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ABSTRACT Fox/2 is essential for mammalian ovary maintenance. Although sexually dimorphic expression of fox/2 was observed in
many teleosts, its role and regulative mechanism in fish remained largely unclear. In this study, we first identified two transcript variants
of fox/2a and its homologous gene fox/2b in zebrafish, and revealed their specific expression in follicular layer cells in a sequential and
divergent fashion during ovary differentiation, maturation, and maintenance. Then, homozygous fox/2a mutants (foxI2a=/~) and
foxI2b mutants (fox/2b=/~) were constructed and detailed comparisons, such as sex ratio, gonadal histological structure, transcriptome
profiling, and dynamic expression of gonadal development-related genes, were carried out. Initial ovarian differentiation and oocyte
development occur normally both in foxi2a='~ and foxI2b~/~ mutants, but fox/I2a and fox/2b disruptions result in premature ovarian
failure and partial sex reversal, respectively, in adult females. In foxI2a='~ female mutants, sox9a-amh/cyp19ala signaling was
upregulated at 150 days postfertilization (dpf) and subsequently oocyte apoptosis was triggered after 180 dpf. In contrast, dmrt?
expression was greater at 105 dpf and increased several 100-fold in fox/2b=/~ mutated ovaries at 270 dpf, along with other testis-
related genes. Finally, homozygous foxi2a='~/foxI2b=/~ double mutants were constructed in which complete sex reversal occurs early
and testis-differentiation genes robustly increase at 60 dpf. Given mutual compensation between fox/2a and fox/2b in fox/2b='~ and
foxl2a='~ mutants, we proposed a model in which fox/2a and fox/2b cooperate to regulate zebrafish ovary development and
maintenance, with fox/2b potentially having a dominant role in preventing the ovary from differentiating as testis, as compared to
foxI2a.
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EX is one of the most intriguing puzzles in biology since

antiquity, and has been considered “the queen of prob-
lems in evolutionary biology” (Bell 1982; Bachtrog et al.
2014). Most animals reproduce sexually, but the mechanisms
of sex determination (SD) and differentiation are remarkably
varied (Marin and Baker 1998; Barske and Capel 2008;
Bonduriansky 2009; Williams and Carroll 2009; Gui and
Zhu 2012; Matson and Zarkower 2012). Sex-determining
mechanisms in teleosts are rapidly evolving and highly plastic
but usually depend on genetic factors, with interactions be-

tween genetic and environmental factors affecting down-
stream differentiation (Devlin and Nagahama 2002; Volff
et al. 2007; Desjardins and Fernald 2009; Mei and Gui
2015; Li et al. 2016). Three distinct SD genes, doublesex
and mab-3 related transcription factor 1Y (Dmy/dmrt1bY)
(Matsuda et al. 2002), gonadal somatic cell derived factor
(gsdf) (Myosho et al. 2012), and sex-determining region Y
(SRY)-box 3 (sox3) (Takehana et al. 2014), were respectively
identified from three medaka species, Oryzias latipes, O. lu-
zonensis, and O. dancena; suggesting that SD genes are di-
verse among different teleost species even in the same genus.
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An additional three SD genes—anti-Mullerian hormone recep-
tor type 2 (amhr2) in tiger pufferfish (Takifugu rubripes)
(Kamiya et al. 2012), Y-linked anti-Mullerian hormone
(Amhy) in silversides (Odontesthes hatchery) (Hattori et al.
2012), and sexually dimorphic on the Y chromosome (sdY) in rain-
bow trout (Oncorhynchus mykiss) (Yano et al. 2012)—were also
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identified as key factors to initiate testicular differentiation. Dur-
ing and after gonadal cell specification, germ cells and somatic
cells mutually interact to coordinate sex differentiation of the
gonads (Shinomiya et al. 2000; Devlin and Nagahama 2002;
Siegfried and Niisslein-Volhard 2008; Nishimura and Tanaka
2014). In most teleost species, ovarian differentiation begins with
the proliferation of somatic cells and oogonia and early oo-
cyte differentiation, while testicular differentiation usually
occurs several weeks or months later than ovarian differen-
tiation (Nakamura et al. 1998; Devlin and Nagahama 2002;
Saito et al. 2007). In addition, sex in many fishes, even in
some with heteromorphic sex chromosomes, is influenced or
overrode by a variety of environmental and social cues, such
as sex steroids, temperature, pH, salinity, density, hypoxia,
and others (Baroiller et al. 2009; Desjardins and Fernald
2009; Mei and Gui 2015).

Zebrafish (Danio rerio), as a vertebrate model animal
(Grunwald and Eisen 2002), has been well studied in the
contexts of development and disease. Yet, its primary SD
and differentiation mechanisms still remain controversial
(Nagabhushana and Mishra 2016). Although differentiated
sex chromosomes were not found in domesticated zebrafish
strains (AB and TU) (Sola and Gornung 2001), a sex-determining
region was recently demonstrated in wild zebrafish on a sub-
telomeric region of the long arm of chromosome 4 (Anderson
et al. 2012; Howe et al. 2013; Wilson et al. 2014). Zebrafish
sex may be determined by multiple genes, along with the
influences of primordial germ cells and environmental factors
(Liew and Orban 2013; Nagabhushana and Mishra 2016).
The early gonadal development of zebrafish is a complicated
process. All gonads initially develop as an undifferentiated
“juvenile ovary,” but approximately half of the ovarian tissues
subsequently degenerate and transform into testicular tissue
(Takahashi 1976). Although several key regulation genes—
such as SRY-box 9 (sox9); nuclear receptor subfamily 5 group A
(nr5a); cytochrome P450, family 19, subfamily A, polypeptide
1a (cyp19ala); anti-Mullerian hormone (amh); GATA binding
protein 4 (gata4); and Wilms tumor 1 (wtl)—show sexually
dimorphic expression patterns and are involved in zebra-
fish gonad differentiation (Chiang et al. 2001; Trant et al.
2001; Rodriguez-Mari et al. 2005; Von Hofsten and Olsson
2005; Jorgensen et al. 2008; Sreenivasan et al. 2008), it
is unclear which of these or others might serve as the
initiator(s) or master switch(es) for zebrafish SD and sub-
sequent differentiation.

Forkhead (FKH) box (Fox) proteins which have a highly
conserved 100 amino acid FKH DNA-binding domain (FHD),
play specialized functions in many key biological processes
(Carlsson and Mahlapuu 2002; Benayoun et al. 2011).
Named after the Drosophila melanogaster gene fork head
(fkh) (Weigel et al. 1989), >2000 family members have been
identified in numerous species. Based on similarities in the
FHD and unified nomenclature of Fox genes (Kaestner et al.
2000), Fox proteins are divided into 19 subfamilies, from
FoxA to FoxS (Fetterman et al. 2008; Hannenhalli and Kaestner
2009). Foxl2, one of the earliest known markers of ovarian
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differentiation (Cocquet et al. 2002), is required for granulosa
cell differentiation (Schmidt 2004) and to prevent transdiffer-
entiation of an adult ovary to a testis by suppressing the SRY
target gene Sox9 (Uhlenhaut et al. 2009). FOXL2 was first
identified in blepharophimosis-ptosis-epicanthus inversus
syndrome (BPES) patients with eyelid and craniofacial mal-
formations (Crisponi et al. 2001). In addition, FOXL2 muta-
tion leads to premature ovarian failure (POF), a reduction in
the number of germ cells in some BPES patients (De Baere
et al. 2003; Meduri et al. 2010). In the FoxI2 null mouse,
granulosa cells fail to undergo the squamous-to-cuboidal
transition, which leads to arrest of folliculogenesis and oo-
cyte atresia (Schmidt 2004; Kocer et al. 2008). In teleosts,
fox12 is expressed predominantly during ovary develop-
ment of several species (Loffler et al. 2003), including Nile
tilapia (Oreochromis niloticus) (Wang et al. 2004; Ijiri et al.
2008), rainbow trout (O. mykiss) (Baron 2004), dogfish
(Scyliorhinus canicula) (Wotton et al. 2007), medaka
(O. luzonensis) (Nakamoto et al. 2006), honeycomb grouper
(Epinephelus merra) (Alam et al. 2008), wrasse (Halichoeres
trimaculatus) (Kobayashi et al. 2010), African sharptooth cat-
fish (Clarias gariepinus) (Sridevi and Senthilkumaran 2011;
Bhat et al 2016), and sablefish (Anoplopoma fimbria)
(Smith et al. 2013). Additional studies have focused on as-
sociations of foxI2 with aromatase and sex hormones in the
brain-pituitary-gonad axis (Nakamoto et al. 2006; Nakamoto
et al. 2007; Wang et al. 2007; Yamaguchi et al. 2007; Von
Schalburg et al. 2010; Navarro-Martin et al. 2011; Sridevi and
Senthilkumaran 2011; Sridevi et al. 2012; Crespo et al. 2013).
Two foxI2 homologous genes, foxI2 and foxI2-like, have
been identified in zebrafish (Crespo et al. 2013) and are
referred to here as foxl2a and foxI2b, respectively, in accor-
dance with their phylogenetic relationship and current
naming conventions. The sexually dimorphic expression
pattern of zebrafish foxI2a was already reported (Siegfried
and Niisslein-Volhard 2008; Siegfried 2010; Caulier et al.
2015), however, its functional role and regulative mechanism
remained largely unclear and the expression pattern and func-
tion of foxI2b were completely unknown. Here, we character-
ized a sequential and divergent foxI2a and foxI2b expression in
zebrafish. Using a transcription activator-like effector nucleases
(TALEN) approach (Li et al. 2013; Ota et al. 2013; Huang et al.
2014), we constructed mutants for foxI2a and foxI2b, and iden-
tified cooperative roles for these genes in regulating ovary dif-
ferentiation and maintenance.

