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Abstract

In the present study the expression of 13 genes known to be
involved in sex differentiation and steroidogenesis in catfish
was analyzed during gonadal ontogeny by quantitative real-
time RT-PCR. Dmrt1 and sox9a showed exclusive expression
in male gonads while ovarian aromatase (cyp19al) and foxI/2
were abundant in differentiating female gonads. Most of the
genes related to steroidogenesis were expressed only after
gonadal differentiation. However, genes coding for 3p-
hydroxysteroid dehydrogenase (33-hsd), 17a-hydroxylase/
C17-20 lyase type 1 (cyp17) and steroidogenic acute regula-
tory protein (star) were barely detectable during gonadal dif-
ferentiation. Ovarian aromatase, cyp19al, which is responsi-
ble for estradiol-17p biosynthesis in females, was expressed
very early in the undifferentiated gonads of catfish, around
30-40 days post hatch (dph). The steroidogenic enzyme,
11B-hydroxylase (cyp11b1) required for the production of
11-ketotestosterone (11-KT) was expressed only after differ-
entiation of testis. These results suggest that estradiol-173
has a critical role in ovarian differentiation, while the role of
11-KT in testicular differentiation is doubtful. In conclusion,

dimorphic expression of dmrt1 and sox9a in gonads during
early development is required for testicular differentiation,
and sex-specific expression of cyp19al and foxI2 in females
plays a critical role in ovarian development. Our study re-
veals that the critical period of gonadal differentiation in
catfish starts around 30-40 dph when sex-specific genes
showed differential expression.

Copyright © 2011 S. Karger AG, Basel

Sexual reproduction is an important event which en-
ables an organism to propagate and transfer genetic in-
formation from one generation to another. Successful re-
production usually depends on events that begin early in
the reproductive life cycle. In vertebrates, sex determina-
tion and differentiation are the two important events in
the development of gonads [Hughes, 2001]. Sex determi-
nation is the genetic (sex chromosomes) or environmen-
tal process by which the sex of an individual is established
[Hughes, 2001; Kondo et al., 2009]. Sex determination is
extremely diverse and lacks conservation in vertebrates.
Sex differentiation refers to gonadal development after
sex determination, when an indifferent/bipotential go-
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nad develops into testis or ovary, and is controlled by var-
ious factors/genes and hormones [Hughes, 2001]. Sex dif-
ferentiation appears to be relatively conserved in verte-
brates across the phyla. There are several factors like
DMY/DMRT1, SOX9, AD4BP/SF-1 (NR5A1) and AMH
which are implicated in testicular differentiation, while
CYP19A1 and FOXL2 promote ovarian differentiation in
most vertebrates [Hughes, 2001; Matsuda et al., 2002;
Nanda et al.,, 2002; Nagahama, 2005; Guerrero-Estévez
and Moreno-Mendoza, 2010]. Teleosts are excellent mod-
els for studying the events of sex determination and dif-
ferentiation from an evolutionary point of view as they
exhibit a broad range of sexual plasticity, ranging from
hermaphroditism to gonochorism and from genetic to
environmental sex determination [Devlin and Nagaha-
ma, 2002]. Further, their sex can be manipulated or com-
pletely reversed by exogenous sex steroid treatment
around the critical period of sex determination/differen-
tiation [Nagahama, 2005; Kobayashi et al., 2008; Raghu-
veer and Senthilkumaran, 2009].

Considering the knowledge gained in mammalian sex
determination and differentiation studies, in-depth re-
search work in teleosts related to this area is mostly re-
stricted to daily or fortnight breeders like zebrafish, me-
daka and tilapia. In this regard, teleosts which show a sea-
sonal (annual breeders) pattern of gonadal attenuation
and recrudescence (reproductive cycle) are good models
for comparative analysis and may provide interesting in-
sights in understanding the expression pattern of sex-spe-
cific genes, not only during gonadal development, but also
during gonadal recrudescence. Our laboratory is working
on a teleost fish model, Clarias gariepinus (commonly
known as North African/air-breathing catfish), in order
to unravel the role and expression pattern of various tran-
scription factors and steroidogenic enzyme genes during
sex differentiation and gonadal development. The catfish
is a gonochoristic annual breeder having a seasonal repro-
ductive cycle. The present study combines the histological
analysis of gonads and the expression pattern of genes/
factors during the process of gonadal ontogeny. We exam-
ined the sex specificity and precise timing of the expres-
sion of genes encoding transcription factors (wtl, dmrtl,
sox9a, sox9b, sox3, ad4bp/sf-1, foxI2), steroidogenic en-
zyme genes (33-hsd, cypl7, 17B-hsdl, cypl9al, cypllbl)
and the sterol transfer protein/steroidogenic acute regula-
tory protein coding gene (star) during gonadal differen-
tiation and later stages of gonadal development after dif-
ferentiation until maturity in catfish. For this purpose, the
transcript levels of these 13 genes were analyzed by quan-
titative real-time PCR. Further, we also performed immu-
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nolocalization studies for few sex-specifically expressed
proteins (Dmrtl, Sox9, Cypl9al, and Foxl2) during go-
nadal development in catfish.

