ResearchGate

See discussions, stats, and author profiles for this publication at:

Molecular cloning, characterization, and gene
expression of the androgen receptor in the
large yellow croaker, Larimichthys crocea

ARTICLE /17 FISH PHYSIOLOGY AND BIOCHEMISTRY - AUGUST 2012

Impact Factor: 1.62 - DOI: 10.1007/510695-012-9701-6 - Source: PubMed

CITATIONS READS
3 54

7 AUTHORS, INCLUDING:

}.1 « Texas State University Seton Hall University
9 PUBLICATIONS 36 CITATIONS 43 PUBLICATIONS 351 CITATIONS
SEE PROFILE SEE PROFILE

34 PUBLICATIONS 224 CITATIONS

SEE PROFILE

Available from: Yilei Wang
Retrieved on: 24 September 2015


http://www.researchgate.net/publication/230619749_Molecular_cloning_characterization_and_gene_expression_of_the_androgen_receptor_in_the_large_yellow_croaker_Larimichthys_crocea?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_2
http://www.researchgate.net/publication/230619749_Molecular_cloning_characterization_and_gene_expression_of_the_androgen_receptor_in_the_large_yellow_croaker_Larimichthys_crocea?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_3
http://www.researchgate.net/?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_1
http://www.researchgate.net/profile/Kunhuang_Han?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Kunhuang_Han?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Texas_State_University2?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Kunhuang_Han?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_7
http://www.researchgate.net/profile/Ziping_Zhang3?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Ziping_Zhang3?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Seton_Hall_University?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Ziping_Zhang3?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_7
http://www.researchgate.net/profile/Yilei_Wang?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Yilei_Wang?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_5
http://www.researchgate.net/profile/Yilei_Wang?enrichId=rgreq-1850e4e9-021a-46fa-8e7b-290b08b885ca&enrichSource=Y292ZXJQYWdlOzIzMDYxOTc0OTtBUzoxMDExNTM2MzUzMDc1MjdAMTQwMTEyODMxNDQ3NQ%3D%3D&el=1_x_7

Molecular cloning, characterization, and
gene expression of the androgen receptor
in the large yellow croaker, Larimichthys
crocea

Lulu Pu, Kunhuang Han, Fangjing Xie,
Zhihua Zou, David Close, Ziping Zhang
& Yilei Wang

Fish Physiology and Biochemistry

ISSN 0920-1742

Volume 39

Number 2

Fish Physiol Biochem (2013) 39:309-324
DOI 10.1007/s10695-012-9701-6

PHYSIOLOGY

AND BIOCHEMISTRY

@ o or:
L Sprmger Patrick Kestemon t

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Science+Business Media B.V.. This e-offprint
is for personal use only and shall not be self-
archived in electronic repositories. If you
wish to self-archive your work, please use the
accepted author’s version for posting to your
own website or your institution’s repository.
You may further deposit the accepted author’s
version on a funder’s repository at a funder’s
request, provided it is not made publicly
available until 12 months after publication.

@ Springer



Fish Physiol Biochem (2013) 39:309-324
DOI 10.1007/s10695-012-9701-6

Molecular cloning, characterization, and gene expression
of the androgen receptor in the large yellow croaker,

Larimichthys crocea

Lulu Pu - Kunhuang Han - Fangjing Xie -
Zhihua Zou - David Close - Ziping Zhang -
Yilei Wang

Received: 2 April 2012/ Accepted: 20 July 2012/ Published online:

© Springer Science+Business Media B.V. 2012

Abstract Androgens mediate a wide range of phys-
iological responses and developmental processes in
vertebrates, involving both reproductive and nonre-
productive systems. The activity of androgens is
mediated by the androgen receptor (AR), a member
of the nuclear receptor superfamily. In this study, an
AR gene was cloned from the large yellow croaker
(Larimichthys crocea) for the first time. qRT-PCR
revealed ubiquitous expression of AR in all adult
tissues examined, with higher expression in the gonad
and liver of both sexes and highest expression in the
blastula stage of embryonic development. Using in
situ hybridization, we detected positive signals of AR
in the spermatogonium, spermatocyte, spermatid, and
spermatozoon during spermatogenesis, in the cyto-
plasm of all oocytes during oogenesis and in the
follicle cells of stage IV oocytes. Our findings support
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the important role that AR plays in gametogenesis,
gonadal development, and the early stages of embry-
onic development.