Materials and Methods
Maintenance of fish

The wild-type (WT) zebrafish of strain AB was used to produce
mutant lines. Embryos were produced by in vitro fertilization
according to the protocol described in the zebrafish book
(Westerfield 2007). Each group for expression analysis con-
sisted of 30 mutants and 30 WT zebrafish, which was reared
in recirculating freshwater tanks from 4 dpf at 28.5° on a



14 hr light/10 hr dark cycle (Westerfield 2007). All proce-
dures were performed with the approval of the Animal Care
and Use Committee of the Institute of Hydrobiology, Chinese
Academy of Sciences.

Cloning and sequence analysis

Total RNAs were isolated at different stages using SV RNA
Isolation Reagent (Promega, Madison, WI) and they were re-
verse transcribed with M-MIV Reverse Transcriptase (Invitrogen,
Carlsbad, CA) at 37° with Oligo (dT) Primer. To ascertain
or reexamine full-length complementary DNA (cDNA) se-
quences of foxl2a and foxI2b, a zebrafish oocyte SMART
c¢DNA library was constructed according to the SMARTer
PCR cDNA Synthesis Kit User Manual (Clontech). The foxI2a
and foxI2b cDNAs were amplified by 3’ and 5’ RACE with
primers (Supplemental Material, Table S1) designed accord-
ing to the sequences in GenBank (NM_001045252.1 and
XM 009298955.1). The complete cDNA sequences of
fox2a-1, foxl2a-2, and foxI2b were deposited in GenBank
(accession numbers KR232688, KR232689, and KR232690,
respectively).

Multiple amino acid sequence alignment was performed
with the Clustal X program and refined with GeneDoc software.
Phylogenetic analysis was performed with the Molecular Evo-
lutionary Genetics Analysis (MEGA 5) software (Tamura et al.
2011) and the phylogenetic tree was constructed with neigh-
bor-joining methods and 1000 bootstrap permutations. All the
amino acid sequences used in the multiple alignment and phy-
logenetic analysis were obtained from GenBank (http://www:.
ncbi.nlm.nih.gov/) and RefSeq (http://www.ncbi.nlm.nih.
gov/RefSeq/). The accession numbers are as follows: Homo
sapiens FOXL2, NP_075555; Mus musculus FOXL2, NP_036150;
Gallus gallus FOX1.2, NP_001012630; Chrysemys picta FOXL2,
XP 005282573; O. niloticus Foxl2, NP_001266707; O. latipes
Foxl2, NP_001098358; Salmo salar Foxl2, XP_014018845;
O. mykiss Foxl2, NP _001117957; Cyprinus carpio Foxl2,
AKU47820; Gobiocypris rarus Foxl2, ADN38241; D. rerio
Foxl2a, NP_001038717; D. rerio Foxl2b, NP_001304690;
Kryptolebias marmoratus FoxL2, XP_017277495; Fundulus
heteroclitus Foxl2, JAR75273; Dicentrarchus labrax Foxl2,
ACW83540; T. rubripes Foxl2, XM_003968745; Xenopus
tropicalis Foxl2, XP_004917868; D. rerio Foxl3, AAI62838;
T. rubripes Foxl2-like, XP_011620275; O. mykiss Foxl3,
NP_001117956; S. salar Fox12-like, ADJ38819; K. marmoratus
Foxl3, APD78564; F. heteroclitus Foxl2-like, XP 012705892;
D. labrax Foxl3, AFV13295; O. latipes Foxl2-like, XP_004070713;
D. labrax Foxl1, CBN81215; D. rerio Foxl1, NP_957278; O. latipes
Foxl1l, NP_001116391; X. tropicalis Foxll, AAI35134; G. gallus
FOXL1, XP _001231599; H. sapiens FOXL1, NP _005241;
and M. musculus FOXL1, NP _032050. Syntenic analyses
were carried out using information extracted from the
Ensembl (http://www.ensembl.org) genome and the chro-
mosomal regions around foxI2s genes in H. sapiens chromo-
some 3, M. musculus chromosome 9, G. gallus chromosome 9,
X. tropicalis chromosome 5, and D. rerio chromosome 2 and
chromosome 15 were assembled.

Quantitative RT- PCR

Quantitative RT-PCR (qRT-PCR) was performed on a DNA
Engine Chromo4 Real Time System (Bio-Rad, Hercules, CA)
with SYBR green qRT-PCR master mix (ToYoBo, Osaka,
Japan) as described (Huang et al. 2009). All gRT-PCR reac-
tions were performed in 20 pl reactions containing 10 pl 2X
SYBR green master mix (Bio-Rad), 0.5 wl (10 M) of each
primer, 1 pl reverse transcriptase RT synthetic cDNA tem-
plate, and 8 pl double distilled water. Samples were run with
the following program parameters: 95° for 1 min, followed by
39 cycles of 95° for 15 sec, 60° for 30 sec, 76° for 5 sec, 79° for
5 sec, and 81° for 5 sec, ending with the melt curve 65-95°,
with 0.5°/sec with each temperature lasting for 0.5 sec. Neg-
ative control (no-template DNA reaction) was always in-
cluded. Specificity of amplification for each reaction was
analyzed by dissociation curves using CFX manager software
(Bio-Rad). To determine the optimal reference genes (Bustin
et al. 2009), seven housekeeping genes—including actin, 81
(actb1); glyceraldehyde-3-phosphate dehydrogenase (gapdh);
glucose-6-phosphate dehydrogenase (g6pd); TATA box binding
protein (tbp); eukaryotic translation elongation factor 1 «l,
like 1 (eeflalll); polymerase (RNA) II (DNA directed) poly-
peptide D (polr2d); and succinate dehydrogenase complex, sub-
unit A, flavoprotein (sdha)—were selected to check their
expression stability at the developmental stages and in the
tissues analyzed. Rank ordering of expression stability using
geNorm analysis (Vandesompele et al. 2002) identified actb1
(M value = 1.387 < 1.5) and sdha (1.37) as the most stable
normalizers during developmental stages and in the tissues
analyzed, while eef1a1l1 (1.805), thp (1.839), gapdh (2.206),
and g6pd (2.59) were the most variable. Therefore, actb1 was
selected as the normalizer for gRT-PCR in this study, and the
relative expression levels of target genes were calculated us-
ing the 2722C method (Livak and Schmittgen 2001). All the
samples were analyzed in triplicates.

