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Females with differentiated ovary of a gonochoristic fish, Nile tilapia, were masculinized by long-term
treatment with an aromatase inhibitor (Fadrozole) in the present study. The reversed gonads devel-
oped into functional testes with fertile sperm. The longer the fish experienced sex differentiation, the
longer treatment time was needed for successful sex reversal. Furthermore, Fadrozole-induced sex
reversal, designated as secondary sex reversal (SSR), was successfully rescued by supplement of exog-
enous 17B-estradiol. Gonadal histology, immunohistochemistry, transcriptome, and serum steroid
level were analyzed during SSR. The results indicated that spermatogonia were transformed from
oogonia or germline stem cell-like cells distributed in germinal epithelium, whereas Leydig and Sertoli
cells probably came from the interstitial cells and granulosa cells of the ovarian tissue, respectively. The
transdifferentiation of somatic cells, as indicated by the appearance of doublesex- and Mab-3-related
transcription factor 1 (pre-Sertoli cells) and cytochrome P450, family 11, subfamily B, polypeptide 2
(pre-Leydig cells)-positive cells in the ovary, provided microniche for the transdifferentiation of germ
cells. Decrease of serum 173-estradiol was detected earlier than increase of serum 11-ketotestosterone,
indicating that decrease of estrogen was the cause, whereas increase of androgen was the consequence
of SSR. The sex-reversed gonad displayed more similarity in morphology and histology with a testis,
whereas the global gene expression profiles remained closer to the female control. Detailed anal-
ysis indicated that transdifferentiation was driven by suppression of female pathway genes and
activation of male pathway genes. In short, SSR provides a good model for study of sex reversal in
teleosts and for understanding of sex determination and differentiation in nonmammalian
vertebrates. (Endocrinology 155: 1476-1488, 2014)

n vertebrates, sex of some species is determined either ~ mental factors. The latter include temperature, steroid
Igenetically, like in eutherian mammals (1), or environ-  hormone, and so on (3, 4). The undifferentiated gonad of
mentally, like in some reptiles (2). For most noneutherian  noneutherian vertebrates can be induced to differentiate
vertebrates, sex is affected by both genetic and environ-  into either a testis or an ovary by steroid hormone treat-
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control group; FoxI2, forkhead box 12; GSC, germline stem cell; IHC, immunohistochem-
istry; 11-KT, 11-ketotestosterone; MCG, male control group; NSR, natural sex reversal;
PCNA, proliferating cell nuclear antigen; PSR, primary sex reversal; gPCR, quantitative
real-time PCR; RG, rescued group; RNA-Seq, RNA Sequencing; RPKM, reads per kb per
million reads; SPC, steroid-producing cell; SSR, secondary sex reversal; TG, Fadrozole-
treated group; TUNEL, terminal deoxynucleotidyl transferase 2’-deoxyuridine, 5'-triphos-
phate nick end labeling.
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ment, regardless of their genetic sex, which we named as
primary sex reversal (PSR). Exogenous estrogen is one of
the most important inducers of ovary differentiation in
PSR. Genetic males can be reversed to phenotypic females
with estrogens if the treatment is applied before sex dif-
ferentiation in vertebrates, including marsupials (5), birds
(6), reptiles (7),and teleosts (8 =10). In species with natural
sex reversal (NSR), increase of serum 17B-estradiol (E2)
levels always associated with male to female sex reversal
in protandrous fish (11, 12). In contrast, E2 levels have
been found to decrease during female to male sex reversal
in protogynous fish (13-16). These results indicate that
estrogens are also critical for NSR in teleosts.

For gonochorists, it is well accepted that once sex is
differentiated, functional sex reversal is unlikely to hap-
pen. Recently, transdifferentiation of granulosa cells to
Sertoli cells was successfully achieved by estrogen receptor
knockout (ERKO) and forkhead box 12 (FoxI2)KO (17,
18) and vice versa by doublesex- and Mab-3-related tran-
scription factor 1 (Dmrt1)KO (19). A recent report even
goes further by demonstrating that adult females of tilapia
and medaka could be induced into functional male by
Fadrozole (an aromatase inhibitor [AlI]) treatment (20).
However, transdifferentiation of ovary to testis and global
gene expression profiles were unclear, especially for tilapia.
Most of the studies on sex reversal at the molecular level
performed thus far were focused on a very small number of
well-characterized genes and mostly on NSR and PSR. A few
analyses were performed on sex-related gene expression pro-
file during PSR in some species using microarray (21-23).
However, this approach can only provide limited gene in-
formation for the elucidation of sex reversal as well as sex
determination and differentiation. In contrast, RNA Se-
quencing (RNA-Seq) technology can provide large-scale
gene expression profiles of a given tissue from the genome
level, as proved by our previous study (24).
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The Nile tilapia (Oreochromis niloticus) is a gonocho-
ristic fish with a XX/XY sex determination system. The
morphological sex differentiation of tilapia takes place at
around 23-26 days after hatching (dah) (25), whereas the
molecular sex differentiation starts from around 5 dah.
The availability of all genetic female (XX) and all genetic
male (XY) fry, the short spawning cycle (14 d), and com-
mercial value of all male population make it a good species
for the study of sex determination and differentiation. In
the present study, long-term treatment of 90-dah genetic
XX tilapia with Fadrozole resulted in phenotypic male (we
named as secondary sex reversal [SSR]). The sequential
changes in gonad histology and serum estrogen and an-
drogen levels were analyzed during SSR. Different treat-
ment time was applied to fish of different age for successful
sex reversal. The global gene expression profiles in gonads
were analyzed during SSR by RNA-Seq. Our work pro-
vides a good model for the investigation of transdifferen-
tiation of gonad and gene cascade governing sex reversal
in fish and for the elucidation of molecular mechanism for
sex determination and maintenance in nonmammalian
vertebrates.

