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In teleosts, the onset of puberty in females is marked by the mpearance of the
rst wave of pre-vitellogenic (PV) follicles from the pool foprimary growth (PG)
follicles (follicle activation) in the ovary during sexuabaturation. To understand the
mechanisms underlying follicle activation and thereforeyberty onset, we undertook
this transcriptomic study to investigate gene expression  les in the event. Our
analysis revealed a total of 2,027 up-regulated and 859 dowanegulated genes during
the PG-PV transition. Gene Ontology (GO) analysis showed ahin addition to basic
cellular functions such as gene transcription, cell diffentiation, and cell migration, other
biological processes such as steroidogenesis, cell signimg and angiogenesis were also
enriched in up-regulated genes; by comparison, some proceses were down-regulated
including piRNA metabolism, gene silencing and proteolysi Further Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis identied a variety ofighaling pathways
that might play pivotal roles in PG-PV transition, includgnMAPK, TGFb, Hedgehog,
FoxO, VEGF, Jak-STAT, and phosphatidylinositol signalingathways. Other pathways
of particular interest included endocytosis and glycosamioglycan biosynthesis. We
also analyzed expression changes of genes expressed in diffent compartments viz.
oocytes and follicle cells. Interestingly, most oocyte-sgci ¢ genes remained unchanged
in expression during follicle activation whereas a great mouber of genes speci cally
expressed in the follicle cells showed signi cant changesni expression. Overall, this
study reported a comprehensive analysis for genes, biologal processes and pathways
involved in follicle activation, which also marks female [erty onset in the zebra sh when
occurring for the rst time in sexual maturation.

Keywords: transcriptomics, RNA-seq, follicles, folliculoge nesis, puberty, zebra sh

INTRODUCTION

In each mammalian ovarian cycle, a limited number of primotdialicles are recruited to
undergo a gonadotropin-independent growth phase (primary aadosdary follicles) leading
to antral formation (initial recruitment). This is followetly gonadotropin-dependent selection
toward formation of pre-ovulatory follicles (cyclic recruigmt) (1). As a critical stage of
ovarian folliculogenesis, follicle recruitment or actiwetinas been extensively studied in di erent
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mammalian models. Despite this, our understanding of theneve in the ovary. This happened when the body weight reached
and its controlling mechanisms is still limite®), partly due to 100mg or standard body length above 1.8cm, suggesting a
the limited supply of early follicles for study. role for the somatotrophic or growth axis in activating the

Similar to that in mammals, the process of folliculogenesiseproductive axis {), similar to the situation in salmons1()
in sh has also been divided into gonadotropin-independentand mammals Z1). By using candidate gene approach, a
stage (primary growth, PG) and gonadotropin-dependent stageariety of genes especially growth factors and their receptor
(secondary growth, SG), which are equivalent to preantrdhiave been shown to display dierential expression patterns
and antral stages in mammals respectively, @lthough this during the PG-PV transition in zebra sh, including activin
view has recently been revised by emerging genetic dgta (inhibin-follistatin family (22, 23), transforming growth factor
During sh life cycle, the rst transition from PG to SG in b (TGF-b) family (24), bone morphogenetic protein (BMP)
the ovary is considered an early visible marker for pubertfamily (25-28), epidermal growth factor (EGF) family2$-31),
onset or activation of the hypothalamic-pituitary-gonad (8P insulin-like growth factor (IGF) family §2-34), Kit family (35),
axis in females¥-7). Although the PG-SG transition has beenand anti-Mullerian hormone (AMH) 86). The candidate gene
described in many sh species, the mechanisms that contrapproach has recently been boosted by the emergence of powerful
this important developmental event remain poorly understoodgenome editing technologies such as TALEN and CRISPR/Cas9.
Studies in di erent sh species have provided lines of evidencén increasing number of genes have been analyzed for their
for roles of pituitary hormones especially gonadotropins (FSHunctions in early folliculogenesis in sh models. For example,
and LH), gonadal steroids and growth factors in regulatingdisruption of oocyte-speci ¢ transcription factogla in zebra sh
the event. A classical experiment of hypophysectomy in thé37) and ovarian aromataseypl9alpin zebra sh (28 38, 39),
gold sh showed an arrest of folliculogenesis at the traosit medaka ¢0) and tilapia ¢1) blocked early folliculogenesis and
from PG to previtellogenic (PV, the beginning of SG with coali  induced female-to-male sex reversal. In addition, inatton
alveoli) stage without pituitary, strongly suggesting imtaot ~ of foxl2a/bin zebra sh (42) and tilapia ¢1), sflin tilapia (43),
roles for pituitary hormones in controlling follicle activah (8).  foxI3in medaka {4), and bmp15in zebra sh 298 all resulted
This idea has been supported by studies in other species. Forfemale-to-male sex reversal. Interestingly, the lostslofin
example, PG follicle growth and PG-PV transition in salmongemale zebra sh caused complete failure of follicle acitvaor
were associated with increased plasma FSH level and gona@&3-PV transition followed by sex reversal to mal&sif).