Probe synthesis and in situ hybridization

For antisense probe synthesis, T7 RNA polymerase promoter
was added to the 5’ end of reverse primers and a DIG RNA
Labeling Kit (Roche, Mannheim, Germany) was used. In
brief, a 775-bp cDNA fragment of foxI2a and a 528-bp cDNA
fragment of foxI2b were amplified by specific primers foxI2a
probe N, foxI2a probe T7C, foxI2b probe N, and foxI2b probe
T7C (Table S1). The ovarian tissues were fixed with 4% para-
formaldehyde (PFA) in PBS at 4° overnight. After washing
with PBS (pH 7.0) three times, the samples were immersed in
30% saccharose-PBS buffer overnight at 4°, then embedded
in Optimal Cutting Temperature compound (Leica, Wetzlar,
Germany) and sectioned to 10 pwm in thickness using frozen
microtomy (Leica, Wetzlar, Germany). After being dried at
37¢ for 1 hr, the cryostat sections were stored at —70°. Mes-
senger RNA (mRNA) detection by sectioned tissue in situ
hybridization (Stahl and Simon 2010) was performed as pre-
viously described (Yin et al. 2007). Images were acquired by
Zeiss Axio Observer Al inverted microscope (Leica).
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TALEN design and assembly for foxl2a and foxI2b

The first exon sequences of foxI2a and foxI2b genomic loci
from the Ensembl zebrafish genome browser were verified by
PCR and sequencing. Potential TALEN target sites in the loci
were searched using the TAL Effector Nucleotide Targeter
(https://tale-nt-.cac.cornell.edu/) with the following param-
eters: (1) spacer length of 15-20, (2) repeat array length of
12 to 19, (3) T at position 0, and (4) a restriction enzyme
cutting site in the spacer. Gene-specific TALEN constructs
were assembled using the FastTALE TALEN Assembly Kit
(Sidansai Biotechnology). The resulting arrays with TALEN
backbones (left, pCS2-PEAS; and right, pCS2-PERR) were
confirmed by sequencing.

Establishment of foxl2a and foxI2b mutant
zebrafish lines

For in vitro transcription of these TALENs, pCS2-PEAS-foxI2a,
pCS2-PERR-foxI2a, pCS2-PEAS-foxI2b, and pCS2-PERR-foxI2b
were linearized with NotI and recovered as corresponding tran-
scription templates. The transcriptions were carried out
with the mMESSAGE and mMACHINE SP6 Kit (Ambion)
and then quantified using NanoDrop-2000 (Thermo Scien-
tific). The left arm and right arm mRNAs of each TALEN pair
were mixed at a molar ratio of 1:1 before microinjection,
and the mRNA mixtures with 200-600 pg final concentra-
tions were directly microinjected into zebrafish embryos at
the one-cell stage.

The injected embryos were hatched at 28.5°. At 24 hr after
injection of TALEN mRNAs, genomic DNA (gDNA) was
extracted from 20 randomly sampled embryos to evaluate
the efficiency of TALEN-induced somatic mutations. The
gDNA was obtained by the NaOH method (Meeker et al.
2007). The gDNA fragments including the target site of the
TALENs were amplified using foxI2a and foxI2b gene-specific
primers (Table S1). After digestion with BstN I (restriction
enzyme cutting site in the spacer of foxI2a) or BsrD I (restric-
tion enzyme cutting site in the spacer of foxI2b) (New Eng-
land Biolabs, Beverly, MA) respectively at 60° and 65° for
2 hr, the uncleaved DNA fragments were separated by gel
electrophoresis and cloned into pMD-18T vector (Promega).
Sequence alignments were generated to analyze whether or
not the gDNA fragments from embryos injected with TALEN
mRNAs were mutated.

The F, founders carrying mosaic mutations were mated
with WT zebrafish to generate heterozygous F; offspring.
The heterozygous individuals with frameshift or nonsense
sequence alterations in the F; generation were selected by
fin-clip assay. Male and female siblings of the F; generation
carrying the same mutation were mated to generate homozy-
gous F, mutants as described previously (Xiong et al. 2017).

Sampling and histological examination

All fish sampled were anesthetized with MS-222 (tricaine
methanesulfonate, 250 mg/1) (Sigma-Aldrich, St. Louis,
MO) to measure body length and body weight. After the
measurements, gonads of the fish were collected to calculate
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the gonadosomatic index (GSI) (gonadal weight/total body
weight) values, and fixed in 4% PFA by overnight immersion.
For histochemical analyses, 10-pm-thick sections were cut
with frozen microtomy (Leica), stained with hematoxylin
and eosin (Yulu, Nanchang, China), and mounted in neutral
balsam (Sinopharm Chemical Reagent, Shanghai, China).
Hematoxylin-eosin staining is performed as previously de-
scribed (Xia et al. 2007). The slides were imaged by Zeiss
Axio Observer Al inverted microscope (Leica).

Transcriptome analysis

The ovaries from WT, foxI2a~/~, and foxI2b~/~ mutants at
150 dpf were sampled to isolate total RNA. Three biological
replicates were analyzed per group. The transcriptome anal-
ysis, including library construction, sequencing, and bioinfor-
matic analysis were performed by Beijing Genomics Institute,
China. Briefly, after quality assessment by Agilent 2100 Bio-
analyzer (Agilent Technologies) and agarose gel electropho-
resis, the total RNAs were used to construct libraries. A
narrow 400-450 bp size range was selected and enriched.
The quantification and qualification of libraries were
assessed by Agilent 2100 Bioanaylzer (Agilent Technologies)
and ABI StepOnePlus Real-Time PCR System (Thermo Scien-
tific). The flow cells amplified from qualified libraries on cBot
were sequenced using the Illumina HiSeq 4000 System and
150-bp pair-end reads were generated. The assembly was
performed with clean reads to produce the transcripts which
were mapped to the Zv10 zebrafish genome for bioinformatic
analysis. Differential expression profiles between WT and
mutant samples were calculated using RSEM [RNA sequenc-
ing (RNAseq) by expectation maximization] (Li and Dewey
2011). The transcripts were classified according to the official
annotation of the Gene Ontology (GO) Consortium, and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ments were performed using phyper, a function of R. Statis-
tical analysis of differentially expressed genes (DEGs) was
performed using a relative change of =2 as the threshold to
judge the significance of gene expression difference. False
discovery rate (FDR) was used to determine the threshold
of the P-value and GO or KEGG terms (FDR = 0.01) were
considered significantly enriched.

Statistical analysis

Statistical analyses were performed with SPSS (version 13.0)
and OriginPro (version 8.0). All quantitative data were
expressed as the mean = SEM. Statistical analyses of the data
were performed using an ANOVA, followed by Duncan’s mul-
tiple range test. A probability of P < 0.05 was considered
statistically significant.

Data availability

The DNA sequences have been deposited at National Center
for Biotechnology Information (NCBI), accession numbers
from KR232688 to KR232690. The raw data of transcriptomes
have been submitted to the NCBI database (accession number:
SRR4239959). See Table S2 for gene symbols, full names,
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RefSeq identifications, and related references. All the Supple-
mental Table Legends have been shown in File S2.

Results

Molecular characterization of foxl2a and foxI2b
in zebrafish

Similar to foxl2a transcripts (OTTDART00000051092 and
OTTDART00000051093) in the Vertebrate Genome Anno-
tation database (http://www.sanger.ac.uk/science/tools/
vega-genome-browser), two transcript variants, named
fox12a-1 (KR232688) and foxl2a-2 (KR232689), were cloned
from zebrafish ovary. Although the 5’ UTR sequences are
different, they have an identical ORF (Figure 1A). The 5’
UTRs are transcribed from the first and second exon, respec-
tively, suggesting that they arise from different transcrip-
tional start sites. Moreover, foxI2b (KR232690) was also
identified from zebrafish ovary (Figure 1B). The full-length
¢DNAs of foxl2a-1, foxl2a-2, and foxI2b are 1080, 1066, and
1269 bp, encoding 306, 306, and 285 amino acids, respec-
tively. Similar to other vertebrate FoxI2 proteins, the FHD of
zebrafish Foxl2a and FoxI2b are highly conserved, showing
98% amino acid identity, but their full amino acid sequences
have only 64% identity (Figure S1 in File S1). Like other
nonmammalian Foxl2 proteins, zebrafish Foxl2a and Fox12b
both lack glycine-rich (G), polyalanine tract (A), and proline-
alanine-rich domains that are present in mammalian FOXL2
(Figure S1 in File S1). Phylogenetic analysis showed that
vertebrate Foxl proteins were divided into three distinctive
branches (Foxl1, FoxI2, and Foxl3). As shown in Figure 1, C
and D, zebrafish Foxl2a and FoxI2b are both clustered into a
FoxI2 grouping, indicating foxI2 is duplicated in the zebrafish
genome (Figure 1C) with paralogs on chromosomes 15 and
2, respectively (Figure 1D). Other Foxl2-like genes are
grouped with Foxl3, implying that they should be renamed
as Fox13 homologs. Although there is a highly conserved syn-
teny within genomic regions of zebrafish, human, mouse,
chicken, and frog around foxI2 genes; a complementary
loss/retention pattern exists in the vicinity genes of foxl2a
and foxI2b between zebrafish chromosome 15 and chromo-
some 2 (Figure 1D), indicating that they might undergo di-
vergent evolution after duplication.