Keywords Larimichthys crocea - AR -
Gametogenesis - Gonadal development -
Embryonic development

Introduction

Androgens are intimately associated with the devel-
opment, differentiation, maturation, and maintenance
of the vertebrate reproductive system. In the male
vertebrate, androgens mediate a wide range of phys-
iological responses and developmental processes,
involving both reproductive and nonreproductive
systems (Chang et al. 2002). The biological activity
of androgens via the hypothalamic-pituitary-testis axis
plays various roles in the developmental stages of
males, especially during spermatogenesis (Quigley
1998). In addition, androgens can reduce the ability of
immature oocytes to become mature cells and thus
undergo normal embryonic development (Cheng et al.
2002). Studies of sexual differentiation in fish have
revealed that androgens could stimulate sex change in
Epinephelus coioides (Yeh et al. 2003), E. fario (Kuo
et al. 1988), and E. akaara (Shu et al. 2006).

The activity of androgens is mediated by the
androgen receptor (AR), a member of the nuclear
receptor superfamily. AR is a ligand-dependent
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transcription protein that mediates many androgen
activities during various developmental and physio-
logical processes in vertebrates.

The AR gene contains eight exons and seven introns
in vertebrates (Smolinsky et al. 2010). Like other
nuclear receptors, AR is composed of three major
functional domains: The N-terminal domain (NTD),
the DNA binding domain (DBD), and the ligand
binding domain (LBD). The first exon encodes NTD,
also known as the transcriptional activation domain
(TAD). This domain contains a transcriptional acti-
vation region (AF1) that affects transcription activity.
The amino acid sequence of NTD has less sequence
similarity (from 20 to 50 %) among teleosts. The
DBD, encoded by the second and third exons, is
responsible for binding to the androgen response
element of the target gene and plays a role in the
formation of receptor dimerization. The DBD contains
eight conserved cysteine residues, with every four
cysteine residues forming one zinc finger. The first
zinc finger binds to specific sequences of target genes,
and the second zinc finger then stabilizes the binding
complex by hydrophobic interactions with the first
finger (Gelmann 2002). The fourth to eighth exons
encode the LBD protein domain, which is located in
the C-terminal. This domain plays an important role in
specific ligand binding and induces conformational
changes associated with the formation of receptor
dimers. The other transcriptional activation region in
the LBD is AF2. The DBD and the LBD are highly
conserved with homologies of 70 and 100 %, respec-
tively, among man, mouse, and rat. The DBD and
LBD conserved among fishes are also highly homol-
ogies (>90 and >77 % identity, respectively).

The full-length cDNA of AR genes was cloned in
Cypriniformes, Perciformes, Siluriformes, and other
teleost fish after the first AR gene was obtained from
the Japanese eel (Anguilla japonica). Only one AR
gene has been isolated from amphibians, birds,
mammals, and some teleost fish. However, in some
other teleost fishes, two distinct types of AR gene, AR«
and ARp, have been cloned, the result of a gene
duplication event that occurred within the teleosts.
Only one AR subtype has been isolated from more than
ten fishes, such as goldfish (Carassius auratus),
zebrafish (Danio rerio), red sea bream (Pagrus major),
black sea bream (Acanthopagrus schlegeli), and
southern catfish (Silurus meridionalis) (Huang et al.
2011). Both ARx and ARf have been cloned in

@ Springer

rainbow trout (Oncorhynchus mykiss) (Takeo and
Yamashita 1999), Japanese eel (Ikeuchi et al. 1999),
European eel (A. anguilla), mosquitofish (Gambusia
affinis affinis) (Sone et al. 2005), medaka (Oryzias
latipes), cichlid fish (Haplochromis burtoni) (Harbott
et al. 2007), Nile tilapia (Oreochromis niloticus), and
three-spined stickleback (Gasterosteus aculeatus)
(Olsson et al. 2005).

The large yellow croaker (Larimichthys crocea) is
one of the most economically important marine fish
species in China, distributed mainly in coastal regions
of East Asia. Their individual sizes and growth rates
differed considerably; in particular, males had a lower
growth rate than females (Fang et al. 2000). Monosex
cultivation of the large yellow croaker became an
effective method for eliminating this problem (Zhou
et al. 2010). Although previous studies have focused
on gonadal development at the cellular level and on
the structure of the sperm and ovum (Lin et al. 1992;
You and Lin 1997; You et al. 2001; Chen et al. 2007),
the molecular mechanisms of gonadal development
and sex differentiation in the large yellow croaker
remain poorly studied. In the present study, we
examined the temporal and spatial expression patterns
of AR in female and male fishes as well as the cellular
localization of AR mRNAs in the gonads of the large
yellow croaker.