FSH receptor expressio,(10). Similar results have also been  While the candidate target gene approach is still the major
reported in the zebrash 11, 12). Our recent study in the form of study for gene functions in folliculogenesis, theres ha
zebra sh using gene knockout approach provided further genetibeen an increasing number of studies using high-throughput
evidence for the importance of gonadotropin signaling, esgiigci approaches such as transcriptomics using either microarray
FSH-FSHR pathway in controlling follicle activatiof, (L3). In  or next generation sequencing (NGS)-based RNA sequencing
addition to pituitary gonadotropins, gonadal steroids esplgi (RNA-seq) to investigate di erentially expressed genes (DEGS)
androgens have also been implicated in regulating early ollicand regulatory networks. In humans, thousands of genes were
growth and possibly activation as well. In the short nned eelshown by microarray analysis to be dierentially expressed
(Anguilla australi, treatment with sh-speci c androgen 11- between mature oocytes and the somatic tissyés. Similar
ketotestosterone (11-KT) signi cantly promoted the growth  approach also revealed hundreds of DEGs between the cumulus
PG folliclesin vitro (14) and PG-PV transitionin vivo (15. granulosa cells and the granulosa cells in the follicular (4d).
Similar results have also been reported in the Atlantic co®imilar transcriptome studies have also been performed in a
(Gadus morhud..) (16, 17). Recentin vitro studies in the coho variety of mammalian species on temporal expression pro les
salmon Oncorhynchus kisutfleon rmed the stimulatory e ect  at di erent stages of folliculogenesis, including bovine s

of 11-KT on PG follicles and their transition to PV follicles. of di erent sizes ¢8), primary and secondary follicles in sheep
Interestingly, these studies provided evidence for sedalent (49), secondary and early antral (tertiary) follicles in the goa
roles of androgens and estrogens in early follicle developmen(50), three di erent stages of antral follicles (small, medium
Androgens [11-KT and testosterone (T)] but not estrogen®)(E and large) in the pig %1), and unassembled, primordial and
promoted the growth of PG follicles and their transition to PV primary follicles in the rat®). In contrast to mammalian models,
stage; however, E2 exhibited strong stimulatory e ect on theimilar studies are limited in non-mammalian species. In the
development of PV follicles after the transitiobq 19). Evidence pigeon, pre-ovulatory and post-ovulatory ovaries were analyzed
has also accumulated for roles of growth factors in contigll for transcriptomes, and more than 400 DEGs were identi ed
early folliculogenesis. Both IGF-I and Il increased themgsha (52). In teleosts, a few studies on ovarian transcriptomes have
levels during PG-PV transition together with FSH and EQ)(In been reported using subtractive hybridization, serial gsial of
agreement with this, IGF-1, but not insulin and leptin, ine@sed gene expression (SAGE), microarray, or RNA-seq. In the at sh,
the size of eel PG folliclés vitro (14). microarray analysis on three stages of follicle developmeant,

As a daily spawner with continual development of ovarianoocyte growth (vitellogenesis), maturation and follicleeata,
follicles, the zebra sh has become a popular model for stuglyinidenti ed 118 DEGs §3). In the rainbow trout, three stages
follicle development and its controlling mechanisri0). In  of precocious ovaries were analyzed for DEGs as compared
a recent study, we demonstrated that the female zebra sto normal ovary by subtractive hybridization and microayra
entered puberty when the rst cohort of PV follicles appeared(54). A recent RNA-seq study in the common carp examined
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gene expression pro les at three stages of ovarian developme(H&E), followed by observation and photographing on Nikon
namely undi erentiated gonads, immature juvenile ovary andECLIPSE Ni-U microscope (Nikon, Tokyo, Japan).
mature adult ovary, with a large number of DEGs assigned to ] ]
biological processes related to reproductisg)( In the zebra sh,  Follicle Isolation and RNA Preparation
an early study used SAGE to analyze the transcriptome of fulZebra sh were anesthetized by ice shock and decapitated
grown follicles and compared it with similar transcriptomesbefore dissection. Before follicle isolation, ovariesengarefully
of other vertebrate specie$d). Despite these studies, thereremoved from three female zebrash and placed in a 100-
is a lack of transcriptome analysis on early folliculogenesignm Petri dish containing 60% Leibovitz L-15 medium (Gibco
which is critical for understanding the underlying mechamis  Invitrogen, Carlsbad, CA). Fat tissue and ligaments surcing
controlling follicle activation and therefore puberty onsgsing  the ovaries were stripped o using a BD Microlance 26G needle
subtractive hybridization, a study in the coho salmon conguhr (BD, San Diego, CA). To separate follicles, a transfer pipgEe (
PG (perinucleolar stage) and PV follicles (early stage of SBio |, Guangzhou, China) was used to pipet ovarian fragments
with cortical alveoli) with the aim to identify DEGs betwet#re  up and down a few times, followed by further pipetting with a
two stages in early folliculogenesis. Some di erentiallgrezsed BD 23G needle for a few times. After separation of follicles, th
genes were identi ed, including zona pellucida glycoprot@p PG (< 100mm) and PV follicles ( 180-250nm) were isolated
genes, vitellogenin receptorgldlr), anti-Miillerian hormone by ltering through sieves with di erent pore sizes, including
(amh), gonadal soma-derived growth factaysd), and follicle- ~ 100mm (SPL Lifesciences, Waunakee, WI), 180 and@s@Jiu
stimulating hormone receptorf¢hn (57). Also in the coho Feng, Heng Shui, China). The PG follicles that passed through
salmon, a recent study demonstrated signi cant changes ithe 100mm sieve were collected by centrifugation at 3,000 rpm
ovarian transcriptome in response to 11-KT, which stimulateor 2 min, and the PV follicles retained between 180 and &0
PG-PV transition. The DEGs identi ed included those invety were collected also by centrifugation. The PG and PV febicl
in gonadotropin, steroid and growth factor signalintg. were washed twice with 1 X PBS. In total, nine zebra sh were
Using zebrash as the model, we undertook thisused and divided into three groups (3 sh per group) for follicle
transcriptomic study to analyze gene expression pro legsolation and RNA preparationn(D 3). The entire process
during follicle activation/recruitment or PG-PV transith by  of ovary dissection, follicle isolation and washing was
NGS-based RNA-seq. This high-throughput approach of genwithin 1-1.5h to minimize changes of gene expressiowitro.
expression analysis promises to provide us a comprehensiV@tal RNA from PG and PV follicles of each group was extracted
and global view on genes and regulatory networks or pathwayssing Tri-Reagent (Molecular Research Center, Cincinnati) OH
involved in follicle recruitment or activation. The datatained according to the protocol of the manufacturer and our previous
from the present study together with the availability of gere report (58). The RNA was then treated with DNase for 10 min at
editing technologies in the zebrash will make this species$$7 C to remove genomic DNA [10ng RNA in 100mi reaction
an excellent platform for studying gene functions in ovarianbu er with 2U DNase | from NEB (Ipswich, MA)] followed by
folliculogenesis. phenol-chloroform extraction and ethanol precipitation.

