto et al., 2005).

Semaphorins are important for vascular development by stimulating
or inhibiting angiogenesis. The progression of new blood vessel
sprouting is determined by a balance between pro- and anti-angiogenic
signals. In this study, we performed expression pattern analysis to
investigate the potential involvement of sema genes during the

formation of capillaries around embryos. The majority of Class 3 sem-
aphorins, the only secretory form in vertebrates, might be transferred
outside of the cells to exert both healthy and pathological angiogenesis
effect (Serini et al., 2009). For example, Sema3A (also known as
collapsin-1) inhibited angiogenesis by blocking the proliferation of
capillary endothelial cells in vitro in rats (Miao et al., 1999). It also in-
hibits the undesirable growth of retinal neovascularization and helps to
form a well-formed vascular system (Yu et al., 2013). Similarly, Sema3B
induced the disintegration of tumor ECs adhesion and actin cytoskel-
eton, preventing ECs from forming capillaries (Varshavsky et al., 2008).
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Fig. 6. Schematic representation of conserved motifs. (A), conserved domain (B) and exon-intron structures (C) of sema genes in black rockfish. The phylogenetic
relationship was shown on the left.

Sema3C inhibits the formation of vascular clusters in retinopathy of Comprehensive characterization of the expression profiles during
prematurity through its receptor Neuropilin-1 and Plexin-D1 (Yang pregnancy identified DEGs and key pathways were primarily enriched in
et al., 2015). Sema3F could inhibit tumor cell proliferation, cell adhe- cell proliferation and migration, that were crucial for angiogenesis.
sion, migration and angiogenesis by blocking VEGF-VEGFR2 signaling Among the DEGs, members in semaphorin family were focused since the
pathway (Bielenberg et al., 2004; Kessler et al., 2004). Moreover, relevant to angiogenesis. Members of the black rockfish semaphorin
Sema3E and Sema3D could suppress the expansion of blood vessels family have been identified. Due to genome-wide duplication and tan-
(Aghajanian et al., 2014). However, Sema4D promotes endothelial cell dem duplication events, the semaphorin family has grown because of
migration, tube formation, vascular permeability, internalization of their great evolutionary conservation. Their various expression patterns
cadherin and angiogenesis by activating either Plexin-B1 or Plexin-B2 might support various angiogenesis-related functions in pregnant black
(Conrotto et al., 2005; Wu et al., 2020). Sema4C induced angiogenesis rockfish. Overall, our research provided novel evidence that sema genes
in breast cancer cells by activating the NF-kB pathway (Yang et al., play a role in the reproductive physiology in ovoviviparity teleost.
2019). Interestingly, depending on the surrounding environment, Funding information

Sema4A present opposite effects in angiogenesis (Meda et al., 2012; This study was supported by the National Natural Science Founda-
Toyofuku et al., 2007). Sema6D and its receptor Plexin-A1 were highly tion of China (4197608).

expressed in gastric cancer vascular epithelial cells to activate angio- Availability of data and material

genesis (Lu et al., 2016). Sema7A is a guiding signal that promotes tumor The results of RNA-seq have been deposited in the Short Read
angiogenesis and induces relevant angiogenic chemokines via alpl Archive (SRA, https://www.ncbi.nlm.nih.gov/Traces/sra) of the Na-
integrins (Garcia-Areas et al., 2014). In our results, members in the Class tional Center for Biotechnology Information (NCBI) with accession
3 semaphorins, including sema3aa, sema3ab, sema3b, sema3e, sema3c, number PRJINA820964.

sema3db, sema3fa, sema3fb showed low expression levels at sarcomere

period. While sema4aa, sema4c, sema4d and sema7a increased signifi- Declaration of Competing Interest

cantly. The semaphoeins identified in our study might be key signaling

molecules of pregnant development in black rockfish and merit further The authors declare that they have no known competing financial
study. interests or personal relationships that could have appeared to influence

the work reported in this paper.

5. Conclusion
Data availability

In conclusion, we were able to confirm that following fertilization,
capillaries developed surrounding embryos in the ovary of black rock- No data was used for the research described in the article.
fish. Comparative transcriptome analysis of three different stages of
pregnancy was done to uncover the underlying mechanism.
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