Sexually dimorphic expression between adult gonads
and sequential and divergent expression of foxl2a and
foxI2b during ovary development

First, sexually dimorphic expression of foxl2a and foxI2b
was observed by qRT-PCR in zebrafish mature ovaries and
testes. As shown in Figure 2A, foxl2a-1, foxl2a-2, and
fox12b were all expressed in mature ovaries, whereas their
expression was almost absent in mature testes. Then, we
analyzed their expression levels during ovary differentia-
tion, maturation, and maintenance. As shown in Figure 2B,
foxl2a including foxI2a-1 and foxI2a-2 initiated expression
early during ovary differentiation, and quickly reached
peak values at 45 dpf (foxl2a-1) and 35 dpf (foxl2a-2),

respectively. By contrast, foxI2b expression was relatively
lower and gradually increased through the early stages of
ovary differentiation from 15 to 45 dpf. Then, coinciding with
diminishing expression of foxi2a-1 and foxI2a-2, foxI2b expres-
sion increased and reached a peak at 105 dpf, and then
remained at a relative high level in the mature ovary and
stages of oocyte maintenance (Figure 2B).

The cellular localization and spatio-temporal distribution
of foxI2a and foxI2b were assessed in ovaries at 35 and
105 dpf by in situ hybridization on tissue sections. Both foxl2a
and foxI2b were expressed in follicular layer cells (FLCs)
around the primary-growth oocytes (POs) in 35 dpf ovary,
and foxl2a transcript signal was stronger than foxI2b (Figure
2C). At 105 dpf, foxl2a transcript was mainly localized in
FLCs around POs, previtellogenic oocytes (PVOs), and vitel-
logenic oocytes (VOs), and its signal became very weak in
mature oocytes (MOs) (Figure 2D). In contrast, foxI2b tran-
script was ubiquitously localized in FLCs around all oocytes
(POs, PVOs, VOs, and MOs), and became stronger in MOs at
105 dpf ovary (Figure 2D). Therefore, foxi2a is expressed in
early FLCs and may function early in ovary development,
whereas foxI2b may function later.

Establishment of foxl2a and foxI2b knockout
mutant lines

To explore the function of foxI2a and foxI2b in zebrafish SD
and differentiation, we constructed two homozygous mutant
lines, foxI2a=/~ and foxI2b~"~, by using TALEN. The TALEN
target sites near the translation start codon were chosen to
disrupt the translation of Foxl2a and Fox12b proteins (Figure
3, A and B). Specific primers were designed to amplify a
fox12a or foxI2b DNA fragment containing the TALEN target
site and a cleavage site with BstN I or BsrD I, respectively
(Figure 3, A and B). A 523-bp DNA fragment of fox[2a ampli-
fied from WT embryos was completely digested by BstN | to
produce two DNA fragments (307 and 216 bp), while the
fragments from TALEN Fy embryos could not be completely
digested (Figure 3C). This suggested that Foy embryos were
chimeric for modification of the BstN | site. Indeed, a total of
eight different indels modified at the target site were found
from 20 embryos (Figure 3E), and the mutation frequency in
Fo founders was ~70% (14/20). Similarly, foxI2b was also
successfully disrupted by the TALEN approach (Figure 3, D
and F), and the mutation rate was 66.7% (8/12) in the F,
founders (Figure 3F).

Subsequently, the remaining F, embryos were raised to
adulthood and crossed with WT zebrafish. PCR amplification
and digestion were done with gDNA of F; embryos to test for
germ line transmission of induced lesions. Since the 5-bp
deletion (A5) in foxl2a leads to a frameshift, it was chosen
to be crossed with WT zebrafish to obtain F; offspring. Sibling
F; male and female individuals carrying the same mutation
were crossed with each other to produce homozygous F,
mutants (foxI2a=/~) whose genotypes were also confirmed
by PCR amplification and digestion. The PCR-amplified frag-
ment from homozygous foxl2a~/~ F, mutants could not be
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images.

digested by BstN | (Figure 3C). Similarly, a 23-bp deletion
(A23) in foxI2b leading to frameshifting of the coding se-
quence was also selected to successfully establish the foxI2b
mutant line (foxI2b~/~) (Figure 3, D and F). To confirm
successful deletion in foxI2a and foxI2b genes, RT-PCR anal-
yses were performed to ensure no expression of functional
transcripts. Indeed, no WT transcripts were detected in
the mutant ovaries by using the specific primers over the
deleted sequences of foxI2a=/~ (A5) and foxI2b—/~ (A23)
(Figure 3G).

FoxI2a deficiency leads to POF in adult females

To explore the function of foxI2a and exclude the effects of
environmental factors on zebrafish SD and differentiation,
we raised to adulthood 30 homozygous foxI2a~/~ F3 individ-
uals and 30 control individuals together in one aquarium
with 6 replicates. Zebrafish females began to spawn around
3 months after hatching in our aquarium system. The gross

morphology and histology of the ovaries were analyzed both
in the controls (WT) and homozygous mutants (foxI2a~"").
It was difficult to identify mutants by body size and shape
(Figure 4), so we randomly sampled individuals (including
mutants and controls) at different ages to identify genotype
and sex. As shown in Figure S2 in File S1, fox[2a~/~ mutants
and controls both had a normal 1:1 sex ratio. At 35 dpf, zebra-
fish gonads could be distinguished as either an ovary or a
testis by morphology under dissection microscope. Histolog-
ical analyses showed that the gonads of foxl2a~/~ female
mutants contained numerous POs, similar to controls (Figure
S3 in File S1). At 60 dpf, some oocytes of both foxl2a~/~
mutants and controls started to enter the PVO and VO stage
(Figure S3 in File S1). This indicates that initial ovarian dif-
ferentiation and oocyte development occur normally in
fox12a~/~ mutants. At 105 dpf when adult fishes were ready
for spawning, the ovaries from fox/2a~/~ mutants and con-
trols both contained large numbers of POs, PVOs, VOs, and
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Figure 3 Establishment of fox/2a and fox/2b knockout mutant lines by TALEN. (A and B) The TALEN target sites of zebrafish (A) fox/2a and (B) fox/2b.
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MOs (Figure 4A). The results indicate that foxI2a=/~ female
mutants exhibit normal ovarian differentiation and oocyte
development.

Considering POF in some human BPES patients with FOXL2
mutation, we continued to raise fox[2a~/~ mutants and con-
trols together after spawning, and examined the status of
ovaries during later adult life. Because ovulation occurs asyn-
chronously, zebrafish can spawn continuously after matura-
tion. Oocytes of both fox/2a~/~ mutants and controls were
recruited into maturation and ovulated again at 150 dpf (Fig-
ure 4B). In contrast to controls, for which all females
spawned again, ~10 and 60% of foxI2a=/~ female mutants
with enlarged abdomens failed to spawn again at 180 and
270 dpf, respectively. Dissection showed that the ovaries of
foxI2a=/~ mutants became white at 180 dpf, and a large
number of somatic cells filled in the lobules of ovarian tissues
(Figure 4C). No oocytes at the previtellogenic and vitello-
genic stages were observed, and only some degenerating pri-
mary-growth oocytes (DPOs) and degenerating oocytes
(DOs) existed in the edges of each lobule (Figure 4C). Along
with oocyte failure, the ovaries of foxI2a~/~ mutants became
transparent and aggravated, and only a few DPOs and ves-
tiges of DOs were retained in lobules full of proliferating
somatic cells (Figure 4D). In contrast, control individuals
could persistently spawn, and the ovaries still contained
POs, PVOs, VOs and MOs at 180 and 270 dpf (Figure 4, C
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and D). Although equal GSI values were observed among all
the analyzed females at 105 and 150 dpf, the GSI values of
fox12a=/~ females were much lower than those of WT fe-
males at 180 and 270 dpf (Figure 4E) (P < 0.05). The
accelerated ovarian aging and oocyte failure in foxI2a~/~
mutants are very similar to POF in human patients (Pal and
Santoro 2002), suggesting that zebrafish foxI2a might also
play a similar role in regulating ovarian senescence like its
homologous gene in humans.