MATERIALS AND METHODS RNA Sequencmg gnd Differential
Expression Analysis

Animals For RNA library construction, the integrity of the RNA samples
The wild type zebra shDanio rerig of AB strain was used in was rst analyzed on the Bioanalyser 2100 (Agilent, Stockport,
this study. The sh were maintained in the ZebTEC multilingin UK). RNA libraries were prepared using the NEBNext Ultra
rack system (Tecniplast; Buguggiate, Italy) under an adl c Directional RNA Library Prep Kit (NEB) and sequenced on
photoperiod of 14 h light:10 h dark. The temperature, pH andthe HiSeq 2500 Sequencing System (lllumina, San Diego, CA)
conductivity of the system were 28 1C , 7.5 and 400nS/cm, with 100-bp paired end reads. FastQC (v0.11.5) (https://www.
respectively. The sh were fed with paramecia, brine shrimpl, anbioinformatics.babraham.ac.uk/projects/fastqc/) was duser
Otohime sh diet (Marubeni Nisshin Feed, Tokyo, Japan) twace quality checking of the raw fastq data. These raw reads were
day during larval, juvenile and adult stages, respectively. aligned against zebra sh reference genome (assembly GRCz1

All experiments were performed under a license from theusing TopHat2 (v2.1.1) (https://ccb.jhu.edu/software/topha
Government of the Macau Special Administrative Region (SAR)nanual.shtml) $9) with default parameters. StringTie (v1.3.3b)
and approved by the Animal Experimentation Ethics Committeg(https://ccb.jhu.edu/software/stringtie/index.shtnf§0, 61) and

of the University of Macau. prepDE.py Python script provided with StringTie tool were
_ ) _ ) used to assemble the alignments into transcripts and extract
Histological Examination the raw read counts for reference genomic features resgdytiv

For histological examination, the dissected ovarian sampleBhe read count matrix was processed by DeSeq2 package
were immediately xed in Bouin's solution overnight at room (v1.16.1) (https://bioconductor.org/packages/release/btml/
temperature. The xed samples were dehydrated and embedd&®ESeqg2.html) §2) for dierential gene expression analysis.

in paran according to our previous report §), and then Genes withp-values<D 0.05 and log2 (fold changey D1
serially cut into 7rmm sections on a microtome (Leica, Wetzlar,were considered as di erentially expressed genes (DEGSs) with
Germany). Slides were stained with hematoxylin and eosistatistical signi cance.
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The transcriptome data analysis was performed at the-value) [-logl0¢-value)]: (1) signi cant for both fold change
Genomics and Bioinformatics Core (Faculty of Health Saésnc and g-value, (2) signi cant for fold change but nonsigni cant
University of Macau), and all the raw data were submitted tdor g-value, (3) nonsigni cant for fold change but signi cant

NCBI GEO database with accession number GSE99308. for g-value, and (4) nonsigni cant for both fold change ag
) ) ] value Figure 2A). A large number of genes showed signi cant
Functional Enrichment Analysis di erential expression between the two stag&g(re 2B). To

Signi cant DEGs were subject to GO and KEGG pathwayon rm the RNA-seq result, we evaluated 6 up-regulated genes
enrichment analysis using online resource DAVID (v6.8)(  (cypl19alafshr, inha, inhbaa notch3 and amh) and 6 down-
GO terms and KEGG pathways withrvalues< 0.05 were regulated genegédd45gdpl, march4ube2qllzp2.1andzp2.5
considered signi cantly enriched. DEGs with signicant4® (marked inFigure 2A) using RT-gPCR. The result showed that
(fold change) were mapped onto the enriched KEGG pathway| these genes exhibited signi cant di erence in their exgsien
maps using Pathview package (v1.16.5) (http:/bioconduntgf. between PG and PV stages, fully agreeing with the RNA-sed resul

packages/release/bioc/html/pathview. htni). (Figure 3).