Materials and methods
Fish and sample collection

Sexually mature large yellow croakers (300-600 g)
were purchased from the Fishery Technology Exten-
sion Station of Ningde, Fujian, China. Embryos were
obtained during the reproductive season in 2009.
Tissues (testis, ovary, liver, head kidney, intestine,
gill, brain, muscle, eye, heart, stomach, spleen) and
embryos at different stages were immediately frozen
in liquid N, and stored at —80 °C until RNA
extraction. Testis and ovary were collected for in situ
hybridization and maintained in 4 % paraformalde-
hyde overnight at 4 °C.

RNA extraction and preparation of cDNA

Total RNA was extracted from the tissues and various
embryonic stages, as described in a previous study
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Table 1 Oligonucleotide

. . Gene Primers
primers used in this study

Sequence

AR 5" RACE outer primer
5" RACE inner primer
qRT- PCR sense primer
gqRT- PCR antisense primer
In situ hybridization sense primer
In situ hybridization antisense primer

PB-Actin
sense primer

Real-time quantitative PCR
antisense primer

Real-time quantitative PCR

5'-CATTGGGAACACGTGCTCTCTGC-3'
5'-CGGCCTCATACCTGGTGTCATTG-3’
5'-AAATGGGCGAAAGGGTTG-3’
5'-AAGTAAAGCATCCTGCCGTTG-3'
5'-CGGTGGGTTTGAGATGGC-3’
5'-CGTCGTTTGTCACGTCGC-3'
5'-TTATGAAGGCTATGCCCTGCC-3’

5'-TGAAGGAGTAGCCACGCTCTGT-3'

(Shen et al. 2009). Three micrograms of total RNA
was used for first-strand cDNA synthesis, followed by
RT-PCR amplification. The double-strand cDNA
obtained was diluted and stored at —80 °C until use
in molecular cloning and qRT-PCR.

Cloning of large yellow croaker AR cDNA

A cDNA fragment of AR was used from a previously
constructed normalized gonad cDNA library of the
large yellow croaker (Zhou et al. 2010). The partial
sequence was homologous to known AR 3’ sequences
and was denoted as AR. Subsequently, gene-specific
primers were used to generate the 5’ regions with the
universal primers UPM and NUP. The primers for 5'-
anchored rapid amplification of ¢DNA ends (5'-
RACE) are listed in Table 1.

First-strand cDNA synthesis for the RACE reaction
was performed with the SMART RACE cDNA
Amplification Kit (Clontech, CA, USA) according to
the manufacturer’s instructions. The purified RACE
PCR products were inserted into the pMD19-T vector
(Takara, Dalian, China) and transformed in JM109
competent cells. Positive clones were subjected to
DNA sequencing.

Sequence and phylogenic analysis

Homology analysis of nucleotide sequences was
performed with BLAST software (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The vector segments were
identified by using the VecScreen system (http://www.
ncbi.nlm.nih.gov/VecScreen/VecScreen.html). In order
to obtain full-length sequences of AR, the PCR product
fragments were spliced by using bl2seq. The Compute
PI/Mw tool (http://cn.expasy.org/tools/pi_tool.html)

was used to compute the theoretical isoelectric point
and molecular weight (Mw) for the full-length amino
acid sequence of AR. Signal peptide cleavage sites
were predicted with the SignalP3.0 Server (http://
www.cbs.dtu.dk/services/SignalP/); N-glycosylation
sites with the NetNGlycl1.0 Server (http://www.cbs.
dtu.dk/services/NetNGlyc/); Ser, Thr, and Tyr phos-
phorylation sites with the NetPhos 2.0 Server (http://
www.cbs.dtu.dk/services/NetPhos/); and transmem-
brane helices in the protein with the TMHMM 2.0
Server (http://www.cbs.dtu.dk/servicessTMHMM-2.0/).
InterProScan software (http://www.ebi.ac.uk/InterPro
Scan/) was used to analyze the protein domains. The
phylogenetic tree was constructed by using the boot-
strap neighbor-joining method of MEGA 4.0. The
bootstrap values were replicated 1,000 times to obtain
the confidence value for the analysis. Multiple
sequence alignments were generated by using the
default settings of BioEdit (http://www.mbio.ncsu.edu/
bioedit/bioedit.html).