FoxI2b disruption results in partial sex reversal in
adult females

Similarly, we also raised 30 homozygous foxI2b~"~ F3 indi-
viduals and 30 control individuals together in one aquarium
with six repeats. Fox[2b~/~ mutants and controls both had
normal 1:1 sex ratios from 35 to 150 dpf (Figure S2 in File
S1). In contrast to control females that all spawned again,
~20 and 70% of foxI2b~/~ female mutants failed to spawn
again at 180 and 270 dpf, respectively (Figure S2 in File S1
and Figure 5). In addition, the secondary sexual characteris-
tics of these foxI2b~/~ female individuals progressively trans-
formed from those of males to females. At 105 and 150 dpf,
these females still manifested typical secondary feminine
characteristics, having a round and bluish body with a large
visible urogenital papilla and an indistinct anal fin coloration
(Figure 5, A and B). From 180 dpf, some foxI2b~"~ females
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Figure 4 Disruption of fox/2a leads to similar POF in adult females. (A-D) Gross morphology, anatomical, and histological examination of adult ovaries
in WT controls and fox/2a mutants (foxI2a=/~) were analyzed at (A) 105 dpf (n = 12), (B) 150 dpf (n = 6), (C) 180 dpf (n = 3), and (D) 270 dpf (n = 6). (E)
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exhibited mixed secondary sexual characteristics, including
a slim and reddish body, an anal fin with distinct markings
and a feminine urogenital papilla (Figure S4C in File S1).
This implies that the homozygous foxI2b~~ female mutants
undergo sex change after maturation. To further investigate
the sex in foxI2b=/~ females, the ovaries were sectioned for
histological analyses. The ovaries of these mutants became
transparent or white and exhibited partial sex reversal with
different proportions of degenerating ovarian tissue and
newborn testicular structure (Figure 5, C and D). At
180 dpf, lobules contained numerous somatic cells, with
DPOs and vestiges of DOs scattered in the early transitional
gonads (Figure 5, C and E). Along with the process of sex
reversal, some similar spermatogenic cysts (SCs) containing
spermatogonia (SG), spermatocytes (SPs), and spermatids
emerged at 270 dpf, and a few of vestiges of DOs were still
retained in the lobules (Figure 5, D and F). However, the
female foxI2b—~ mutants did not completely change to fer-
tile males, and gradually died off after 270 dpf, likely owing
to hyperplasia of testicular and kidney tissues. Meanwhile,
the GSI values of foxI2b~/~ females in the process of sex re-
versal decreased more sharply than those of WT females from
180 to 270 dpf (Figure 5G) (P < 0.05). Therefore, foxI2b
might play different roles in regulating ovary development
and maintenance as compared to foxl2a.

Transcriptome profiling comparisons of initial
transformation ovaries in foxl2a—/— or foxI2b—/~
females relative to normal ovaries in control females

To reveal the pathways or genes influenced early by foxi2a or
foxI2b deficiency, we performed comparative transcriptome
analyses to investigate DEGs between initial transformation
ovaries in foxI2a~/~ mutants, or foxI2b~/~ mutants and nor-
mal ovaries at the same age. In mice, Foxl2 cooperates with
estrogen receptor 1 (ESR1) to repress Sox9 expression
(Uhlenhaut et al. 2009). Before transcriptome analyses, we
first tested whether this pathway was conserved in zebrafish
by evaluating sox9a expression changes at 150 dpf, because
significant changes in gonad histology had occurred at
180 dpf, even though no apparent abnormalities were ob-
served at 150 dpf (Figure 4B and Figure 5B). Indeed, the
expression of sox9a was up-regulated both in foxI2a~~ and
foxI2b—/~ mutant ovaries at 150 dpf (Figure S5 in File S1),
indicating that the gonadal transformation process had
already been initiated. Therefore, the ovary at 150 dpf
is suitable for performing RNAseq analysis. After filtra-
tion to remove the reads with low quality or adaptors,
~30,000,000 clean reads in each sample were obtained and
assembled into ~23,000 transcripts (Table S3). In comparison
with control ovaries, a total of 6005 and 6253 DEGs were re-
spectively revealed in foxl2a=~ and foxI2b=/~ ovaries at
150 dpf (Table S4), in which 1220 and 1314 DEGs were both
upregulated or downregulated in foxI2a~~ and fox{2b~~ mu-
tant ovaries (Figure S6A in File S1 and Table S4). The pathway
with most annotated unigenes of commonly upregulated
DEGs in KEGG was the “TNF signaling pathway,” followed
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by “cytokine-cytokine receptor interaction” (Figure S6B in
File S1 and Table S5), indicating the pathways involved in
apoptosis or necroptosis were activated in both foxI2a™~
and foxI2b~/~ mutant ovaries. In contrast, three pathways
in “lipid metabolism” were found in the top 10 enriched
KEGG pathways of commonly downregulated DEGs, imply-
ing the lipid synthesis or secretion was suppressed in both
foxI2a=/~ and foxI2b~/~ mutant ovaries compared to control
ovaries (Figure S6C in File S1 and Table S5).

To reveal differential regulation by foxI2a and foxI2b, the
DEGs specifically changed in foxI2a=~ and foxI2b~~ mu-
tant ovaries were respectively analyzed. As shown in Figure
S6A in File S1, a total of 4471 and 3719 unigenes changed
their expression levels in foxI2a=~ and foxI2b~/~ mutant
ovaries compared to control ovaries. The KEGG mapping
analysis showed the differentially enriched pathways be-
tween these DEGs (Figure S6, D-G, in File S1; Table S5).
Among the top 20 enriched pathways, only one pathway
(“neuroactive ligand-receptor interaction”) was shared be-
tween specifically upregulated DEGs from foxI2a~~ and
foxI2b~/~ mutant ovaries. Significantly, several important
gonadal development-related genes (e.g., sox9a, wtl, gata4,
sox3, and nr5a2) and foxI2b were specifically upregulated
in foxI2a=”~ mutant ovaries, while dmrt1 and sox9b were
upregulated in foxI2b~~ mutant ovaries (Table S4).

Dynamic expression changes of gonadal
development-related genes in foxl2a='— or foxI2b—/~
female mutants during gonad transformation

In consideration of the significant gonad transition that oc-
curred in foxi2a="~ or foxI2b=/~ female mutants (Figure 4
and Figure 5), we selected several genes involved in gonadal
development (Table S4, Table S5, and Figure 6A) to further
confirm their dynamic expression changes by using qRT-PCR
analyses in transforming gonads from 105 to 270 dpf (Figure
6, B-N). This analysis revealed differential modulation of
gene expression between foxI2a~~/WT and foxI2b~~/WT
ovaries from 105 to 270 dpf. As expected, sox9a expression
started to rise after the sexual maturity in foxI2a=/~ female
mutants at 105 dpf, and gradually increased up to 12-fold at
270 dpf. In contrast, the expression of sox9a rose at 150 dpf
and increased up to 92-fold in foxI2b~/~ female mutants
against that of control ovaries at 270 dpf (Figure 6B). As a
downstream target of sox9a, amh expression started to rise
after sox9a increase (150 dpf) and reached a peak with a
10-fold increase at 180 dpf in foxI2a—/~ mutants, while it
maintained a low expression level until 180 dpf and in-
creased dramatically (2255-fold) in expression at 270 dpf
in foxI2b~/~ female mutants (Figure 6C). cyp19ala gradually
decreased in abundance in both foxI2a=/~ and foxI2b=/~
female mutants, but the downward trend was more violent
in latter (Figure 6D). Consistent with oocyte apoptosis and
degeneration in foxI2a~/~ and foxI2b~/~ mutants, the ex-
pression of apoptosis-related genes casp8 and tnfrsfla grad-
ually increased from 105 dpf. These data support the
possibility that the upregulation of sox9a-amh/cypl19ala
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Figure 5 Partial sex reversal toward testicular tissue in fox/2b-deficient adult females. (A-F) Gross morphology, anatomical, and histological examination
of adult ovaries in controls (WT) and fox/2b mutants (foxI2b=/~) were analyzed at (A) 105 dpf (n = 13), (B) 150 dpf (n = 6), (C) 180 dpf (n = 5), and (D)
270 dpf (n = 7). Higher magnifications of the boxed areas in (C) and (D) are shown in (E) and (F). (G) GSI values in control females and fox/2b mutant
females. Data are presented as mean = SEM * P = 0.05 (Duncan’s multiple range test). &, female; @, male; SD, spermatid. Bars are shown at bottom
right of the images.
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signaling triggers oocyte apoptosis and degeneration in both
female foxI2a—~ mutants and foxI2b~/~ mutants. Interest-
ingly, the dynamic expression changes in foxI2b~/~ mutants
showed a delayed pattern compared to foxI2a™/~ mutants
(Figure 6, B-F), suggesting a transition in functional require-
ments from foxI2a to foxI2b at later stages.