.. . To classify the genes expressed in PG and PV follicles,
Reverse Transcription and Real-Time including total expressed genes and DEGs (both up- and
Quantitative PCR (RT-gPCR) down-regulated genes), we generated the Venn diagram by

Reverse transcription was performed at G@7for 2h in a an online software (http://bioinformatics.psb.ugent.behtools/
total volume of 10ml reaction solution containing 3ng RNA, Venn/). In total, 20,173 genes were detected with 17,074
0.5mg oligo (dT), 1X MMLV RT bu er, 0.5mM each dNTP, expressed in both PG and PV follicles, and 1,313 and 1,786
0.1 mM dithiothreitol, and 100 U M-MLV reverse transcriptasedetected in PG and PV only respectively. Among the genes
(Invitrogen, Carlsbad, CA). To validate the RNA-seq data, wexpressed in both stages, 1,917 and 835 genes were up-
determined the expression levels of some selected genes-by Rid down-regulated in PV follicles respectively with statait
gPCR in both PG and PV follicles, includinighr, cypl9ala signi cance in both fold change and-value. For 1,786 genes
inha, inhbaa notch3 amh, gadd45g4pl, march4 ube2qll1zp2.1  speci cally expressed at PV stage, 110 showed signi cance in
and zp2.5 The expression levels were normalized to that ofn both fold change and}-value whereas 24 PG-speci ¢ down-
the housekeeping gerefla The standard for each gene wasregulated genes showed signi candgégure 4A; for details see
prepared by PCR ampli cation of cDNA fragments with speci ¢ Supplemental Table 2 All these DEGs with signi cant change
primers Supplemental Table ). After puri cation from the gel, were subject to further GO analysis.

the amplicons were quantitated by electrophoresis along with

O'GeneRuler DNA Ladder Mix (Thermo Scienti ¢, Waltham, . .

MA), and the copy number of DNA molecule was calculated. Th&O Analysis for DEGs in PG and PV

real-time qPCR assay was performed on the CFX96 Real-tinfeollicles

PCR Detection System (Bio-Rad, Hercules, CA) and repeatédkter analysis of gene expression pro les in PG and PV follicles

twice. the DEGs with statistical signi cance were subject to fertlcO
. enrichment analysis, which covered all 2,027 (1@1710) up-
Data Analysis regulated and 859 (835 24) down-regulated genes mentioned

The mRNA level of each target gene was normalized to thgbove. Among the three GO domains, we focused our analysis on

internal controlefla.All values were expressed as the mean the domain of Biological Process (BP).

SEM (1 D 3), and the data were analyzedtstest using Prism6  The analysis revealed signicant enrichment of a large

on Macintosh OS X (GraphPad Software, San Diego, CA). number of GO terms during PG-PV transition. As expected,
many GO terms associated with fundamental biological

RESULTS processes were enriched for up-regulated genes duringléollic
. ) . . activation, including transcription (e.g., DNA-templated
Differential Gene Expression Pro les in PG transcription), translation (e.g.,amino acid transmembrane
and PV Follicles transpor), metabolism (e.g.ATP synthesis coupled electron

The PG and PV follicles were isolated as described. The P@nspor), and key cellular activitiexéll growth, di erentiation,
follicles were small and transparent with diameters less thamigration, adhesionand deatl. In addition, a variety of key
100mm, whereas the PV follicles were much larger and lessignal transduction processes were enhanced, as indicated b
transparent. The PV follicles collected for analysis rangechf the enrichment of up-regulated genes in GO terms associated
180 to 250mm in diameter. In histological sections, the PV with steroid hormone mediated signaling pathveayall GTPase
follicles were bigger with numerous cortical alveoli in tezytes mediated signal transductipreceptor tyrosine kinase signaling
and a continual layer of follicle cells surrounding the ocy pathway, receptor serine/threonine kinase signalingwpsth
(Figure 1). Sequence analysis of mMRNAs from PG and PWIGF- receptor signaling pathway, BMP signaling pathway,
follicles showed that on average 84% reads were aligneceto thesponse to cAMP, response to cytokine, smoothenedngignali
zebra sh reference genome. The DEGs between PG and Rdathway, ephrine receptor signaling pathweaycellular response
follicles are shown in four groups in the Volcano plot basedo hormone stimulugFigure 4B). The up-regulated genes of
on log2(fold change) ang-value (Benjamini-Hochberg adjusted some of these GO terms and their expression levels are dlastr
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FIGURE 1 | Morphology of zebra sh PG and PV follicles(A) Ovarian fragments with PG and PV folliclegB) Histological morphology of PG and PV follicles.
(C) Isolated PG follicles€ 100 mm in diameter).(D) Isolated PV follicles (180 to 256mnm in diameter).

in Figure 5. Interestingly, a series of GO terms associated witlpathway, MAPK signaling pathway, TGFsignaling pathway,
angiogenesis and vascularization were also up-regulatedgdu Jak-STAT signaling pathway, ErbB signaling pathway, ECM-
follicle activation, includingangiogenesis, sprouting angiogenesigceptor interaction and cytokine-cytokine receptor intetian
lymphangiogenesis, lymph vessel development, vasesikmyah  (Figure 8A). Several metabolic pathways were also enriched for
blood vessel developmérigures 4B 6). While a large number up-regulated DEGs, including glycerophospholipid metabolism
of GO terms were up-regulated during PG-PV transition, aand glycosaminoglycan biosynthesis. Interestingly, a large
number of GO terms were enriched for down-regulated genesjumber of up-regulated genes belonged to the pathway of
and they are mostly associated with chromatin structurg.(e. endocytosisKigure 8A). Compared with up-regulated pathways,
nucleosome assembbnd chromatin silencing egg-sperm fewer pathways were found to be down-regulated includinittig
interaction (e.g.,egg coat formatignacrosome reactiprand junction and tryptophan metabolisnHgure 8B). The enriched
sperm bindiny RNA silencing (e.g.piRNA metabolic process KEGG pathways for both up- and down-regulated genes are
and gene silencing by RINAneiosis (e.gmeiotic cell cycland  shown in theSupplemental Figures 12, respectively.