Materials and Methods

Animals and drug-induced sex reversal

Experimental fish were reared, and all-XX and all-XY prog-
enies were obtained as described in our previous study (24).
All-XX fish of 15, 30, 60, or 90 dah were divided into 2 groups,
female control group (FCG) and Fadrozole-treated group (TG),
respectively. Another Fadrozole-treated and E2-rescued group
(RG) was added to the 90-dah XX fish. All-XY fish of the same
age as FCG were set as male control group (MCG). TG fish were
fed with a diet sprayed with 95% ethanol containing Fadrozole
(Sigma) at a concentration of 200-ug/g diet, whereas FCG and
MCG fish were fed with a diet sprayed with 95% ethanol only.
RG fish were fed with a diet sprayed with 95% ethanol contain-

Table 1. Treatment Time Needed for Sex Reversal of Nile Tilapia Induced from Different Age
Fish age Fish Treatment Gonad Survival The rate of sex
Treatment (dah) Genotype number time (d) phenotype rate (%) reversal (%)
FCG XX 130 ovary 80 0
MCG XY 130 testis 86 0
TG 15 XX 50 15 testis 54 100
30 XX 50 30 ovotestis 76 100
60 XX 50 30 ovary/ovotestis 80 15
60 XX 50 60 ovotestis 72 100
90 XX 50 30 ovary 78 0
90 XX 50 60 ovary/ovotestis 74 10.8
90 XX 130 90 ovotestis 90 100
RG 90 XX 50 90 ovary 88 0

Fish age (dah) is the age of fish when treatment started. Gonad phenotype was determined by gonad histology at 180 dah. TG described in the

text, if not specified, indicated 90-dah fish treated for 90 days.
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ing Fadrozole (200-ug/g diet) and E2 (200-pg/g diet). All fish
were reared in the same conditions except for food. Drug treat-
ment time applied to the fry was based on their age (dah), and
details are shown in Table 1. Treatment for RG fish was applied
from 90 dah (0 d after treatment [dat]) to 180 dah (90 dat).
Gonad phenotype was determined by gonad histology at 180
dah. All drug treatment experiments were repeated 3 times.

For treatment groups started with 90-dah-old fish, gonads
and serum from FCG, TG, and MCG fish were sampled for
histology and immunohistochemistry (IHC), RNA-Seq, quanti-
tative real-time PCR (qPCR), and sex hormone assays.

All animal experiments were conducted in accordance with
the regulations of the Guide for Care and Use of Laboratory
Animals and were approved by the Committee of Laboratory
Animal Experimentation at Southwest University.

Gonadal histology, IHC, and terminal
deoxynucleotidyl transferase 2’-deoxyuridine, 5’-
triphosphate nick end labeling (TUNEL) staining

Gonads were dissected, fixed in Bouin’s solution for 24 hours
atroom temperature, dehydrated, and embedded in paraffin. All
tissue blocks were sectioned at 5 wm and stained with hematox-
ylin and eosin or used for IHC analysis. Gonads used in TUNEL
staining were fixed in 4% paraformaldehyde.

Antibodies against cytochrome P450, family 19, subfamily A,
polypeptide 1a (Cyp19ala) (encoding aromatase, the key en-
zyme for E2 synthesis), cytochrome P450, family 11, subfamily
B, polypeptide 2 (Cyp11b2) (encoding 11B-hydroxylase, the key
enzyme for androgen 11-ketotestosterone [11-KT] synthesis),
Dmrt1, and proliferating cell nuclear antigen (PCNA) were di-
luted 1:2500, 1:500, 1:100, and 1:1000 in use, respectively. IHC
analyses were performed as described previously (26). Photo-
graphs were taken under Olympus BX51 light microscope
(Olympus).

Apoptosis in oocytes was determined by TUNEL assay with
In Situ Cell Death Detection kit, POD (Roche Molecular Bio-
chemicals) following the manufacturer’s instructions. The sec-
tions were counterstained with hematoxylin after TUNEL stain-
ing. Sections processed without terminal deoxynucleotidyl
transferase were taken as negative control.

Serum E2 and 11-KT level assay

For treatment groups started with 90-dah-old fish, blood
samples from FCG, MCG, and TG fish were collected from cau-
dalveinat0,10,20,30,45,70,and 90 dat during treatment, kept
at 4°C overnight. Sera were collected after centrifugation and
stored at —20°C until use. Serum E2, 11-KT, and testosterone
levels were measured using the EIA Assay kits (Cayman Chem-
ical Co) following the manufacturer’s instructions.

RNA-Seq, calculation of transcript expression
levels, and identification of up- and down-
regulated genes