Compared to that in corresponding control ovaries, testis
differentiation-related genes, such as dmrtl, wtla, gata4,
nr5a2, and nr5a5, maintained a moderately increased ex-
pression in ovaries of foxI2a~/~ mutants, while their expres-
sion in foxI2b~/~ mutants increased dramatically from
dozens to several 100-fold at 270 dpf (Figure 6, G-K), con-
sistent with the sex change that occurred in foxI2b~/~ mu-
tants (Figure 5). Although nr5alb expression was not
significantly different in ovaries between the female controls
and foxI2a~/~ mutants, it also increased by ~69-fold at
270 dpf in the ovotestis of foxI2b~/~ mutants (Figure 6L).
These results suggest that foxI2a and foxI2b might play
some divergent roles in regulating ovary development
and maintenance, where foxI2b is specific for inhibiting
testis development.

Besides the degeneration of oocytes, the massive increase
of somatic cells (Figure 4, C and D) indicates that a POF might
have occurred in foxI2a-deficient female zebrafish. Both germ
cell marker genes piwill and dazl expression levels in
fox12a~/~ mutant ovaries were equal to those of control ova-
ries at 105 and 150 dpf. However, they sharply decreased in
abundance to 11 and 24% at 270 dpf, respectively (Figure
6, M and N), indicating that the germ cells largely reduce in
foxl2a=”~ mutant ovaries from 180 dpf. In contrast, piwill
and dazl expression in foxI2b~/~ female mutants increased in
ovotestis at 270 dpf (Figure 6, M and N). This is probably due
to a large number of spermatogenic cysts that contain male
germ cells generated during gonad transformation from
ovary to testis. Additionally, nine cytochrome P450 (cyp)
genes also showed differential modulation of gene expres-
sion between fox[2a~~/WT and foxI2b~/~/WT ovaries from
105 to 270 dpf (Figure 7), indicating that both fox!2a and
foxI2b regulate the steroidogenesis in zebrafish gonads, and
their effects on steroid homeostasis differ.

Simultaneous disruption of foxi2a and foxI2b leads to
complete sex reversal

Owing to the high identity in amino acid sequence and the
sequential and divergent expression between fox[2a and
foxI2b, we speculated that their functions would be compen-
satory in some ways. To address this, zebrafish homozygous
fox12a/foxI2b F, double mutants (foxI2a~/~/foxI2b~~) car-
rying A5 in foxI2a and A23 in foxI2b were created. One-cell
embryos were co-injected as described above with the two
TALEN mRNAs which caused fox[2a mutation or foxI2b mu-
tation, respectively. The heterozygous foxl2a™/~/foxI2b*/~
double mutant individuals were chosen to cross with each
other. In the examined 11 homozygous double mutant indi-
viduals with foxI2a~/~/foxI2b~/~ genotype from the crossing,
interestingly, only mature males with normal testis (Figure S7
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in File S1) were found, whereas no adult females were ob-
served. To acquire more homozygous foxI2a=/~/foxI2b=/~
mutants, we raised offspring of foxI2a="~/foxI2b*/~ (female)
crossed with foxI2a~/~/foxI2b~/~ (male) in one aquarium. At
105 dpf, a total of 45 individuals were randomly sampled to
examine their genotypes and gonads, and 24 individuals were
identified as homozygous foxI2a~/~/foxI2b~/~. In comparison
with normal gonads in foxI2a=/~/foxI2b*/~ female and male
adults (11 females and 10 males) (Figure 8A), again, no ma-
ture females with normal ovaries were observed. Only males
were detected from the 24 homozygous foxI2a~"~/foxI2b~"~
adults, of which three individuals showed dual secondary sex-
ual characteristics, such as feminine urogenital papilla and
masculine anal fin (Figure S2 and Figure S4D in File S1),
and abnormal ovotestis with DPOs and DOs as well as numer-
ous SCs containing SG, SPs, and spermatids (Figure 8B).
Another 21 individuals were found to have normal secondary
masculine characteristics, including a nonvisible papillae, a
slim and reddish body, and a big anal fin with distinct mark-
ings (Figure S4D in File S1), and normally developed testis
full of SG, SPs and spermatids (Figure 8B). GSI values of
homozygous foxI2a=/~/foxI2b~/~ females with sex reversal
characteristics were much lower than those of heterozygous
foxl2a=/~/fox12b*/~ females at 105 dpf (Figure 8C) (P < 0.05).

To investigate when foxI2a/foxI2b deficiency affects ovary
development and leads to sex reversal, we checked the gonadal
development status of homozygous foxI2a~"~/foxI2b~/~ indi-
viduals from young to adults at 35, 40, 50, 60, 105, and 150 dpf.
As shown in Figure S2 in File S1 and Figure 8D, the ratios of
ovary, ovotestis, and testis in foxI2a~/~/foxI2b=~ mutants
were very different, changing from seven ovaries:eight testes
(~50%) at 35 dpf to 0 ovaries:15 testes (100% testes), and
~13-38% of ovotestes existed from 40 to 105 dpf. Moreover,
we examined the gonadal histology of these sex reversal in-
dividuals from 35, 40, 50, and 60 dpf. As shown in Figure 8E,
in comparison with normal ovaries with POs, PVOs, and VOs
in heterozygous double mutant (foxI2a~"~/foxI2b*/~) females,
the female individuals in homozygous foxI2a~"~/foxI2b~/~
mutants began to exhibit extensive oocyte degeneration and
initiative sex reversal early from 40 dpf, even though they
showed normal ovary differentiation at 35 dpf. At 35 dpf,
numerous POs were destined for primitive ovaries, while ap-
optosis seemed to occur rapidly at 40 dpf, because there were
many DPOs and cavities in the gonad tissues. Along with
oocyte apoptosis and degeneration from 50 to 60 dpf, testic-
ular tissues began to differentiate and numerously prolifer-
ated spermatogenic cells including SG, SPs, and spermatids
filled the differentiated testes. After 60 dpf, it became in-
creasingly difficult to identify female individuals, and only
three individuals with secondary feminine characteristics
and ovaries were discovered (Figure 8D and Figure S2 in File
S1). At 150 dpf, all of the homozygous foxI2a~"~/foxI2b~"~
individuals examined had histologically normal testes
(Figure 8D and Figure S2 in File S1), and were able to pro-
duce normal sperm and fertilize eggs. These data indicate
that simultaneous disruption of foxl2a and foxI2b leads to


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.199133/-/DC1/FileS1.pdf

A B “i=w sox9a
95| ED fowiza
. foxizt
3 =
$
z
150 dpf 3
] I3
foxl2a”/WT foxI2b'/WT
Sox9a-amh sox9a
Icyp19ala E
i amh
signaling
pathway cyp19ata E
apoptosis tnfrsfia % y
3 n
markers caspase-8 i y
5.
dmrt1 i
o5 apt 50 dpt T80 dpl
wia G . . diari
i 450 £ fowiza’
feeh gatad e
differentiation sg 30
markers nréaz - £
e
nr5ab I—‘ z
[ :
nrbat1b
Germ cell piwil1
markers dazl Jd s J— s
X foriza
. oxizy
E 30
s
2w
Log,RPKM |10 =il 0 1 ;:
2w
T 150 dpf 80 dpf
M 3 —jwr piwilt
D oniza
30 I foxi2t’
2
il
£
2 20
2w

»

SO =05 apt 50 dpt T80 ap!