meiotic DNA double-strand break formatjprand proteolysis
(Figure 40). The representative GO terms enriched for down-

regulated genes and the expression levels of these genes I;ggpressmn of Oocyte- and Follicle

plotted in Figure 7. Cell-Speci ¢ Genes During Follicle

. . Activation
Pathway Analysis for DEGs in PG and PV Ovarian follicles consist of oocytes and somatic folliclésce
Follicles According to our published and unpublished data, the oocyte-

In addition to enrichment analysis for GO terms, we alsospeci c genes often showed little changes in expression durin
performed KEGG pathway analysis to identify pathwaysgollicle activation, whereas those expressed in the foltiells are
potentially involved in follicle activation. Nineteen pathys often up- or down-regulated. To provide further evidence for
were found to be signi cantly enriched for genes up-regufiate this observation, we examined the expression changes osgene
during PG-PV transition p < 0.05). Interestingly, most specically expressed in the oocytes and follicle cells. Simee t
of these pathways are involved in signal transductionissue has not been systematically studied in the zebralsh, t
including phosphatidylinositol signaling pathway, VEGFinformation about the localization of gene expression in tive
signaling pathway, hedgehog signaling pathway, FoxO signali compartments was based on previous studies in the zebra sh
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DEGs. (A) Up-regulated DGEs (PG vs. PV)cypl9ala, amh, fshr, notch3, inhbaa, and inha. (B) Down-regulated DGEs (PG vs. PV)gadd45ga, Ipl, march4, ube2ql1,
zp2.1, and zp2.5. All the selected DGEs showed the same expression pattern inoth RNA-seq and qPCR analyses. *® < 0.01; ***P < 0.001.
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FIGURE 4 | Venn diagram and scatter plots of enriched GO terms for up-igulated and down-regulated DEGs in PG/PV transition(A) Venn diagram showing
distribution of signi cant DEGs in different classes, inclding groups for expressed genes in PG and PV follicles, and u@and down-regulated gene groups. Among the
genes expressed in both PG and PV follicles, 17,074 genes shwed no signi cant difference in expression, and 1,917 and 835were signi cantly up- and
down-regulated, respectively, from PG to PV stage. A total fol,786 genes were detected in PV follicles only, and 110 wersigni cantly up-regulated in PG/PV
transition. On the other hand, a total of 1,313 genes were deicted in PG follicles only, and 24 were signi cantly down-reglated genes in PG/PV transition(B) Scatter
plot for enriched GO terms for up-regulated DEGs in PG/PV traition. (C) Scatter plot for enriched GO terms for down-regulated DEGsi PG/PV transition. Rich
factor is the ratio of number of DEGs for particular GO term @r the number of genes in background for that GO term. The sizand color of the circles in scatter plots
are scaled with respect to the number of DEGs ang-value respectively.

and a dataset available in the sheép)( which was the rst and its transcription stimulatorfoxI2 (forkhead box L2).esrl
comprehensive RNA-seq study in mammals on transcriptomeand esr2b (estrogen receptors)ishr (FSH receptor),notch3
of oocyte and granulosa cells in early follicles. (neurogenic locus notch homolog protein,3hha and inhbaa

In agreement with our observations, most of genes expresséihhibin and activin subunits)acvrll(a type | receptor of TGHE
in the oocytes showed stable expression from PG to PV stagajperfamily)wntda(a ligand of frizzled family receptors@gfra
including some well-known oocyte factors such ki (Kit  anderbb2(receptors of EGF familyjympr2a/b(type Il receptors
receptor A) andybx1(Y box binding protein 1). Some oocyte- of BMPs), andckitlga (Kit ligand A) (Figure 9).
speci ¢ genes showed decreased expression, includifg2b
(InsI3 receptor) spoli(initiator of meiotic double stranded DISCUSSION
breaks), and members of zona pellucida (ZP) family proteins,
whereas some were increased suctazeh4(a member of the The follicle development in the zebrash consists of two
ATP-binding cassette transporter family) astt7a3a/lfcationic  major phases, i.e., PG and SG. The SG phase is further
amino acid transporter 3). In contrast, a large number of genedivided into previtellogenic (PV), early vitellogenic (EVid-
expressed in the follicle cells displayed signi cant chaniges vitellogenic (MV), late vitellogenic (LV), and full-growrFG)
their expression during the PG-PV transition and most werestages according to follicle size and morphological chariatites
up-regulated. Many of the top up-regulated genes are relate@, 66, 67). Although zebra sh is now being commonly used as
to steroidogenesis, synthesis of estrogens and theirmectand  a model for studying sh reproduction and its folliculogenssi
signaling of various endocrine and paracrine factors, idtly  in the ovary is well characterized at morphological leve th
nr5ala/b(steroidogenic factor 1ypl9aldovarian aromatase) molecular mechanisms underlying follicle activation or P&
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FIGURE 5 | Graphic illustration of expression levels of various DEGgtregulated in different biological processes related toell signaling in PV follicles. The GO terms
chosen for plotting were those withP < 0.1. *P < 0.05; **P < 0.01; ***P < 0.001.