Materials and Methods

Animals and Sampling

Catfish (C. gariepinus) at different age groups were reared in
fresh water tanks under ambient photothermal conditions. To ob-
tain different age groups of catfish hatchlings, in vitro fertiliza-
tion was performed during the breeding season using mature
male and gravid female catfish injected (intraperitoneally) with
human chorionic gonadotropin (500 IU/100 g body weight). The
fertilized catfish embryos were transferred to small-size glass
tanks containing filtered water with aeration. Generally catfish
embryos take 24 h to hatch and the hatchlings can survive for 2-3
days without any external feed by utilizing the yolk sac for nutri-
tion. Later on, the hatchlings were fed with live tubeworms until
3 months. Juvenile 3- to 8-month-old catfish were fed with com-
mercially available fish feed pellets along with tubeworms. Cat-
fish take about a year to mature which marks the beginning of the
reproductive cycle. Catfish at different age groups (0, 10, 20, 30,
40, 50, 75, 100, 150, 200 and 300 days post hatch (dph)) were col-
lected and gonads were isolated for total RNA extraction as de-
scribed earlier [Raghuveer and Senthilkumaran, 2010a]. In brief,
the mesonephric gonadal complex (MGC) was isolated using fine
sterile forceps under a stereoscopic dissection microscope from
catfish hatchlings at 10, 20, 30 and 40 dph. The whole body was
used for 0 dph (less than 24 h after hatching). The MGCs of fish-
es of the same age group were pooled (5 hatchlings per sample;
n = 3) to get a sufficient amount of total RNA. In catfish, morpho-
logical distinction of male and female gonads is possible from 50
dph onwards [Raghuveer and Senthilkumaran, 2009]. Therefore,
male and female gonads of catfish (3 fishes per sample; n = 3) at
50, 75, 100, 150, 200 and 300 dph were isolated using fine sterile
forceps for total RNA extraction.

Histological Studies

The male and female gonads of catfish hatchlings at different
age groups (28,40,45, 52,70, 90 and 160 dph) were fixed in Bouin’s
solution, dehydrated and embedded in paraplast (Sigma). For
light microscopic histological examination, 5-pm sections were
cut using a microtome (Leica, Wetzler, Germany) and stained
with hematoxylin-eosin. All photomicrographs were taken with
Olympus CX41 bright field light microscope (Olympus, Tokyo,
Japan) fitted with a digital camera.

Real-Time Quantitative RT-PCR (qRT-PCR)

All target genes analyzed and the endogenous control (3-ac-
tin) used in the present study were previously cloned from catfish.
The GenBank accession numbers of the genes are as follows:
Wilms’ tumor gene 1, wtl (JF510005); doublesex and mab-3 re-
lated transcription factor 1, dmrtl (F]596554); SRY-related ho-
meobox gene 9, sox9a (HM149258) and sox9b (HM149259);
SRY-related homeobox gene 3, sox3 (HQ680982); Adrenal 4 bind-
ing protein/steroidogenic factor 1, ad4bp/sf-1 (HQ680985); fork-
head box L2, foxI2 (HQ680981); cytochrome P450 aromatase type
Al or ovarian aromatase, cypI9al (GU220075); 33-hydroxyster-
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Table 1. List of primers used for quantitative real-time PCR analysis