770 dpt

10 dpt

.

i

270 dpf

C 9000 amf . D 209 =y cypl9aia
2800 ) sowiza 164 2 fowiza
20001 [N foxi2t 16| N fori2t
st 2
21000, 5§
& w0 -
5 LR
. 3 08
18 3 .
H B = os. . .
3 10 &
& g 0 L
& 0z
3 105 dpt 150 dpf 180 dpf 270 dpf
F 00—y casp8 ‘
800+ ) vouiza
400+ [ fox0
8 300
H
g 200
g *
2
e
k]
&
5
o =05 dpt 750 dp! T80 dpl T70 dpt
H . = wila l . i gatad
£ H
2 2
£ 3
z 3
& E
K« nrsas | I— nrsath
(=1 2 fowiza .
so-| I o2t s
g § 70
. :
5., T
i -
€ &
1 10
.
¢ 105 dpt 150 dpf 180 dpf 270 dpf ¢ 105 dpt 150 dpf 180 dpf 270 dpf
N 309 =yt dazl
oz
25 W fovi2t
] *
3 20
g
; 10 .
H
o8 o
.
o0

05 dpl

T0dpl  180dpl  Zi0dpl
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The gRT-PCR quantification of each gene expression is normalized to actb 7, and the data are presented as mean = SEM * P = 0.05 (Duncan’s multiple

range test).

complete sex reversal, and sex reversal occurs earlier in
foxI2a=/~/foxI2b~/~ mutants than in foxI2b~/~ mutants.
Therefore, the roles of foxI2a and foxI2b might be compen-
satory in zebrafish ovary development and maintenance.
We also examined secondary sexual characteristics and
testis development status of male foxI2a=/~, foxI2b~~, and
foxl2a=/~/foxI2b~/~ mutants at 35, 60, and 105 dpf. No
significant abnormality in secondary sexual characteristics,
testis differentiation and development, or spermatogenesis
were observed in the males of three mutants. Similar to con-
trols, some oocyte-like germ cells began to undergo apoptosis
as demonstrated by dark-stained cytoplasm, and SCs contain-
ing SPs scattered in the gonadal tissues at 35 dpf. At 60 and
105 dpf, the male germ cells at all spermatogenic stages filled
the lobules, and numerous free spermatozoa congregated in-
to the lumen of all individuals of the three male mutants
(Figure S7 in File S1). Furthermore, all male mutants were

fertile because they all successfully spawned with females to
produce normal offspring. Therefore, consistent with their
sexually dimorphic expression, both foxI2a and foxI2b func-
tion specifically in the female gonad.

Zebrafish ovary differentiation and maintenance are
cooperatively regulated by foxI2a and foxI2b

To test the molecular basis of the sex reversal that occurred in
homozygous foxI2a~/~/foxI2b~/~ mutants, we examined the
expression of gonad-related genes selected as above in the
gonads from foxI2a~/~/foxI2b~/~ mutants at 60 dpf, which
were classified into three stages: ovary, ovotestis, and testis.
As expected, sox9a, amh, dmrt1, and other genes involved in
the male development pathway all increased by several dozen-
or even several 100-fold in ovotestis and testis compared to
those in ovaries (Figure 9, A, B, and F-K); while ovary-related
genes, such as cypl9ala and cypllal, decreased significantly
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in ovotestis and were hardly detected in testis (Figure 9, C
and N). Expression of all other cyp genes examined; as well
as tnfrsfla, caspase-8, piwill, and dazl (Figure 9, D, E, L,
and M); increased sharply in ovotestis and testis compared
to those in ovaries (Figure 9, O-V). The altered expression
levels in homozygous foxI2a~/~ /foxI2b~~ mutants were very
similar to those of fox[2b~/~ mutants at 270 dpf, implying that
foxl2a deficiency enhances sex reversal caused by foxI2b
knockout, whereas single foxI2a mutation results in different
defects.

To test whether the functions of foxI2a and foxI2b are
compensative in ovary development and maintenance, we
assessed the expression changes of foxl[2a in foxI2b~/~ mu-
tants and vice versa. Interestingly, the mRNA expression lev-
els of both foxI2a-1 and foxl2a-2 were upregulated in the
gonads of foxI2b~/~ mutants before 180 dpf (Figure 9, W
and X), and the reverse was also true (Figure 9Y). It seems
that foxl2a and foxI2b can increase in expression to compen-
sate for reduced expression at the other locus, eventually
causing normal ovary development in both mutant back-
grounds. However, foxI2a and foxI2b transcripts started to
decrease in abundance from 180 dpf, when the mutants un-
derwent POF or sex reversal. The pathological changes in the
ovary might reduce or destroy the pathways involved in
female gonad maintenance. This also suggests that the com-
pensation between fox[2a and foxI2b in this process is partly
divergent, causing the different phenotypes in two single
mutants. Taken together, these results indicate that fox(2a
and foxI2b cooperatively regulate zebrafish ovary differenti-
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ation and maintenance, whereas foxI2b plays more specific
roles in maintaining female identity and preventing male
transformation.

Discussion

Although SD and differentiation have been well studied in
mammals and several sex-determining genes have been iden-
tified from different teleost species, this process is still a
complicated affair in zebrafish (Liew and Orban 2013;
Nagabhushana and Mishra 2016). Here we have revealed a
sequential and divergent expression pattern between two
zebrafish foxI2 homologs, fox[2a and foxI2b, during oogene-
sis. Via histological and transcriptomic analyses of the
fox12a=”~ and foxI2b~~ mutants, we propose a hypothe-
sized model in which foxI2a and foxI2b cooperatively regulate
zebrafish ovary differentiation and maintenance. As shown in
Figure 10, unlike normal testis development, ovary develop-
ment and oogenesis are significantly affected by loss of
fox12a, foxI2b, or both genes. Germ cell marker loci piwill
and dagzl are sharply downregulated and the sox9a-amh/
cypl9ala signaling pathway and foxI2b are upregulated,
which thereby results in POF in female fox/[2a~/~ mutants.
In contrast to expression changes in foxI2a~~ premature
ovaries, some testis differentiation and androgen-producing
genes, such as dmrtl, sox9, amh, wtla, gata4, nr5a2,
nr5a5, nr5alb, cypl7a, and cyplla2 are upregulated
in female foxI2b~/~ mutants and trigger partial sex rever-
sal, although foxl2a expression increases. In homozygous
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fox12a~/~/foxI2b~/~ females, a complete sex reversal occurs
early, and numerous genes in the testis development pathway
are sharply activated to lead to complete sex reversal and
formation of ovotestis and testis.

Consistent with other teleosts (Caulier et al. 2015),
zebrafish foxl2a1/2 and foxI2b all showed sexual dimor-
phism. Zebrafish foxl2a transcripts are mainly expressed in
the ovary at 35 dpf and decline while maturation proceeds.
In mice, FoxI2 is expressed initially at 12.5 days postconcep-
tion, and occurs in the granulosa cells of early follicles
but gradually reduces as oocytes proceed to maturation
(Schmidt 2004; Nakamoto et al. 2006). FoxI2 is also highly
expressed in Nile tilapia XX gonads as early as 5 days after

hatching (dah), increases linearly until 35 dah, and remains
high at 70 dah (Jjiri et al. 2008). However, foxI2b increases
from immature stages and peaks at the mature and spawn-
ing stage (Figure 10), similar to FoxI2 in chicken (Govoroun
et al. 2004), Korean rockfish (Mu et al. 2013), and African
sharptooth catfish (Sridevi and Senthilkumaran 2011). The
sequential and divergent expression patterns of zebrafish
fox12a and foxI2b during oogenesis (Figure 10) indicate that
fox12a and foxI2b may have undergone subfunctionalization
after their divergence.

The role of Foxl2 is complicated because of the disparate
effects in humans and other mammals, such as mouse and
goat (Ottolenghi et al. 2007). Its functions in development
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were first suggested by studying BPES, which is characterized
by eyelid/forehead anomalies associated with POF, an early
loss of normal ovarian function (Crisponi et al. 2001; De
Baere et al. 2003; Meduri et al. 2010). Fox[2~/~ mice showed
craniofacial and eyelid defects, a complete failure of follicle
formation, and partial sex reversal in females (Schmidt 2004;
Uda et al. 2004; Ottolenghi 2005; Ottolenghi et al. 2007).
Conditional loss of FoxI2 in the adult ovary resulted in auton-
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omous reprogramming of oocyte-supporting granulosa cells
into testis-specific Sertoli-like cells (Uhlenhaut et al. 2009).
In goats, FOXL2 mutation led to the polled intersex syn-
drome, which associated polledness and XX female-to-male
sex reversal in a recessive manner (Pailhoux et al. 2001). In
our study, zebrafish homozygous foxl2a=/~ F; females
showed normal ovarian differentiation and growth at the
onset of sexual maturity, but ~60% of foxI2a=/~ females
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exhibited ovarian histological changes at 270 dpf, with the
degeneration of ovarian tissue, presence of atretic follicles,
reduction of germ cells, and proliferation of somatic cells
(Figure 4 and Figure S2 in File S1), similar to the ovarian
senescence that occurred in the 18-month-old female zebra-
fish (Turola et al. 2015). However, no WT zebrafish exhibited
ovarian senescence before 270 dpf, indicating that ovarian
senescence was promoted in the foxI2a~/~ mutants. The
accelerated ovarian aging phenotype in foxI2a~/~ mutants
is reminiscent of human BPES. Meanwhile, disruption of
zebrafish foxI2b led to partial sex reversal from female to
male after spawning a few times (Figure 5), similar to the
case in mouse and goat. Furthermore, the expression of genes
related to gonad development was also different in foxI2a~"~
and foxI2b~/~ mutants (Figure 6, Figure 7, and Table S4).
Therefore, zebrafish foxI2a and foxI2b have evolved func-