RNA-Seq, calculation of transcript expression levels, and iden-
tification of up- and down-regulated genes were performed as pre-
viously described (24). Briefly, total RNAs were extracted from 45-
and 90-dat TG fish using TRIzol Reagent (Invitrogen) according to
the manufacturer’s instructions. The extracted RNA was further
treated with deoxyribonuclease 1 (ribonuclease free) to eliminate
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genomic DNA contamination. The oligo (dT) beads enriched
mRNA was disrupted into short fragments (200700 nt) using frag-
mentation buffer. These short fragments were used as templates for
first- and second-strand cDNA synthesis using an Invitrogen cDNA
synthesis kit (Invitrogen). A QiaQuick PCR purification kit (QIA-
GEN) was used to purify these fragments, and the elution buffer was
used for end repair and addition of the poly (A) tail. Then, these
short fragments were ligated with sequencing adapters. After aga-
rose gel electrophoresis, fragments between 320 and 370 nt were cut
from the gel for PCR amplification. Two cDNA libraries were con-
structed from the 2 samples and sequenced on an Illumina
HiSeqTM 2000 instrument. Clean reads from each library were
aligned to the reference genome (Orenil1.0) using Tophat with de-
fault parameters (27), and the reads per kb per million reads
(RPKM) was calculated to reflect transcript abundance as reported
previously (24, 28). The threshold of P value was determined by
false discovery rate, which is widely set with 1072 (29). False dis-
covery rate of less than or equal to 1072 and log,(XX_RPKM/
XY_RPKM) =1 was used to identify up- and down-regulated genes
during SSR. The transcriptomic data from 90- and 180-dah normal
female (XX) and male (XY) gonads (24) were employed as initial
and end female and male control (0- and 90-dat FCG, 0- and 90-dat
MCQG).

Quantitative real-time PCR

qPCR was carried out on a 7500 real-time PCR machine (Ap-
plied Biosystems) with SYBR Green I fluorescent label using B-actin
as an internal control. Gonads of FCG, MCG, and TG were dis-
sected at 0, 10, 20, 30, 45, 70, and 90 dat from the fish treated at
90 dah (0 dat). Total RNA was extracted from each sample and
reverse transcribed using Moloney Murine Leukemia Virus reverse
transcriptase (Invitrogen) according to the manufacturer’s instruc-
tions. Six genes with clear sexual dimorphic expression pattern,
including cyp19ala, cyp19alb, cyp11b2,sf1, foxI2,and dmril (for
the symbols and full names of all genes mentioned in the text, see
Supplemental Table 1, published on The Endocrine Society’s Jour-
nals Online web site at http://endo.endojournals.org), were selected
to validate the transcriptomic data by qPCR using gene-specific
primers reported earlier (30), and primer sequences were listed in
Supplemental Table 2. The relative abundance of 6 genes mRNA
transcripts was evaluated using the formula: R = 2724 as de-
scribed previously (31, 32).

Results

Female ovaries were converted into functional
testes

When checking histologically at 180 dah, all differen-
tiated ovaries of XX fish at the age of 15, 30, 60, and 90
dah were reversed to functional testes with fertile sperm
after 15, 30, 60, and 90 days of Fadrozole treatment, re-
spectively. However, for 60-dah XX fish treated for 30
days, and for 90-dah XX fish treated for 60 and 30 days,
only 15%, 10.8%, and 0% of ovaries of treated fish were
sex reversed, respectively (Table 1). The reversed gonads
of TG fish were ovotestes with testicular tissue occupying
the most area of the gonad (except for TG of 15-dah-old
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fish). In contrast, all ovaries of RG fish remained un-
changed, similar to those of FCG fish. Eggs from normal
females were inseminated with sperms collected from the
Fadrozole-treated fish, and the resulting progeny included
only females.

The histology of FCG and MCG gonads from 0 to 90 dat
in 90-dah-old fish was typical ovaries and testes, in which the
former were mainly consisted of oocytes from perinucleolar
to vitellogenic phase and the latter had produced sperms (Fig-
ure 1). TG gonads had no difference with FCG gonads except
for apparent proliferation of germ cells at 10 dat (Figure 1, A,
G, and M). From 20 to 45 dat, apparent proliferation of
somatic cells was observed in TG gonads but not in FCG
gonads. Degeneration of oocytes was observed in a process
started with disintegrated nuclei, gradual shrunken of their
cytoplasm. Small oocytes at perinucleolar stage degenerated
earlier than those big previtellogenic or vitellogenic oocytes.
A few oogonia or germline stem cell (GSC)-like cells were
observed scattered in the germinal epithelium. At 45 dat, a
group of synchronized meiotic germ cells, at the pachytene
stage of spermatocytes, was observed near the ovary cavity
(Figure 1, H-J and N-P). Until 70 dat, obvious testicular
tissues appeared in TG gonads. Many oogonia or GSC-like
cells distributed throughout the germinal epithelium around
ovarian cavity. Some of them had transdifferentiated into
spermatogonia, primary and secondary spermatocytes in

TG

20

aledy A

R
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cysts ventral to the ovarian cavity. Ovarian tissues were
shrunken, occupying the dorsal portion of the gonad (Figure
1,K and Q). By 90 dat, TG gonad looked like a testis histo-
logically. The testicular tissues composed of spermatogonia,
primary and secondary spermatocytes, sperms and somatic
cells, such as Sertoli cells and Leydig cells, displayed no dif-
ferences with those of MCG. However, a few oocytes re-
mained near the blood vessel (Figure 1, L, R, and X).

Furthermore, from cross-sections and longitudinal sec-
tions of the anterior, middle, and posterior part at 70- and
90-dat TG gonads, sex reversal was found to be a gradual
process from posterior to anterior and from ventral to
dorsal (Supplemental Figure 1).

Serum E2, 11-KT, and testosterone levels during
SSR

During the treatment period, serum E2 level increased
gradually from 0 to 90 dat for the FCG fish, whereas for the
TG fish, it declined significantly from 10 dat and continu-
ously dropped to a level similar to that of MCG at the end of
treatment (Figure 2A). In contrast, the serum 11-KT level of
the FCG fish was low and stable during the treatment period.
No significant difference in 11-KT level was observed be-
tween TG and FCG before 30 dat. However, the TG 11-KT
level increased continuously after 30 dat and reached the
level slightly less than that of MCG at 90 dat (Figure 2B).