Gene Forward primer (5'—3") Reverse primer (5’ —3")

wtl ACGCGCACAGGGTGTTCGA GGTACGGTTTCTCTCCTTGTG
dmrtl GCAGAGCTCAGCAAAACCCGG GCGGCTCCCAGAGGCAGCAGGAGA
s0x9a TCTGGCGGCTGCTGAATGAAGG CTCGGTATCCTCGGTTTCACC
s0x9b GAGACCCAGTCAGGCCACAG AGGGTCTCGATGTGGGCCA

s0x3 CACGGTATGAGTAGCCCACCA GCGATGGCAGGTGGTGGTGAG
ad4bp/sf-1 TCACTATG CACCTGCCT CGCTTGTACATGGGGCCGAAC
foxI2 CATGGCTATACGCGACAGCTC CCAGTAGTTCCCCTTCCTCTC
3B-hsd GAGGTAAATGTGAAAGGTACCAA TAGTACACAGTGTCCTCATGG
cypl7 CCATGGCTCCAGCTCTTTCC CAGTAAGACCAACATCCTGAGTGC
star TCGTCCGAGCCGAGAACGG TGCCTCCTCCACTCCACTG

cypl9al AGGTCCCTGGTTTTGTCTG TGCAGATGGCCTGCTGAGG
173-hsd1 GACATCCTGGTGTGTAATGCAGG CTGCCTGTGACCAGGATCCGT
cypllbl GGCAGTGGAGCGAATGCTGAA GCACCCCGGGGAACCAGC

B-actin ACCGGAGTCCATCACAATACCAGT GAGCTGCGTGTTGCCCCTGAG

oid dehydrogenase/A4-A5 isomerase, 33-hsd (HQ680983); 17
hydroxylase/C17-20 lyase type 1, cypl7 (F]790422); steroidogenic
acute regulatory protein, star (FJ793811); 17B-hydroxysteroid de-
hydrogenase typel, 1783-hsdl (HQ680984); and cytochrome P450
hydroxylase type B or 113-hydroxylase, cypl11bl (HQ680986). To-
tal RNA was extracted from gonadal samples of different stages
using the Sigma TRI-reagent method and quantified using a
NanoDrop spectrometer (NanoDrop Technologies, Wilmington,
DE). Reverse transcription (RT) was carried out with 1 pg of total
RNA and random hexamer primers using superscript-III (Invitro-
gen) according to the manufacturer’s protocol. Successful RT was
confirmed for all samples by performing PCR amplification of -
actin as an endogenous control. The primer sets used for gRT-PCR
(table 1) were designed using Primer Express software (Applied
Biosystems, Foster City, Calif., USA) such that at least one primer
in each set flanked the intron-exon boundary to prevent amplifi-
cation from genomic DNA. All qRT-PCRs were carried out in 20-
wl reactions in triplicates using power SYBR Green PCR master
mix (Applied Biosystems) in an ABI-7500 fast real time PCR ma-
chine (Applied Biosystems) at an initial hold of 95°C (10 min) then
followed by a 2-step PCR reaction of 95°C (15 s) and 60°C (1 min)
for 40 cycles according to the manufacturer’s protocol. Dissocia-
tion or melting curve analysis was performed for each gene to
check for single amplification. During PCR, fluorescence accumu-
lation resulting from DNA amplification was recorded using the
ABI 7500 sequence detection system (SDS) software (Applied Bio-
systems). Cycle threshold (Ct) values were obtained from the ex-
ponential phase of PCR amplification by SDS software. We used
B-actin as an endogenous control as it did not show any significant
change in expression at different stages. The target gene expression
was normalized against B-actin expression generating a Ct value
(Ct = Ct of target gene - Ct of B-actin). Relative expression of the
target gene was then calculated according to the equation 24,

Immunohistochemistry

Immunohistochemistry (IHC) was performed to localize
Dmrtl, Sox9, Cypl19al and FoxI2 proteins in differentiated gonads
of catfish. For this, juvenile male and female catfish gonads at 52