Quantitative real-time PCR

To determine the expression profile of AR in different
tissues of the large yellow croaker, we collected RNA
samples from four adult males and four adult females.
In addition, RNA samples were isolated from at least
10 individuals for each of the ten embryonic devel-
opment stages. Primers for AR and f-actin (endoge-
nous control gene) were designed with Primer Express
5.0 (ABI) software (Applied Biosystems, Carlsbad,
CA, USA) (Table 1) and tested to ensure amplification
of single discrete bands with no primer—dimers. An
aliquot of 3 pg of total RNA pretreated with DNase 1
was used as a template for cDNA synthesis in 20 pl
reactions with random hexamers using the M-MLV

@ Springer
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reverse transcriptase first-strand synthesis system for
RT-PCR (Promega, Shanghai, China). For real-time
PCR, an amount of cDNA corresponding to 25 ng of
input RNA was used in each reaction. Reactions were
performed with the SYBR Green PCR Master Mix
(Applied Biosystems) and analyzed in the ABI 7500
real-time system. PCR products for AR and f-actin
were ligated into pMD 18-T vector (TAKARA) and
transformed in JM 109 competent cells. Positive clones
were subjected to DNA sequencing to check the
sequence of the qRT-PCR products. The comparative
threshold (CT) cycle method was used to calculate the
relative concentrations. This method involves obtain-
ing CT values for the target genes, normalizing to f-
actin (ACt) and comparing the relative expression
level of the target gene in different tissues and
different embryonic stages according to ACt values.
Data from all experiments were analyzed with
SPSS version 15.0 (SPSS Inc., Chicago, IL, USA).
The samples from the four male and four female
individuals and from the ten different embryonic
development stages were tested, each assayed in
triplicate. Data were expressed as the arithmetic
mean =+ standard error of the mean. Significance of
differences in different tissues of both sexes and in all
stages of embryonic development was determined by
the independent-samples ¢ test. Differences were
considered statistically significant at p < 0.05.

In situ hybridization

An AR cDNA sequence of the large yellow croaker
was amplified by PCR and ligated into the pGEM-T
Easy Vector (Promega) as a template to generate an
antisense riboprobe. ARs forward and reverse primers
are listed in Table 1. The AR cDNA-harboring vectors
were linearized, and then, sense and antisense digox-
igenin (DIG)-labeled cRNA probes were generated
with an RNA labeling kit (Roche, Indianapolis, IN,
USA).

Testis and ovary samples were fixed in 4 %
paraformaldehyde overnight, embedded in paraffin,
sectioned (5 pm) and mounted onto 3-aminopropyl-
triethoxysilane-coated glass slides. Paraffin sections
were dewaxed by immersion in xylene (2 x 10 min)
and then rehydrated through serial ethanol dilutions
(100, 90, 80, 75, 50, and 30 % at 5 min each) followed
by immersion in diethyl pyrocarbonate-treated
1x phosphate-buffered saline for 5 min and 0.1 mol/

@ Springer

L glycine for 5 min. Sections were digested with
proteinase K (1 pg/ml) for 30 min at 37 °C and
acetylated in 0.25 % (v/v) acetic anhydride in 0.1 M
triethanolamine (pH 8.0). Sections were prehybridized
in prehybridization buffer containing 50 % (v/v)
deionized formamide, 0.1 % (v/v) Tween 20,
0.5 mg/ml (w/v) yeast tRNA and 1 M citric acid (pH
6.0) at 58 °C for 3 h, followed by hybridization at
65 °C for 16 h in a humidified chamber with 0.5 mg/
ml DIG-labeled RNA probe and 50 pg/ml (w/v)
heparin in prehybridization buffer.

After hybridization, the slides were washed with
prehybridization buffer, 2x SSCT, 0.2x SSCT, and
1x PBST at 60 °C and then treated with blocking
buffer at room temperature for 3 h. Hybridized probes
were detected with anti-DIG antibody (Roche) over-
night at 4 °C and then stained with NBT/BCIP/TMNT
(Roche).

Results

Molecular cloning and characterization of large
yellow croaker AR cDNA

From our established gonad cDNA library of large
yellow croaker, we obtained a partial sequence that has
the highest identity with the 3’ AR fish sequences. A
full-length large yellow croaker AR cDNA sequence
was obtained by using a 5 RACE strategy. Both the
nucleotide sequence and the deduced amino acid
sequence of the large yellow croaker AR cDNA are
shown in Fig. 1 (GenBank Accession No. ADD39720).