Figure 1. Histological observations of gonads from FCG, TG, and MCG fish during SSR. The treatment was applied to XX fish from 90 dah, lasted

for 90 days, and resulted in SSR. A-F, FCG gonads; G-R, TG gonads. M-R, High magnification of the boxed areas in G-L, respectively. S-X, MCG
gonads. White arrows in M, N, and P indicate oogonia; and asterisk in P indicates synchronized spermatocytes in a cyst. Black arrows in Q indicate
transdifferentiated spermatogonia. OC, oocytes; VOC, vitellogenic oocytes; GC, germ cell; DO, degenerating oocytes; PS, proliferous somatic cell;
CV, ovarian cavity; SG, spermatogonia; SC, spermatocytes; ST, spermatid; SZ, spermatozoa; ED, efferent duct; TT, testicular tissue; OT, ovarian
tissue.
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Figure 2. Serum E2 and 11-KT level in FCG, MCG, and TG during SSR by enzyme immunoassay. Data are expressed as the mean = SD for 6 fish.
* and ** represent significant difference at P < .05 and P < .01 between FCG and TG, respectively, by one-way ANOVA.

Serum testosterone levels increased continuously for both
FCG and MCG fish, with FCG increased faster than MCG
during the treatment period. In contrast, the serum testos-
terone levels of the TG fish increased rapidly from 0 to 30 dat
(2- and 5-fold higher than that of FCG and MCG fish, re-
spectively); then, dropped rapidly from 45 dat and kept to a
level similar to that of MCG until the end of the treatment
(Supplemental Figure 2).

RNA-Seq and read mapping

Sequencing of tilapia 45- and 90-dat TG gonadal tran-
scriptomes yielded a total of 52 172 864 and 48 571 722
reads, respectively. The data have been deposited in NC-

A B
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= BTG
b W MCG
E 20 4 =
.
S
b
2 19
g
= 18 4
z
o 17 4
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O U
16 . - 2 2 3
0 dat 45dat 90 dat 2 g g
C XX-enhanced TG-down D XY-enhanced

Figure 3. Transcriptomic analysis of gene expression profiles in gonad during SSR. A, Gene
number of 0-, 45-, and 90-dat gonadal transcriptomes. B, Classification of 0-, 45-, and 90-dat
gonadal transcriptomes using an unsupervised average linkage clustering of the gene expression
profiles. C and D, Venn diagram of XX-enhanced Vs TG down-regulated genes (C) and XY-

enhanced Vs TG up-regulated genes (D) during SSR.

90dat FCG

BI’s Short Read Archive at http://www.ncbi.nlm.nih.gov/
sra/ under the accession number SRP014017. The clean
reads from the 2 transcriptomes were mapped into 19 701
and 19 948 genes, respectively.

Gene counts, global gene expression profiles in
gonad during SSR

The 2 TG transcriptomes were compared with the 4
normal gonadal transcriptomes (0- and 90-dat FCG and
MCG) sequenced earlier by our group (24) in gene counts.
The gene count of 45-dat TG (19 701) was larger than that
of 0-dat FCG (18 203) but less than that of 90-dat TG (19
948) (Figure 3A), whereas the gene count of 90-dat TG
was larger than that of 90-dat FCG
(19 341) but less than that of 90-dat
MCG (20 659).

To group the gonadal samples ac-
cording to their global gene expres-
sion similarities, the gene expression
profiles were analyzed with an unsu-
pervised hierarchical clustering algo-
rithm. The resulting dendrogram
contained 2 main branches (Iand II),

Odat MCG

90dat MCG

90dat TG

90dat FCG

Odat FCG

45dat TG

g e with the 2 MCG samples clustered
o % into branch I, whereas all TG and
s = FCG samples clustered into branch II
TG-up (Figure 3B).

Comparison of the gene expres-
sion level of TG and FCG gonads at
90 dat revealed that 754 genes were
down-regulated, 1591
genes up-regulated in TG gonads.
The TG down- and up-regulated
genes were compared with the XX-
and XY-enhanced genes during nor-
mal developmental stages (24). Only
8 of 754 TG down-regulated genes
were XX-enhanced genes (Figure
3C), whereas 306 of 1591 TG up-

whereas
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regulated genes were XY-enhanced genes (Figure 3D). De-
tailed information (gene name and RPKM) of these 8 and
306 genes was shown in Supplemental Tables 3 and 4,
respectively.

Expression profiles of steroidogenic enzyme genes
in gonads during SSR

Comparison of the expression profiles of the steroido-
genic enzyme genes, starl, star2, cypllal, cypl7al,
cypl7a2, hsd3bl, cypl1b2, hsd11b2, cyp19ala, and
cyp19al1b in TG with those in FCG and MCG revealed
that most of them experienced an exponential increase in
gonads during SSR (Figure 4). The average RPKM of the
10 steroidogenic enzymes rapidly increased from 33 at 0
dat to 85 at 45 dat and to 188 at 90 dat, whereas it re-
mained almost unchanged from 33 at 0 dat to 35 at 90 dat
in FCG and slightly increased from 379 at 0 dat to 470 at
90 datin MCG. The expression levels of the steroidogenic
enzymes in TG were much higher than those in FCG but
still much lower than those in MCG at 90 dat. It is worth
noting that the expression (RPKM) of cyp19ala was in-
creased significantly from 145 at 0 datto 563 at45 datand
then decreased dramatically to 122 at 90 dat in TG, less
than that in FCG but much higher than that in MCG.