Dimorphic Expression of Genes in
Catfish Ontogeny

dph were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS), processed and embedded in paraplast (Sigma). Sec-
tions of 5 wm thickness were spread on sterile glass slides coated
with polylysine, deparafinized in xylene and rehydrated in succes-
sively lower-graded concentrations of ethanol. The sections were
then treated with 0.1% H,0, for 15 min to prevent endogenous
peroxidase reaction. The sections were washed twice in 0.1 M PBS,
1% Tween 20 and then blocked using 10% normal goat serum
(Bangalore Genei, Bengaluru, India) in 0.1 M PBS for 10 min at
room temperature (25°C). Sections were then incubated overnight
at4°Ceither with Dmrtl, Sox9, Cyp19al, or Foxl2 antibodies. The
specificity of Dmrtl [Raghuveer and Senthilkumaran, 2009],
Sox9 [Raghuveer and Senthilkumaran, 2010b] and FoxI2 [Sridevi
and Senthilkumaran, unpublished data] antibodies used for ITHC
were evaluated previously in our laboratory. In brief, we used cat-
fish-specific antibodies that were raised in our laboratory for the
localization of Dmrtl and FoxI2 proteins. For the detection of Cy-
pl9al, we used a heterologous antibody specific to tilapia Cypl9al
protein. Human SOX9-specific antibody (heterologous) was used
for detection of Sox9a in catfish [Raghuveer and Senthilkumaran,
2010b]. Following incubation with primary antibody, sections
were washed in PBS, 0.1% Tween 20 (PBST) for 10 min and then
incubated with 1:500 dilution of biotinylated anti-rabbit second-
ary antibody (Vector Laboratories, Burlingame, Calif., USA) for
the horseradish peroxidase detection. Sections were incubated
with ABC reagent (avidin-biotinylated horse-radish peroxidase
complex) provided in VECTASTAIN Elite ABC kit (Vector Labo-
ratories) for 30 min at room temperature. The sections were
washed in PBS and color was developed using commercially sup-
plied 3,3’-diaminobenzidine (DAB) as chromogen and H,O, as
substrate for horseradish peroxidase (Vector Laboratories). The
sections were washed, dehydrated in graded ethanol series, cleared
in xylene and mounted using DPX mountant. Immunofluores-
cence using FITC-conjugated anti-rabbit secondary antibody (In-
vitrogen) was employed for localizing Dmrtl protein. After the
secondary incubation the sections were washed with PBS and
mounted in 90% glycerol. Photomicrographs were taken using
Olympus CX41 fluorescence cum light microscope.
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Statistical Analysis

The data from real-time PCR were expressed as mean * SEM
of at least 3 independent samples. Significant differences in the
data between male and female groups after differentiation (50 dph
onwards) were compared using Student’s t test. A probability of
p <0.05 was considered statistically significant.

Results

Histological Observation of Gonadal Development in

Catfish

Conventional histological methods were used to study
the onset of gonadal sex differentiation in catfish. A
primitive gonad with primordial germ cells (PGCs) sur-
rounded by supporting cells was observed in the abdo-
men region near the coelomic cavity at 28 dph (fig. 1A).
At 40 dph, the formation of 2 bipotential gonads protrud-
ing from the mesonephros was observed (fig. 1B). Higher
magnification of the bipotenial gonad showed develop-
ment of germ cells surrounded by somatic/supporting
cells (fig. 1C). The first sign of morphological differentia-
tion of gonads was evident by formation of the ovarian
cavity in the developing female gonad around 45 dph
(tig. 1D). The differentiated ovary at 52 dph showed the
presence of few meiotic oogonia and perinucleolar/pri-
mary growth oocytes (fig. 1E). The female gonads were
completely filled with pre-vitellogenic oocytes and few
perinucleolar oocytes at 70 and 90 dph (fig. 1F, G) and
showed different stages of oocytes (perinucleolar and
pre-vitellogenic) at 160 dph (fig. 1H).

Testicular differentiation in catfish begins around 52
dph when developing germ cells (spermatogonia) sur-
rounded by supporting/Sertoli cells were noticed (fig. 1I).
Male and female gonads at 70 and 90 dph showed the pro-
liferation and differentiation of spermatogonia and oo-
cytes, respectively (fig. 1], K). The completely developed
testis at 160 dph showed different stages of spermatogo-
nial cells, spermatocytes and few spermatids/sperm in
the lumens indicating the progression of spermatogenesis
(tig. 1L). These results suggest that testicular differentia-
tion is delayed and takes more time than ovarian differ-
entiation.