transition remain largely unknown. Using NGS-based RNA-cypl9alfshr,amhandinhain 11-KT-induced PG-PV transition
seq, the present study demonstrated, for the rst time, 19. Interestingly, the expression of zona pellucida &P/
comprehensive gene expression pro le during ovarian folliclgenes £p2andzp3 showed signi cant reduction during PG-PV
activation in the zebra sh. Our data showed that althoughsno transition. This seems contradictory to the role of Zp protein
of the genes detected were common between the two follicfellicle development because the chorion, which consists of Zp
stages, many genes showed stage speci city in expression. Quioteins, is one of the hallmarks for follicle activation d6HPV
analysis revealed a large number of candidate genes that weéransition (23). This pattern ofzp expression, however, agrees
potentially involved in the activation of ovarian follicles BG-  well with previous studies in both zebra sh and other species.
PV transition, which also marks puberty onset when it occors f The transcripts okp2andzp3were abundantly expressed in the
the rsttime in zebra sh life cycle. PG oocytes, and their levels decreased signi cantly whilergmg
The quality of RNA-seq analysis was validated by real-timéhe PV stage. This was also con rmed lysitu hybridization,
gPCR on twelve selected genes with six up- and six dowriransgenesis and promoter analysi§«{71). Furthermore, their
regulated from PG to PV. These genes were chosen based expression was independent of estrogen signaliityy (This has
either their positions in the Volcano plot or previous studi@édl.  been con rmed in other sh species such as coho salmon.(
twelve genes showed consistent results in RNA-seq and gPCRIn addition to the aforementioned genes, further analysis
analyses. The up-regulation efypl9ala, fshr, amh, inhend of the RNA-seq data identi ed a large number of biological
inhbaais consistent with previous studied( 23 36, 68) and processes and pathways that are potentially involved in
the increased expression wbtch3agrees with our unpublished controlling follicle activation, including those conceng
data (Lau and Ge, unpublished). A recent RNA-seq study itranscription, translation, metabolism, and various cellular
the coho salmon also demonstrated increased expression ativities such as proliferation, di erentiation, migratiprand
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FIGURE 6 | Graphic illustration of expression levels of various DEGgtregulated in different biological processes related tomgiogenesis and blood vessel formation
in PV follicles. The GO terms chosen for plotting were thoseith P < 0.1. *P < 0.05; **P < 0.01; ***P < 0.001.

death. These are expected because follicle activationvesol  Together with gonadotropins, steroid hormones are believed
signi cant structural remodeling. Herein we will focus our to be essential for normal folliculogenesis, in particular the
discussion on the following aspects: signal transductiorgstrogen signaling pathwayg 79. The involvement of gonadal
angiogenesis, endocytosis, glycosaminoglycan biosyistiRNA  steroids in follicle activation is supported in the present stud

silencing, and proteolysis. by enriched GO terms of steroid hormone mediated signaling
) ] pathway and cellular response to estrogen stimulus. Among the
Slgnal Transduction genes signi cantly up-regulated were nuclear estrogenptecs

Follicle activation is a critical step of early folliculogsis, which  (esrland esr2h, androgen receptoraf) and progestin receptor
involves dramatic changes in both structure and function/¢).  (pgn. The increased expression of nuclear estrogen receptors
A large body of evidence has accumulated in recent yearstin boagrees well with our recent study in the zebra sk0Y and the
mammals and sh that follicle activation or recruitment inlves reports in the coho salmon that E2 had potent stimulatory e ect
extensive regulation by endocrine and paracrine factégfs {3~ on the growth of PV follicles and accumulation of corticalesli

74), which activate a variety of signaling pathways) (As master (18, 19). In mammals, androgen signaling has been reported to
hormones that control gonadal development and function, thébe essential for normal folliculogenesil), and the disruption
pituitary gonadotropins (FSH and LH) signal mostly through of androgen signaling resulted in defective folliculogénés).
CcAMP/PKA pathway (6, 77). Loss of FSH receptofshr) inthe In sh, lines of evidence from dierent species also point
zebra sh led to complete arrest of folliculogenesis at P@esta to the importance of androgens in early follicle development,
(4), suggesting an important role for gonadotropin signalingespecially growth of PG follicles and PG-PV transitidd, (16—

at follicle activation. Our demonstration of increasddhr 19). Using RNA-seq approach, a recent study in the coho salmon
expression7) and enrichment of biological processsponse to demonstrated signi cant changes in ovarian transcriptorftera
cAMPduring PG-PV transition provides supportive evidence forexposure to 11-KT. A variety of genes were up-regulated by 11-
such regulation. KT, including genes associated with steroidogenesis aTdist
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FIGURE 7 | Graphic illustration of expression levels of various DEGodn-regulated in different biological processes relatedat egg coat formation and egg-sperm

interaction, piRNA metabolism and RNA silencing, and protdysis in PV follicles. The GO terms chosen for plotting werose with P < 0.1. *P < 0.05; **P < 0.01;
P < 0.001.