tional divergence. On the other hand, the complete sex re-
versal (Figure 8) and robust increasing expression of
testicular differentiation genes occurred earlier (Figure 9)
in foxl2a=/~/foxI2b=/~ double female mutants than those
in any single mutants, suggesting the compensation and re-
dundancy between fox{2a and foxI2b. Indeed, the compensa-
tion to a deficiency in either gene was not only observed in
the transcriptome profiling comparisons (Table S4), but also
confirmed by qRT-PCR (Figure 9, W-Y). Taken together,
fox12a and foxI2b work differentially and cooperate to manip-
ulate zebrafish ovary differentiation and maintenance.
Foxl2 and Sox9, as the yin and yang of sex maintenance,
antagonize each other’s actions in the establishment and
maintenance of granulosa cells and Sertoli cells (Uhlenhaut
et al. 2009). In this case, a significant increase of sox9a tran-
script takes place both in foxI2a=~ and foxI2b~/~ mutated
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ovaries at 150 dpf (Figure 6, A and B, and Table S4), although
no apparent abnormalities of ovarian morphology and histol-
ogy were observed (Figure 4B). The upregulation of sox9a in
fox12a=”~ and foxI2b~—~ mutated ovaries suggests that
zebrafish sox9a transcription might be directly repressed by
Foxl2s in the ovary, similar to mouse. A cis-regulatory ele-
ment for testis-specific Sox9 expression (TESCO) has been
identified in mouse Sox9 (Sekido and Lovell-Badge 2008)
and proven to be negatively modulated by FOXL2 (Uhlenhaut
et al. 2009). However, the well-conserved 1.4-kb TESCO se-
quence was only found in placental mammals, not in chicken,
Fugu, or zebrafish (Sekido and Lovell-Badge 2008). Further
analyses revealed that a 180-bp evolutionarily conserved
region (ECR) within the SOX9 testis enhancer containing
the conserved FHD binding site was identified in chicken,
lizard, and frog, but not in fish (Bagheri-Fam et al. 2010).
After searching the zebrafish draft genome by using frog
ECR as the query, a 180-bp sequence showing a 43% iden-
tity to frog ECR was found in the 68.1 kb upstream of the
zebrafish sox9a gene, where seven conserved FHD binding
sites occured. This suggests that zebrafish Foxl2s might also
inhibit the testis-differentiation program, mainly through
repressing sox9a as occurs in mouse (Uhlenhaut et al.
2009). Interestingly, sox9a expression changes correspond-
ing to the disruption of foxl2a and foxI2b are not the same
(Figure 6B), implying that a subtle differential regulatory
mechanism remains for further investigation in zebrafish.
During mammalian male fetal sex differentiation, Sox9
activates the expression of Amh (de Santa Barbara et al.
1998), which induces the degeneration of Miillerian ducts
(Behringer et al. 1994) and inhibits Cyp19al expression
(Rouiller-Fabre et al. 1998). Along with the upregulation
of sox9a, amh increased in expression while cypI19ala de-
creased in abundance in all three zebrafish mutant ovaries
(Figure 6, B-D, and Figure 9, A-C), implying that a sox9a-
amh/cypl9ala pathway should be highly conserved in
vertebrates.

Dmrt] is a central regulator in vertebrate testis determi-
nation and differentiation (Xia et al. 2007; Matson and
Zarkower 2012; Li et al. 2014). It is required for mamma-
lian postnatal testis differentiation (Raymond et al. 2000),
and its homologous genes were identified as SD genes
in chicken (Smith et al. 2009), X. laevis (Yoshimoto et al.
2008), and medaka (Matsuda et al. 2002). In conditional
Foxl2 deletion mice ovotestis, Dmrtl is one of the most
upregulated genes, indicating that FOXL2 may directly re-
press Dmrtl transcription (Uhlenhaut et al. 2009). Inter-
estingly, sox9a and dmrt1 exhibited differentially dynamic
expression patterns between fox!2a~~/WT and fox{2b~"~/WT
ovaries (Figure 6, B and G). In accordance with no sex
reversal individuals observed in foxl2a~/~ mutants, dmrtl
only slightly increased in expression at 270 dpf. However,
dmrt]l and other testicular differentiation genes, such as
sox9a (Chiang et al. 2001), amh (Schulz et al. 2001), wtla
(Hammes et al. 2001), gata4 (Tevosian et al. 2002), nr5a2,
nr5a5, and nr5alb (Luo et al. 1994; Von Hofsten et al
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2005a,b), were all robustly upregulated in ovotestis of
foxI2b~~ mutants along with sex reversal (Figure 6, B, C,
and G-L), which indicated that foxI2b might play a more
dominant role in suppressing testis-differentiation signaling
than foxl2a. Although many key players, such as foxl2a,
sox9, amh, dmrtl, and cyp19al, show sexually dimorphic
expression in zebrafish, the interactions within the proposed
transcriptional network are unclear. The establishments of
the foxl2a=/~, foxI2b=/~, and foxl2a~/~/foxI2b~~ mutants
in this study will provide a model to definitively clarify the
regulatory interactions among these factors.

The CYP enzymes catalyze oxidation reactions and have
diverse functions in vertebrates. It is well known that some cyp
family members play essential roles in steroidogenesis, in-
cluding estrogen production (Stoilov 2001; Payne and Hales
2004; Chang et al. 2005; Baldwin et al. 2009; Huang et al.
2009; Heule et al. 2014). Many studies have been done to
reveal the relevance of foxl2, aromatase, and sex hormones in
the teleost brain-pituitary-gonad axis, in which foxl2 was
found to regulate estrogen synthesis via transcriptional reg-
ulation of cyp19 (Baron 2004; Wang et al. 2007; Navarro-
Martin et al. 2011; Sridevi et al. 2012; Crespo et al. 2013),
and in turn, the ovarian foxI2 was upregulated by estrogen
treatment (Baron 2004; Liu et al. 2007; Wu et al. 2008; Jiang
etal. 2011; Wang et al. 2012). Zebrafish have a total of 94 cyp
genes (Goldstone et al. 2010), in which 59 cyp genes were
identified from transcriptome files (Table S4) and 9 cyp genes
showing dynamic expression changes in three mutants were
confirmed by qRT-PCR (Figure 7 and Figure 9). The differ-
ential effects of foxi2a and foxI2b on gonadal steroidogenesis
need further investigation to determine the regulatory mech-
anisms between foxI2s and cyps.

Zebrafish male development undergoes a transformation
of juvenile ovaryto testis in adolescence (Uchida et al. 2002;
Maack and Segner 2003). During this process, the sox9a-
amh/cypl19ala pathway linked to MAPK-p53 signaling
precedes oocyte apoptosis and degeneration, and the ex-
pression of sox9a increased in the transforming gonads ac-
tivates stromal cells and increases extracellular matrix
(ECM) production (Sun et al. 2013). Similarly, we observed
the DOs surrounded by gonadal matrix and a massive in-
crease of somatic cells in the three mutants (Figure 4, Fig-
ure 5, and Figure 8). The comparative transcriptome
analyses revealed that the TNF signaling pathway, cyto-
kine-cytokine receptor interaction, and “ECM-receptor in-
teraction” pathways were enriched in both foxI2a=~~/WT
and foxI2b~/~/WT ovaries (Table S5). Meanwhile, the DOs
were dissociated from adjacent cells with a marked vacuo-
lation in the three female mutants (Figure 4, Figure 5, and
Figure 8), implying that the oocytes and follicle cells lost
their tight junctions with adjacent cells. Consistent with
these changes, the top 30 pathways in both foxl2a=/~/
WT and foxI2b~/~/WT ovaries include several pathways
involved in cell adhesion, such as cell adhesion molecules,
focal adhesion, gap junction, and regulation of actin cyto-
skeleton (Table S5).
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In conclusion, this study established foxl2a knockout,
fox12b knockout, and double knockout zebrafish and revealed
POF, partial sex reversal, and complete sex reversal in the
three mutants, respectively. Based on the comparative tran-
scriptome analyses and dynamic expression patterns of DEGs,
we propose that foxI2a and foxI2b cooperate with each other
to regulate zebrafish ovary differentiation and maintenance,
and that foxI2b plays a dominant role in preventing the ovary
from differentiating as testis. In addition, these foxI2-related
mutants also provide some model systems to study human
POF and the mechanism determining fish sex.
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