Expression Profile of Transcription Factors: wtl,

dmrtl, sox9a, sox9b, foxI2, ad4bp/sf-1 and sox3

In catfish, wtI expression was seen in the MGC before
gonad differentiation, around 20-30 dph (fig. 2A). Its ex-
pression was found to be high in undifferentiated gonads
at 40 dph. Later on, after differentiation of gonads (50 dph
onwards), wtl was expressed at significantly higher levels
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in male gonads than in female gonads (* p<<0.05) (fig. 2A).
However, its expression disappeared in both male and fe-
male gonads at maturity. The expression of dmrtl was
observed at low levels in 40 dph undifferentiated gonads
(fig. 2B). Thereafter, its expression increased significant-
ly in differentiated male gonads at 50 dph and then grad-
ually increased until 150 dph (fig. 2B). On the other hand,
dmrtl expression was negligible or undetectable in fe-
male gonads during gonadal ontogeny. Previously, we
isolated 2 duplicate isoforms of sox9 which were named
sox9a and sox9b [Raghuveer and Senthilkumaran, 2010b].
In this study, sox9a and sox9b transcripts were first no-
ticed at low levels in indifferent gonads at 30 dph and at
moderately high levels in bipotential gonads around 40
dph (fig. 2C, D). Later on, sox9a expression was observed
only in male gonads at 50 dph and gradually decreased
until 100 dph (fig. 2C). Then its expression remained sta-
ble in male gonads till maturity. Conversely, sox9b mRNA
was detected at significantly high levels in female gonads
at 50 and 75 dph. Thereafter, its expression decreased
gradually marking the progression of ovarian develop-
ment (fig. 2D). In developing male gonads, sox9b expres-
sion was barely detectable or negligible (fig. 2D). Expres-
sion of sox3 was noticed from 0 dph till 300 dph (fig. 3A).
It was almost similar in both male and female gonads
from 50 dph to 150 dph. However, its expression was sig-
nificantly higher in males compared to females at 200-
300 dph (* p < 0.05) (fig. 3A). Real-time PCR analysis
revealed low levels of foxI2 transcripts in the MGC of
hatchlings at 20 and 30 dph (fig. 3B). The transcript was
present in undifferentiated gonads at 40 dph, increased
considerably in female gonads at 50 dph and thereafter
decreased gradually till 100 dph (fig. 3B). In male gonads,
foxI2 was expressed at barely detectable or negligible
levels throughout gonadal development (** p < 0.001)
(fig. 3B). In catfish, prominent expression of ad4bp/sf-1
was seen in indifferent gonads at 30 and 40 dph (fig. 3C).
Thereafter, it is expressed in both differentiated male and
female gonads until maturity, with significantly higher
levels in females (* p < 0.05) (fig. 3C).

Expression Profile of Genes Involved in

Steroidogenesis: 33-hsd, cypl7, star, cypl9al,

17B-hsd1 and cypl1bl

3B-hsd, cypl7 and star transcripts were detectable at
very low levels in undifferentiated gonads at 40 dph
(tig. 4A-C). These genes showed significantly higher ex-
pression in male gonads compared to female gonads dur-
ing ontogeny (* p < 0.05; ** p < 0.001) (fig. 4A-C). Fur-
ther, their expression gradually increased in both gonads
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Fig. 1. Histology of gonads at different stages of development in
catfish. A Primitive gonad at 28 dph showing PGCs (arrows) sur-
rounded by somatic/supporting cells. B Gonadal section at 40 dph
showing bipotential/indifferent gonads (arrows) attached to the
mesonephros. € Section of bipotential gonad at high magnifica-
tion showing germ cells (arrows) surrounded by supporting cells
(arrowheads). D Differentiating female gonad at 45 dph with peri-
nucleolar oocytes (arrowhead). Arrow indicates the ovarian cav-
ity. E Differentiated ovary at 52 dph showing primary growth oo-
cytes (arrow). F Developing ovary at 70 dph filled with primary
growth/perinucleolar oocytes (arrow). G, H 90 and 160 dph ovary,

as the development proceeds till maturity (fig. 4A-C).
Cypl9al transcript was detectable in undifferentiated go-
nads at 30 and 40 dph (fig. 4D). Thereafter, its expression
was significantly higher in females than in males through-
out development (** p<0.001) (fig. 4D). 173-hsd1 expres-

Dimorphic Expression of Genes in
Catfish Ontogeny

respectively, showing primary growth and pre-vitellogenic oo-
cytes (arrow). 1 52 dph differentiating testis having germ cells (ar-
rows) surrounded by supporting cells (arrowheads). J 70 dph de-
veloping testis showing many proliferating primary spermato-
gonia (arrows). K Testis section at 90 dph showing primary
spermatogonia (arrows) and differentiating spermatogonia (ar-
rowheads). L 160 dph testis showing lumens filled with sperma-
tids/spermatozoa (arrowheads) indicating progression of sper-
matogenesis. Arrows indicate primary spermatogonia. OC =
Ovarian cavity; PO = primary growth/perinucleolar oocytes;
PVO = pre-vitellogenic oocytes. All scale bars indicate 50 pm.