Expression profiles of key genes involved in sex
differentiation during SSR by qPCR

From qPCR, the expressions of cyp19ala, cyp19alb,
and foxI2 were much higher in FCG than in MCG (Figure
5, A-C), whereas the expression levels of cyp11b2, dmrt1,
and sf1 were much higher in MCG than in FCG from 0 to
90 dat (Figure 5, D-F). Cyp19a1b and foxI2 in TG gonads
shared a similar expression patterns. Both of them de-
creased continuously during the masculinization process,
slightly dropped at 10 dat, significantly reduced at 20 dat,
and very significantly reduced from 30 to 90 dat, whereas
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cyp19ala was increased at the early period of treatment
(0-45 dat), declined rapidly from 70 dat, and finally be-
came significantly lower than that in FCG at 90 dat. On
the contrary, sf1 started to increase from 10 dat, whereas
cyp11b2 and dmrt1 from 30 dat, and became significantly
higher in TG gonads than those in FCG at 90 dat. The
expression profiles of these genes revealed by qPCR were
consistent to those from our transcriptome data.

TUNEL staining and IHC

By TUNEL staining, positive signals were detected in
the nuclei of oocytes in TG gonads, with stronger signals
in the small oocytes (phase I), whereas no signals were
observed in most the somatic cells except a few granulosa
cells and interstitial cells, which displayed moderate pos-
itive signals (Figure 6B). In contrast, few positive signals
were observed in sections of FCG (Figure 6A). By IHC of
PCNA, strong positive signals were observed in prolifer-
ating somatic cells in TG gonad, whereas only dispersed
positive signals were observed in FCG gonad (Figure 6, C
and D).

Cyp19ala was constantly expressed in the interstitial
cells, some theca cells, and granulosa cells in FCG but
never expressed in MCG (Figure 6, E and G, and Supple-
mental Figure 3), whereas Cyp11b2 expressed in Leydig
cells in MCG but never expressed in FCG (Figure 6, F and
H, and Supplemental Figure 4). In TG gonad, Cyp19ala
expressions were observed in the same cell types in ovarian
tissue as observed in FCG but never in the testicular tissue
(Figure 6, I, K, and M, and Supplemental Figure 3),
whereas Cyp11b2 was expressed in Leydig cells in testic-
ular tissue as observed in MCG (Figure 6, N and O, and
Supplemental Figure 4). Consistent with the qPCR and
transcriptomic data, Cyp19ala-positive signals increased
from 20 to 45 dat due to proliferation of steroidogenic

[ 0datFCG
A 45datTG
0datMCG
B2 90datFCG
90datTG
W 90datMCG

1018

Figure 4. The expression profiles of steroidogenic enzyme genes during SSR. The expression levels of star7, star2, cyp11al, cypl7al, cypl7a2,
hsd3b1, cyp11b2, and hsd11b2 were up-regulated in TG during SSR, whereas the expression levels of cyp79a1b were down-regulated during SSR.
In contrast, the expression of cyp79ala was increased significantly from 0 to 45 dat and decreased dramatically from 45 to 90 dat.
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Figure 5. Expression profiles of 6 key genes known to be involved in sex differentiation during SSR analyzed by qPCR. The relative abundance of
cypl9ala, cypl9alb, foxl2, cyp11b2, dmrt1, and sfT mRNA transcripts is evaluated using the formula: R = 2744t B-Actin was used as the
internal control. Data are expressed as the mean = SD for 3 replicates obtained from 9 different fish. * and ** represent significant difference at
P < .05 and P < .01 between the TG and FCG gonads, respectively, by one-way ANOVA.

interstitial cells, then significantly decreased at 70 dat and
almost disappeared at 90 dat except a few interstitial cells
near the blood vessel and a few theca cells surrounding the
remaining oocytes in the TG gonads (Supplemental Figure
3). To our surprise, Cyp11b2-positive signals, which were
undetectable until 20 dat, were observed to be increased in
those newly proliferated interstitial cells in the ovarian
tissue of TG gonads from 30, 45, and 70 dat (Supplemen-
tal Figure 4). By IHC staining of adjacent sections in series
from TG gonads, Cyp19ala and Cypl1b2 were con-
firmed to be coexpressed in the same type of steroidogenic
cellsin ovarian tissue at 45 and 70 dat (Figure 6,1-L). With
the degeneration of oocytes and the expansion of testicular
tissue, these steroidogenic interstitial cells became
Cyp11b2-positive (Figure 6, M and N) but no longer
Cyp19ala-positive (Figure 6, O and P).

Dmrt1-positive signals were observed in the Sertoli and
epithelial cells comprising the efferent duct in MCG testis
but not detected in FCG ovary at all time point examined

(Figure 6, Q and R). Interestingly, Dmrt1-positive signals
were also detected in somatic cells surrounding “oogonia”
or GSC-like cells (or putatively known as spermatogonia),
which scattered in germinal epithelium near the ovarian
cavity at 30- and 45-dat TG gonads (Figure 6S and Sup-
plemental Figure 5). In 70- and 90-dat TG, Dmrt1 signals
were located in Sertoli cells surrounding spermatogonia or
spermatogenic cysts in the testicular tissue and numerous
spermatogonia distributed in germinal epithelium along
both sides of ovarian cavity. Stronger positive signals were
observed at cells surrounding the space left after oocyte
degradation. In contrast, no Dmrt1 signal was detected in
the ovarian tissue of the TG ovotestis (Figure 6T). In TG
gonads, perinucleolar oocytes were surrounded by unil-
aminar granulosa cells, which were Dmrt1 negative in
ovarian tissue (Figure 6U). When the oocyte degraded and
disappeared, a cavity was left, and its surrounding gran-
ulosa cells remained and changed into Dmrtl-positive
cells (Sertoli cells). Then, germ cells (spermatogonia) sur-