action (L9, similar to our data in this study. In Japanese huchercontrolling zebra sh follicle activation is strongly supped
and common carp, both progestin (DHP, 4,72(-dihydroxy- by our RNA-seq data. A series of GO terms concerning
4-pregnen-3-one) and E2 have been shown to regulate earygnal transduction pathways, mostly those in growth factor
oogenesisg3). A recent study in the zebra sh showed that the signaling, were enriched in up-regulated genes, including
disruption of pgrled to female infertility due to failed ovulation transmembrane receptor protein tyrosine kinase signaling
(84). It would be interesting to examine if the loss pfyr pathway, TGHs receptor signaling pathway, transmembrane
has any impact on early follicle development. Taken togethergceptor protein serine/threonine kinase signaling pathviaifP
steroid-mediated signaling pathway might be one of the pilvotasignaling pathway, and Notch signaling pathway. Consistent
mechanisms that regulate PG-PV transition in the zebra shwith GO enrichment analysis, the KEGG pathway analysis
ovary. also suggested seminal importance for various cellular Bigna

In addition to gonadotropins and steroids, a large number ofpathways in follicle activation. Most pathways with signi cant
local ovarian paracrine factors especially peptide growttofact enrichment for up-regulated genes turned out to be signal
have been reported to play roles in controlling mammaliantransduction pathways, including phosphatidylinositol, VEGF,
folliculogenesis especially during early stages &5), including  TGF-b, hedgehog, FoxO, MAPK, Jak-STAT, and ErbB signaling
families of IGF 86), EGF 87), TGFb (89, activin 89, pathways. Most of these pathways have been implicated
BMP including BMP15 and GDF99(), Kit (91), and Notch in ovarian follicle activation or recruitment in mammals
(92. These growth factors and their signaling component§95-97). Among these pathways, the phosphatidylinositol or
also exist in the zebrash ovary2? 24-27, 30, 34, 93  PISK/PTEN/Aktsignaling system is well known to be particlyjar
94). The importance of these ovarian paracrine factors inmportant for follicle recruitment or activation in mammal8g).
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FIGURE 8 | Scatter plots of enriched KEGG pathways(A) Enriched KEGG pathways for up-regulated DEGs in PG/PV trarigin. (B) Enriched KEGG pathways for
down-regulated DEGs in PG/PV transition. Rich factor is theatio of number of DEGs for particular KEGG pathway over the maber of genes in background for that
KEGG pathway. The size and color of the circles in the plots arscaled with respect to the number of DEGs and-value respectively.

The defects in this signaling pathway are closely associthd supporting a role for angiogenesis during follicle activatio
female infertility ©9, 100). In summary, our transcriptomics data (103. In sh, the oocyte growth involves incorporation of
provide strong support to traditional views that ovarian fdiic hepatic vitellogenin from the maternal blood stream, making
activation or recruitment involves pituitary gonadotropins angiogenesis and su cient blood supply a critical conditicor f

steroid hormones and local growth factors. normal folliculogenesis. So far there have been very fewesud
on ovarian angiogenesis in sh models. In tilapia, both VEGF
Angiogenesis and its receptor VEGFR2 (FIk-1) were shown to be expressed in

In addition to signal transduction pathways as describedvabo the granulosa cells with increasing levels during follgriewth,
one of the most interesting discoveries of the present study w Whereas angiopoietin-2 (Ang-2) and its receptor Tie-2 were
that a large number of biological processes related to aegiegjs  expressed in the theca and granulosa cells respectively with
or blood vessel formation were enriched in up-regulated geneexpression mostly observed in early SG follicle§4. This
during PG-PV transition, including angiogenesis, sprogtin agrees well with our transcriptome data in the present study.
angiogenesis, vasculogenesis, blood vessel developriwd, b
vessel morphogenesis, lymph vessel formation, response kEtndocytosis
hypoxia, and regulation of VEGF receptor signaling pathwayDi erent from follicle growth in mammals, which mostly
The VEGF signaling pathway was also signi cantly enriched innvolves proliferation of somatic granulosa and theca cells
KEGG pathway analysis as described above. This result $siggessirrounding the oocyte, the growth of follicles in sh andhetrr
that follicle activation or PG-PV transition must involvetave  oviparous species, especially in the SG stage, is largely due to
angiogenesis or formation of blood vessels, which is likely phenomenal growth of the oocytes because of accumulation of
ensure su cient supply of nutrients, hormones and oxygen tohepatic yolk protein vitellogeninl(05. The uptake of vitellogenin
support fast growing follicles. from the blood stream by the growing oocytes is mediated by
In mammals, the ovary is one of the few organs whergeceptor-dependent endocytosisOg 107). In agreement with
physiological angiogenesis occurs in adult, and ovariathis, our pathway analysis revealed endocytosis pathway as one
angiogenesis has been well documented to be essential fifrthe major pathways that were signi cantly enriched with a
normal follicle growth and maturation 101, 1029. A recent large number of up-regulated genes. This strongly suggeats t
study in infantile rats demonstrated a signi cant increaise although the exogenous vitellogenesis does not occur atd)és
VEGF production during preantral-antral transition, furthe the increased expression of endocytosis-related genes peepar
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FIGURE 9 | Heatmaps of gene expression change during PG/PV transition ith respect to cell type speci city in the ovarian follicle, iz. oocytes and follicle cells. The
genes in red indicates those that increased expression fror®G to PV whereas those in blue decreased expression in the peess.

the follicles for vitellogenin uptake in the subsequent phake (66, 110. The cortical alveoli play an important role in cortical

oocyte growth. reaction during fertilization {11), and their contents contain
rich glycosylated materiald {2 including glycoproteins such as
Glycosaminoglycan Biosynthesis polysialoglycoproteini(13 114 and GAG-like substance$ (5.