sion was noticed in both gonads after sex differentiation
from 50 dph until 300 dph with abundant levels in fe-
males and very low levels in males (** p < 0.001) (fig. 4E).
Cypllbl expression was not detectable in undifferentiat-
ed gonads until 40 dph (fig. 4F). Its expression became
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apparent only in differentiating male gonads from 50 dph
to 100 dph, further increasing during the initiation of
spermatogenesis in the developing testis at 150-200 dph
(fig. 4F). However, barely detectable levels of cyp11b1 were
noticed in female gonads around 200-300 dph when
compared to male gonads (p < 0.001) (fig. 4F).

IHC Localization of Dmrtl, Sox9, Cyp19al and FoxI2

in Differentiated Gonads

We studied the localization of Dmrtl and Sox9 in dif-
ferentiated male gonads at 52 dph using IHC. Similarly,
Foxl2 and Cypl9al expression was analyzed in develop-
ing female gonads. IHC studies revealed Dmrtl1 in both
germ cells and supporting cells of male gonads at 52 dph
(tig. 5A), while Sox9 was detectable only in the support-
ing cells (fig. 5B). Cyp19al was localized in the follicular
layer extending to the cytoplasm of the primary growth
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oocytes in the differentiated ovary at 52 dph (fig. 5C). On
the other hand, FoxI2 was detectable in the follicular lay-
er of the oocytes in the differentiated ovary at 60 dph
(fig. 5D).

Discussion

In the present study, we analyzed the expression pro-
tiles of genes encoding transcription factors and steroido-
genic enzymes during the process of gonadal develop-
ment in catfish. Parallel to this, we also tracked the
structural changes in gonads during differentiation/
development using histology. Based on our histological
observations in catfish, the first morphological signs of
gonadal differentiation are seen around 45-50 dph, as it
is evident by the formation of the ovarian cavity in the

Raghuveer et al.
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F cypl1bl (cytochrome P450 hydroxylase type B or 113-hydroxylase). ND = Non detectable level. Statistical dif-
ferences between male and female groups were determined by Student’s t test (* p < 0.05; ** p < 0.001).
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Fig. 5. Immunohistochemical localization of Dmrtl, Sox9,
Cyp19al, and FoxI2 proteins in developing gonads of catfish after
FITC (A) and DAB (B-D) detection. A Dmrtl expression (arrows)
in germ cells of the male gonad at 52 dph. B Sox9 localization
in the supporting (Sertoli) cells of the male gonad at 52 dph. Ar-
rows indicate supporting cells; arrowhead indicates germ cell.
C Cyp19al localization (arrows) was observed in the follicular lay-
er extending inside the cytoplasm of peri-nucleolar oocytes in the
female gonad at 52 dph. D FoxI2 localization in the follicular lay-
er (arrows) of the oocytes in the female gonad at 60 dph. All scale
bars indicate 50 pm.

differentiating female gonad. In catfish, gonads at 50 dph
are fully differentiated into either testis or ovary which
was apparent by histology. In this study, we observed the
beginning of ovarian differentiation much earlier than
testicular differentiation as seen in the majority of gono-
choristic teleosts. Interestingly, testis takes more time to
differentiate fully when compared to ovary. However, a
few teleosts like Mozambique tilapia and Nile tilapia
show simultaneous differentiation of both sexes [Striiss-
mann and Nakamura, 2002].