2z0z ¥snbny 0z uo 1senb Aq 0L¥€Z12/9.1 L//GS L/oIoIE/OpUS/WOD dNO"dlWapEedE//:sdiY WOl PaPEOjUMOQ



doi: 10.1210/en.2013-1959 endo.endojournals.org 1483

& RS Y ¢ lpm oy ».’. TSNy Lo L
Figure 6. Transdifferentiation of germ cells and somatic cells of tilapia gonads by TUNEL staining (A and B) and IHC (C—X) during SSR. A and B,
Apoptosis of oocytes and somatic cells by TUNEL staining of gonad from FCG (A) and TG (B) at 20 dat. C and D, Proliferation of somatic cells
(steroidogenic cells) by IHC of PCNA from FCG (C) and TG (D) at 45 dat. E-P, Transdifferentiation of E2-producing cells to 11-KT-producing cells by
IHC of Cyp19a1a and Cyp11b2 with adjacent sections of FCG (E and F), MCG (G and H) and TG (I-P). Cyp19a1a is detected in the interstitial and
some theca cells in 0-dat FCG and TG (E), whereas Cyp11b2 is undetectable in same position (F). In contrast, strong Cyp11b2 signal was detected
in Leydig cells in MCG (H), whereas Cyp19ala was never detected in testicular tissue of MCG (G) and 90-dat TG (M). Coexpression of Cyp19a1a
and Cyp11b2 in the steroid-producing interstitial cells was observed in the ovarian tissue at 45-dat (I and J) and 70-dat (K and L) TG. Once
spermatogenic cells invaded the cavity left by degenerated oocytes, the steroidogenic interstitial cells became Cyp11b2-positive (O and P), but no
longer Cyp19a1a-positive (M and N) at 90-dat TG gonad. N and P, Higher magnification of the boxed areas in M and O, respectively. Q-T,
Transdifferentiation of oogonia to spermatogonia by Dmrt1 IHC. Dmrt1 was detected in Sertoli cells (black arrowheads) in MCG gonad (R) but
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rounded by Dmrt1-positive Sertoli cells invaded the cavity
(Figure 6V), and gradually, the cavity was filled with tes-
ticular tissue (Figure 6W). The Dmrt1-positive cells be-
came epithelial cells comprising the efferent duct of tes-
ticular tissue if no germ cell were invaded in the space left
by the degenerated oocytes (Figure 6X).

Discussion

Transdifferentiation of germ cell and somatic cell
in gonad during SSR

Existing investigations on sex reversal were mostly fo-
cused on NSR or PSR in teleosts. In the NSR, artificial
inducement was widely applied to hermaphroditic fish
with differentiated ovary or testis to invert sexuality in
advance by administration of exogenous steroids or Al
(33-36). For gonochoristic fish, sex reversal of fish with
undifferentiated bipotential gonads (PSR) could be
achieved by similar administration before or during the
narrow window of sex determination (9, 22, 23, 37, 38).
Once the fish grows beyond the stage, artificially induced
sex reversal is difficult or even impossible to accomplish.
In this study, the differentiated genetic females (XX) of
tilapia were successfully induced to phenotypic males with
ovotestis being able to produce fertile sperm. To distin-
guish from NSR and PSR, we named it as SSR. Sex reversal
was successfully induced with fish of different age. How-
ever, the treatment time needed for sex reversal was pro-
portional to fish age (or the time of fish experienced sex
differentiation), because older fish treated with shorter
time resulted in no or very low rate of sex reversal. SSR is
useful for study of sex reversal and for understanding of
the molecular mechanism of sex determination and dif-
ferentiation in teleosts as well as in other vertebrates.

During PSR, the undifferentiated gonad directly devel-
oped into the opposite phenotypic sex, and it was very dif-
ficult or even impossible to distinguish the sex-reversed go-
nad from normal testis or ovary histologically. The process
of NSR and SSR experienced the degeneration of ovarian
tissue and the reconstruction of testicular tissue, or vice versa.
In most protogynous fish (39-41), except for saddleback
wrasse (14), testicular tissues with a few developing cysts of
male germ cells were observed dispersed in the ovarian tissue
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in the gonad. In protandrous black porgy, small ovarian tis-
sue with a few primary oocytes dispersed in the testicular
tissue was observed before sex reversal (33). Obviously, the
new tissues came from the preformed testicular or ovarian
tissue in the hermaphroditic fish during NSR. Where did
germ cells and somatic cells of testicular tissue come from in
the gonochoristic tilapia during SSR? Undifferentiated mi-
totic germ cells, designated as GSCs, were proved to be pres-
entin the germinal cradles in the ovary of adult medaka (42).
In the present study, we observed that sex reversal was ini-
tiated from the germinal epithelium opposite to the blood
vessel, ventral to the ovarian cavity, as demonstrated by the
first appearance of Dmrt1-positive cells. In a previous study,
dmrt1 was proved to express in Sertoli cells of testis, but not
in ovary of Nile tilapia (43). Because there has been no report
demonstrating the existence of GSCs in the differentiated
ovary of tilapia up to now, the germ cells observed in the
germinal epithelium were designated as oogonia or GSC-like
cells, and the somatic cells were designated as germ cell-sur-
rounding cells (Dmrt1-positive pre-Sertoli cells). At the early
stage of SSR, oogonia or GSC-like cells and the surrounding
somatic cells in the germinal epithelium were the major
source of spermatogonia and pre-Sertoli cells as proved by
Dmrt1 THC. However, at the later stage, with the degener-
ation of many oocytes and the quick development of testic-
ular tissue, migration of proliferated spermatogonia became
the major source of germ cells, and transdifferentiation of
granulosa cells became the important source of Sertoli cells.
Dmrt1-positive cells also became epithelial cells com-
prising the efferent duct of testicular tissue if no germ
cell were invaded in the space left by the degenerated
oocytes. Our result is consistent with the evidence from
ERKO, FoxI2KO mouse (17, 18) that ERKO or
FoxI2KO in female mouse resulted in the transdiffer-
entiation of granulosa into Sertoli-like cells.
Generally, Cyp19ala (key enzyme for E2 synthesis) ex-
presses in the steroid-producing cells (SPCs) in normal
ovary but notin normal testis by [HC. However, Cyp11b2
(key enzyme for 11-KT synthesis) expresses in the Leydig
cells in normal testis but not in normal ovary, ie,
Cyp19ala and Cypl11b2 were never found to be coex-
pressed in the normal ovary and testis by IHC. However,
in the present study, IHC data demonstrated that prolif-