The glycosaminoglycans (GAGs) are the most abundant
heteropolysaccharides in the body and they are also importaflRNA Silencing
components of proteoglycans. The GAG biosynthesis includeé8ur GO and KEGG analyses showed that most enriched
two pathways for heparan sulfate/heparin and chondroitinbiological processes and pathways contained up-regulated
sulfate/dermatan sulfate synthesis respectively. Integdgt genes during PG-PV transition, suggesting increased biocdd
the genes involved in these pathways were signicanthactivities in the process. However, some GO terms were
increased in PV follicles. It was recently reported thatsigni cantly enriched for down-regulated genes, inclugin
ovarian GAGs promoted gonadotropin-induced follicle piRNA metabolic processd gene silencing by RNAIRNAs
development in the mouse, and these GAGs might aciPiwi-interacting RNAs) are a special group of small RNAs
at least partially, by stimulating angiogenesis0g, which  (24-31 nt long) that are associated with the Piwi proteins, a
agrees with the increased angiogenic activities discussedbgroup of the Argonaute family. These small RNAs and Piwi
above. Earlier studies demonstrated that the synthesare speci cally expressed in the germ cells to target transposons
of proteoglycans with core proteins and GAGs changednd other genesl(l§. Evidence has accumulated that piRNAs
signi cantly during ovarian folliculogenesis regulatedy b play important roles in germ cell development, embryogenesis
FSH (L09. These studies and our data all suggest importanand genome stabilityl(L7) although the importance has not been
roles for GAGs during folliculogenesis, especially folliclssupported by Piwi knockout study in the mousELQ.
activation. In addition to piRNA, microRNA-mediated RNA silencing
Although the exact roles of GAGs in PG-PV transition remainhas been reported to play important roles in ovarian
unclear, we speculate that they may be related to the biogenefolliculogenesis {19. In a recent transcriptome study, we
of the cortical alveoli (CA) or cortical vesicles/granulastiie  characterized the proles of microRNAs during the PG-PV
oocytes, which is a major hallmark of PV stage as compared to P@nsition in the zebra sh ovary. We identi ed a 13-microRNA
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expression signature that showed signi cant changes duringuberty onset. As expected, a large number of signal trangmuct
the transition (L20. Although the role of non-coding small pathways were activated during PG-PV transition or follicle
RNAs in zebra sh folliculogenesis remains largely unknotne,  activation, which may be responsible for signaling of endwr
enrichment of both piRNA metabolic process and gene silencingormones and paracrine factors such as gonadotropins, steroid
by RNA in down-regulated genes during the PG-PV transitionand growth factors. In addition, a variety of pathways conasy
strongly suggests an important role for RNA interference omngiogenesis or blood vessel formation were also activateagd
silencing in follicle activation. This would be an interiegt follicle activation, indicating increased demand for suppdyi

direction for research in the future. nutrients, hormones, and oxygen to the growing follicleth&
. pathways responsible for specic events or processes such as
Proteolysis biogenesis of cortical alveoli and vitellogenin uptake wais®

Although it was not as signi cant as other GO terms, thesjgni cantly enriched. The follicle activation or PG-P\&fnsition
proteolysis process was enriched by a large number of dowmnay also involve other regulatory mechanisms such as RNA
regulated genes during PG-PV transition. This is intereti sjlencing and proteolysis. With the powerful genome editing
and has promoted us to hypothesize that an active proteifechnologies (TALEN and CRISPR/Cas9) available now in the
turnover may occur in PG and/or early PV follicles; howeverzepra sh model, the functions of novel genes identi ed can be
the activity of protein degradation decreases when the feflic fyrther validated by targeted loss-of-function approach.
approach the end of PV stage (our sampling stage) prior

to entering vitellogenic growth. Our unpublished proteomics

analysis also showed a dramatic change in protein pro le dyirin ETHICS STATEMENT
PG-PV transition in contrast to the relatively consistentda
stable pro les afterwards in vitellogenic growth (Lau and,Ge
unpublished data).

This study was carried out in accordance with the
recommendations by the Legislative Council of Macao Special
Administrative Region under Article 71 (1) of the Basic LalweT
Oocytes vs. Follicle Cells protocol was approved by the Research Ethics Committee of the

In addition to biological process and pathway enrichmentJniversity of Macau.

analyses during PG-PV transition, we also looked at the
expression changes of genes that are expressed in the ddJTHOR CONTRIBUTIONS
di erent compartments of ovarian follicles, i.e., oocytesdan
follicle cells. Since the information regarding expressioPZ designed and executed all the experiments, writing
localization within the follicles is limited in the zebrahs our ~ the manuscript. LP: data analysis. YC: data analysis. WG:
analysis was mostly based on previously published data Rxperimental design, writing the manuscript.
the zebrash and a dataset available in the sheep with the
assumption that most genes also have similar spatial distdbu ACKNOWLEDGMENTS
in the zebra sh follicle ¢5). Interestingly, as we observed in
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in their expression during follicle activation except a few; i (MYRG2014-00062-FHS, MYRG2015-00227-FHS, MYRG2016-
contrast, a large number of genes in the follicle cells showe@072-FHS, and CPG2014-00014-FHS) and The Macau Fund
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PG-PV transition. This suggests that the regulation of eecy and FDCT/089/2014/A2) to WG. We thank the Genomics and
expressed genes may likely occur at post-transcriptional levBioinformatics Core facility of the Faculty of Health Sciesc
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