We observed differential expression patterns of vari-
ous genes/transcription factors during gonadal sex dif-
ferentiation in catfish and such differences in expression
become more important as the gonadal development pro-
gresses. The transcription factor WT1 is critical for the
development of the urogenital system and its expression
pattern is conserved in vertebrates, including teleosts
[Pritchard-Jones et al., 1990; Perner et al., 2007; Klaver et
al., 2009]. In catfish, wtI expression was found very early
in the indifferent gonad/MGC. Later, after differentiation
of gonads, its expression was mainly seen in males and
gradually decreased as the testis developed and attained
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maturity. The DMRT1 gene encodes a putative transcrip-
tion factor that shares a highly conserved zinc finger
DNA-binding domain known as DM-domain across dif-
ferent vertebrates [Raymond et al., 2000]. In this study, we
observed dimorphic expression of dmrtl restricted to
male gonads during development which is consistent
with our previous results using semi-quantitative PCR
where few stages of gonadal development after differen-
tiation of gonads were analyzed [Raghuveer and Senthil-
kumaran, 2009]. Its expression was first evident in undif-
ferentiated gonads and persisted throughout the develop-
ment of testis till adult, suggesting an important role in
testicular development in catfish. This kind of male-spe-
cific expression of dmrtl during sex differentiation was
also observed in human, tilapia, orange-spotted grouper
and rainbow trout [Moniot et al., 2000; Fernandino et al.,
2006; Xia et al., 2007; Kobayashi et al., 2008]. However,
there are few reports where dmrtl expression was also
shown in female gonads [Guo et al., 2005; Huang et al.,
2005]. The IHC results revealed that Dmrtl protein was
expressed in germ cells of developing testis as reported
previously from our group [Raghuveer and Senthilkuma-
ran, 2009] and also from others using teleosts like zebra-
fish, orange-spotted grouper and hermaphrodite grouper
[Guo et al., 2005; Xia et al., 2007; Zhou and Gui, 2010].
However, in mice DMRT1 expression was seen in both
germ and somatic cells [Lei et al., 2007; Matson et al.,
2010]. Another testicular related gene, SOX9, that belongs
to the high-mobility-group (HMG) family of transcrip-
tion factors is up-regulated in male gonads during differ-
entiation [Kent et al., 1996]. As in other teleosts, we also
identified 2 isoforms of sox9 in catfish, sox9a and sox9b,
which showed dimorphic expression patterns in develop-
ing catfish gonads: sox9a expression was detectable only
in developing testis, while sox9b expression was mostly
restricted to ovary. This kind of differential expression
pattern was also reported in zebrafish and the Nile tilapia
[Chiang et al., 2001; Kobayashi et al., 2008] which sug-
gests that sox9a retained its function as testis-specific
gene, while sox9b may have a new role to play in ovarian
development. Sox9 protein was localized in somatic/sup-
porting cells in the differentiating catfish male gonad us-
ing a heterologous antibody (specific to human SOX9). In
catfish female gonads, it was localized in the cytoplasm
of the oocytes as reported earlier by Raghuveer and Sen-
thikumaran [2010b]. In other teleosts, Sox9 protein was
also detected in gonads of both males and females [Chi-
ang et al., 2001; Yokoi et al., 2002; El Jamil et al., 2008].
Although its role is well defined in testis, it is not yet clear
what exactly it does in ovary. The SOX3 gene is a member
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of the HMG family of transcription factors which is ex-
pressed in gonads and brain during early vertebrate de-
velopment [Weiss et al., 2003]. Moreover, Sox3 is impor-
tant for normal oocyte development, testis differentiation
and gametogenesis in mouse [Weiss et al., 2003]. In this
study, sox3 was expressed in primordial gonads at very
early stages of development as it is known to be detectable
in PGCs of other teleosts [Yao et al., 2007; Zhou and Gui,
2010]. Its expression was noticed in both male and female
developing gonads of catfish. FoxI2 belongs to the fork-
head family of transcription factors that regulate cyp19al
expression during ovarian differentiation in teleosts
[Wang et al., 2007]. Recently, in human it has been re-
ported that conditional knock out of FOXL2 results in the
upregulation of SOX9 in the transdifferentiated ovary
[Uhlenhaut et al., 2009]. In this study, foxI2 was expressed
at significantly higher levels in female gonads than in
male gonads during development, suggesting its role in
ovarian differentiation. IHC showed Fox]2 immunoreac-
tivity in the follicular layer of oocytes of developing fe-
male catfish. In accordance to this, in medaka and also
in the Nile tilapia, Foxl2 protein was detected in the fol-
licular layer of oocytes by IHC [Nakamoto et al., 2007;
Wang et al., 2007]. Ad4bp/sf-1 was initially identified as a
key regulator for steroid hormone biosynthesis [Bakke et
al., 2001]. It is involved in the differentiation/develop-
ment of testis and ovary by regulating the transcription
of amh in males and cypl9al in females [Yoshiura et al.,
2003; Takada et al., 2006; Wang et al., 2007]. In catfish its
expression was also seen in indifferent gonads during
early development. Later on, after differentiation, it was
observed in both male and female gonads suggesting a
role in gonadal development in both sexes.