Figure 6 (Continued). never in FCG gonad (Q). Dmrt1 was detected in somatic cells (white arrowheads) surrounding the oogonia or GSC-like
cells (white arrows) in germinal epithelium at 30 dat (S) and Sertoli cells (black arrowheads) at 70-dat (T) TG gonad, indicating the
transdifferentiation of germ cells from oogonia to spermatogonia (black arrows). U-X, Transdifferentiation of granulosa cells to Sertoli cells and
epithelial cells of the efferent duct by Dmrt1 IHC at 90-dat TG. Dmrt1 was not expressed in the granulosa cells (red arrowhead) surrounding
oocytes (U), whereas it was expressed in the granulosa cells once the oocytes degenerated (V). The granulosa cells transdifferentiated to Sertoli
cells (black arrowheads) if spematogonia invade the cavity left by the degenerated oocytes (V and W), otherwise they became epithelial cells of the
efferent duct (X). Brown color, positive signals. Asterisks indicate the spaces left by degenerated oocytes. OC, oocyte; CV, ovarian cavity; SC,

spermatocytes; ED, efferent duct.

2z0z ¥snbny 0z uo 1senb Aq 0L¥€Z12/9.1 L//GS L/oIoIE/OpUS/WOD dNO"dlWapEedE//:sdiY WOl PaPEOjUMOQ



doi: 10.1210/en.2013-1959

erated somatic cells in TG gonad displayed strong positive
signals of both Cyp19ala and Cyp11b2. These data in-
dicated that the proliferated somatic cells, if not all, were
SPCs. More importantly, Cyp11b2 was detected in SPCs
of the ovarian tissue in TG gonad, coexpressed with
Cyp19ala. When spermatogenic cysts invade the space
left by degenerated oocytes, those cells were still Cyp11b2-
positive but no longer Cyp19ala-positive, suggesting that
the Leydig cells of the testicular tissue from TG gonad were
transdifferentiated from the interstitial SPCs of ovarian
tissue. Furthermore, the change of steroidogenic enzymes
resulted in the production of androgen 11-KT in these
cells, which, in turn, provides the extracellular environ-
ment for spermatogenesis.

Transdifferentiation was driven by the
suppression of female pathway genes and the
activation of male pathway genes

According to our previous study on gonadal transcrip-
tome of 4 developmental stages in Nile tilapia, male go-
nads always express more genes than female gonads, sug-
gesting that differentiation and development of male
gonads rely on more genes than female gonads (24). In the
present study, increased number of genes was found to be
expressed in 45- and 90-dat TG transcriptomes during
SSR, which is consistent with the notion that more genes
are required for the development of phenotypic male go-
nad. Furthermore, the gene number of 45- and 90-dat TG
gonads is larger than that of 0- and 90-dat FCG gonads,
indicating that the expression of some genes involved in
male pathway are initiated during SSR. The 754 down-
regulated genes in TG gonads were considered as genes
related to female phenotypic sex differentiation and main-
tenance, whereas the 1591 up-regulated genes related to
testicular phenotypic differentiation and maintenance.
The identification and characterization of down- and up-
regulated genes in TG gonads is of vital importance for us
to understand how these genes involved in gonadal
transdifferentiation.

However, the global expression profiles of TG gonads
showed a better correlation with FCG gonads as classified
using an unsupervised average linkage clustering of the
gene expression profiles, indicating that the global expres-
sion profiles of FCG, MCG, and TG gonads were clearly
discriminated by their genetically sex, ie, XY (MCG go-
nads)/XX (FCG and TG gonads). Similar results were also
reported in masculinized XX rainbow trout (22). All these
results indicated that although the phenotype of the go-
nads of 90-dat TG displayed more similarity in morpho-
logical and histological characteristics with MCG, the
global gene expression profiles were closer to those of
FCG. Therefore, the gonadal transdifferentiation was
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driven by the suppression of female pathway genes and the
activation of male pathway genes, even though those
down- and up-regulated genes were a small number of
gonad-expressed genes.

Only 8 of 754 TG down-regulated genes were XX-
enhanced genes, in which cyp19a1b (44-46), wnt5a (47),
and foxI2 (48-53) have been reported to be related to
ovarian differentiation and development. However, more
TG up-regulated genes (306 of 1591) were XY-enhanced
genes, including dmrtl (30, 54-56), foxJla (57), and
cyp17al (58). The decrease in expression of these XX-
enhanced genes and the increase in expression of these
XY-enhanced genes during SSR suggested their crucial
roles in sex reversal as well as in ovarian maintenance and
in testicular development.