In teleosts, sex steroids affect the development of germ
cells and other cell types during the process of gonadal sex
differentiation [Yamamoto, 1969; Devlin and Nagahama,
2002]. Estradiol-17B is considered to be responsible for
inducing and maintaining ovarian development, and its
levels are considerably higher in females than in males. In
teleosts, testicular development is mainly regulated by the
potentandrogen 11-ketotestosterone (11-KT) produced by
males [Nakamura et al., 1998]. In this study, we showed
that cypI9al which is required for the production of estra-
diol-17p was expressed very early in primordial/indiffer-
ent gonads, around 30-40 dph, prior to morphological
differentiation of the gonads which was followed by a
sharp increase at 50 dph in female gonads. Later on, the
levels were found to be high in ovary throughout develop-
ment, which substantiates part of our earlier findings [Ra-
sheeda et al., 2010a]. On the contrary, its expression was

Dimorphic Expression of Genes in
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very low in male gonads throughout development. Our
IHC studies revealed that Cyp19al protein was detectable
in the ooplasm of primary growth oocytes in addition to
the follicular layer during ovarian development in catfish.
Similar observations were also reported in killifish using
in situ hybridization [Dong and Willett, 2008]. However,
there are reports showing that Cyp19al protein was local-
ized only in the follicular layer of vitellogenic oocytes
[Wang et al., 2007]. Other steroidogenic enzyme genes
(3B-hsd, cypl7 and 173-hsd1) and the sterol transfer cod-
ing gene star, necessary for the synthesis of estrogens,
were expressed at barely detectable levels in undifferenti-
ated gonads at 40 dph and thereafter increased gradually
in both differentiated male and female gonads as develop-
ment progressed. Similarly in the Nile tilapia most of
these steroidogenic enzyme genes were also expressed in
undifferentiated XX gonads (around 5-10 dph) and later
gradually increased in both sexes [Ijiri et al., 2008]. Fur-
ther, earlier reports on the manipulation/skewing of sex
in catfish hatchlings during early development (before sex
differentiation) and complete sex reversal of XY tilapia fry
by following ethynylestradiol treatment prove that estro-
gen is produced in female gonads during the critical pe-
riod of ovarian differentiation and plays a crucial role in
female development [Nagahama, 2005; Raghuveer et al.,
2005]. 11-KT is the most potent androgen in teleosts which
is synthesized from testosterone [Nakamura et al., 1998].
Cypl1bl encodes a key enzyme in the production of 11(3-
hydoxytestosterone from testosterone. An important ob-
servation in this study showed that cyp11bl was expressed
in males after gonadal differentiation (from 50 dph on-
wards). On the other hand, its expression was negligible
in female gonads of catfish, similar to female Nile tilapia
where cypl1bl was undetectable during ontogeny [Ijiri et
al., 2008]. Previous studies on catfish 113-hsd, an impor-
tant steroidogenic enzyme required for the production of
11-KT in males, also showed a similar expression pattern
as cypl1bl [Rasheeda et al., 2010b]. These results together
indicate that 11-KT is not produced in gonads during dif-
ferentiation, but is detectable only in the developing testis
or at least late stages of testicular differentiation in catfish.
In this study, the expression of cyplIbl was abundant in
testis around 150-200 dph, when spermatogenesis is initi-
ated in catfish. In most teleosts, including catfish, the en-
dogenous androgens do not appear to have an important
role in testicular differentiation unlike that of estrogens
during ovarian differentiation [Nakamura et al., 1998;
Jjiri et al., 2008; present study]. Taken together, these re-
sults suggest that steroidogenic enzyme genes play a sig-
nificant role in the maintenance of post-differentiation
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gonadogenesis. However, their role in ovarian differentia-
tion, consistent with earlier reports, cannot be ruled out.

In conclusion, male-specific expression of dmrtl,
sox9a and wtl in developing gonads indicates that these
genes are essential for testicular differentiation. In con-
trast, abundant expression of sox9b, foxI2 and cypIl9al in
female gonads suggests an important role for these cor-
relates in ovarian differentiation. Results from IHC for
various gene products support this contention to some
extent. Thus, most of these transcription factors/genes
were expressed in gonads during 30-40 dph, a period
critical for the differentiation of indifferent gonads into
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