Down-regulation of endogenous estrogen is
prerequisite for the ovarian transdifferentiation

It is well known that estrogens play a pivotal role in
gonadal sexual differentiation in teleost (4, 59). Decrease
of endogenous estrogen always associated with the sex
reversal from female to male in PSR and NSR. In the pres-
ent study, Fadrozole directly inhibited the activity of aro-
matase in the ovary, resulting in the continuous and
sharply decrease of serum E2 levels from 10 to 30 dat. The
decrease of E2 suppressed the expression of female path-
way genes as revealed by transcriptome analysis. Espe-
cially, the 2 key genes, foxI2 and cyp19alb, were found
significantly decreased from 20 dat by qPCR, indicating
their critical role in gonadal transdifferentiation. Expres-
sion of ¢yp19alb was continuously decreasing during
SSR, parallel to the estrogen decrease, indicating that
cyp19alb may be also involved in gonadal estrogen syn-
thesis and ovarian maintenance. Cyp19ala was regarded
as an important factor in ovary maintenance, and down-
regulation of cyp19ala is the only necessary step for in-
ducing a testicular differentiation pathway in PSR and
NSR (60). Unexpectedly, during Fadrozole treatment the
expression of cyp19ala significantly increased to compen-
sate for decreased aromatase activity and E2 levels in TG
gonads from 10 to 45 dat, then significantly decreased
from 70 to 90 dat when obvious testicular tissue appeared,
which were demonstrated by transcriptome analysis,
qPCR, and IHC. ITHC results indicated that the Cyp19ala
up-regulation during 10 to 45 dat was caused by the pro-
liferation of Cyp19ala-positive cells, whereas its down-
regulation from 70 to 90 dat was due to the transdiffer-
entiation of Cyp19ala-positive cells to Cyp11b2-positive
cells. The expression profile of cyp19ala in SSR is differ-
ent from the continual decrease of cyp19ala observed dur-
ing PSR in rainbow trout (23), Japanese flounders (61) as
well as tilapia (62), and NSR in European sea bass (63),
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suggesting a remarkable difference between SSR with PSR
and NSR. Our results indicated that down-regulation of
Cyp19ala activity, which resulted in decrease of E2, is the
prerequisite for Al-induced gonadal transdifferentiation
in SSR. This conclusion was further supported by the fact
that supplying exogenous E2 with Fadrozole treatment
successfully rescued the latter induced sex reversal.

Our data demonstrated that decrease of E2 (10 dat) was
earlier than increase of 11-KT (30 dat) during SSR. Serum
testosterone level in TG was significantly higher than that of
FCGand MCG at 20 and 30 dat and sharply decreased from
45 dat to a level significantly lower than that of FCG but
similar to that of MCG until the end of the treatment, which
is negatively correlated to the level of Cyp11b2 and 11-KT
during the same period. Transcriptome analyses also dem-
onstrated an up-regulation of steroidogenic enzymes in go-
nads during SSR. These results indicated that the up-regula-
tion of steroidogenic enzymes and the blockage of aromatase
activity by Al resulted in the accumulation of serum testos-
terone levels in the early stage of treatment. After 45 dat, the
up-regulation of Cyp11b2 resulted in increased conversion
of testosterone to 11-KT and, therefore, responsible for the
decrease of testosterone and increase of 11-KT. Our results in-
dicated that E2 plays a key role in the ovary maintenance, and
lack of E2 is the prerequisite, whereas increase of 11-KT is the
consequence of SSR in tilapia. Furthermore, the continuous in-
crease of serum 11-KT levels at the later stage of SSR indicated
that androgens were required for spermatogenesis.

In addition, up-regulation was also observed for the
critical factors involved in male pathway, such as dmrt1,
by transcriptome analysis, qQPCR, and IHC during SSR,
indicating that the suppression of these genes in the gonad
was relieved by the decrease of E2 during SSR. The pre-
vious study indicated that dmrt1 exhibited a male-specific
expression in XY gonads from 6 dah, much earlier than the
time for morphological differentiation of gonad in tilapia
(30), and Dmrt1 suppressed the female pathway by re-
pressing cyp19ala transcription and estrogen production
in the testis (32, 56). In protandrous black porgy, the ex-
pression of dmrt1 was limited to the spermatogonia-sur-
rounding cells (Sertoli cells) throughout testis develop-
ment in the male-fated fish (64). These results indicated
that dmrt1 was important not only for testis differentia-
tion in normal development but also for testicular fate
determination in NSR. In the present study, Dmrt1-pos-
itive signals were detected in the somatic cells surrounding
the germ cells at 30-dat TG, when the gonad was basically
an ovary, whereas transdifferentiation of germ cell was
barely detectable because of the lack of specific spermato-
gonia marker. This implied that the change of somatic cells
probably earlier than that of germ cells. Similarly, the
quick up-regulation of dmrt1 was observed before the ap-
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pearance of the testicular tissue during PSR in rainbow
trout (23). Taken together, these results suggested that
up-regulation of dmrtl was always associated with the
development of testicular tissue in PSR, NSR, and SSR.
Dmrt1 played a critical role and could serve as a useful
marker for the early development of testicular tissue dur-
ing PSR, NSR, and SSR.

In conclusion, our study suggests that a differentiated
ovary can be transdifferentiated into a functional testis.
Down-regulation of endogenous estrogen, which resulted
in suppression of female pathway genes and activation of
male pathway genes, is the prerequisite for the ovarian
transdifferentiation. Up-regulation of endogenous andro-
gen is the consequence of SSR in tilapia.
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