The AR cDNA contains a 2840-bp sequence that
includes an open reading frame (nt 191 to 2443). It
encodes a protein containing 750 amino acids with an
estimated molecular mass of 84.5 kDa and a theoretical
pl of 6.22. The AR contains 44 predicted phosphory-
lation sites (Ser:24, Thr:11, Tyr: 9), but no signal
peptide cleavage site or transmembrane helix. Con-
served domain analysis indicated that the AR consists
of three functional and structural domains: an NTD
(AA 1-388), a DBD (AA 389-470), and a C-terminal
LBD (AA 505-749). The DBD has two zinc finger
motifs with eight cysteine residues located at AA 394,
397, 411, 414, 430, 436, 446, and 449. The DBD also
has a proximal box (P-box; AA 412-GSCKV-416) for
binding specifically to the response element and a distal
box (D-box; AA 431-ASKND-435) involved in the
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GATCTCGGTTTAGGAGGAGTTTGTGACTCCTGCAGCTCTCTCAGGACCTTTTTCTTTTTCTTTCTTTCTTTTAACGGAACGGTTTTCCACAACGTGAGAGTTGAGCGGTAACAATCACAG
GGACCTAGAGACTTTTTTTTTTGTCGTGCAAAGTTCCCAGTCTCTTGACCGGGTAAACACTTTCTGGGCAatgagecaaactaaccgagagttatettgtaccacaatttgeccagagag
MSsSQTNRELSTCTTTICPES
tgagaaattaaaaacaagcgacgcggtgagtgctecgecagecatggegcaaaactctggagaaagtecgggtgtatttcaccaaaaactcaacagattcaatcacctacaggtcecggacttag
EXKLKTSDAVSARSMAQNSGESRVYFTIKNSTDSTITTYRSGTLS
tcatccgettgtgtgtgacatggaaaaacactgetgtcagacagetgecgettectcaggaggagttgttaaacgetgagtececgtgtgggegagageegetetttttetgeetgegecac
HPLVCDMETZ KHCCAQTAAASQEELILNAESRVGESRSTFSACAT
aatctcagaaacagccagggagctctgcaaagecgtgtecgtgtegetgggactgaccatggagtccaatgacacgtgtgacatggacccagetetcacccagtgegeteccaaatggeca
I SETARELCKAVSVSLGLTMESNDTCDMDPALTAGQCAPNGH
catacgaggaggagattatttgtttggagttggageecgtgecceccgaactgtececggagetcaggetgeecgtecaccgaccatgatgaccggeccatgecacggecagaagecaattggtgga
I RG6GG6GDYLFGVGAVPPNCPGAQAAVYTDHDDRPMHEGA QK QL VE
aatgttcaaaagttcagagactgtcgctgetgetgattetgecacgectgecaacactteggetecgeteggacatcagetgatgagecaaaacttcacattgtgcaaggttgatgacataac
MFXKSSETVAAADSARLQHFGSARTSADEQNFTLCKVDDTIT
ctcagaggagatagatcatctggacacagtgcgegetcectettgecattatgeccaatececgegecaggecaacttggeacacttcagecacgeggagaggecgtgecgagtetataaace
S EEIDHLDTVRAPSCHYAQSAPGNTLAHEFSHAETRPTCRVYZKF?P
ccccgacgaagagagagacttcggggaaacaatggagaacaagttecggtggttatcageccgaacaatacggegtcaaagtcaaatctgaggacgagteccgagtetetgtggggeacaaa
pDEERDTFGETMENIKTFGGYQPEQYGVKVKSETDESESTLWGETN
ttacacctttaatgacaagtacaactctcagctttggggatcgaggcaatgcataaacgcacataacgcaggagcaaacaccgegttcatgtgtgeteccatacgagaggagegtggtgeg
YTFNDIKYNSQLWGSRQCINAHNAGANTAFMCAPYERSV VR
tccggagecagtggtacccaggegggatgetgaggecgacccateccaacteccaactacatgaagactgaagtaggegagtggettgatgtegectacaatgacaccaggtatgaggeegg
PEQWYPGGMLRPTHPNSNYMKTEVGEWLDVAYNDTRYEAS®G
cagagagcacgtgttcccaatggagttcttcttcccaccacagaggatgtgectgatectgttcagacgaagegtecggetgecattacggegeactcacctgegggagetgecaaggtttt
REHVFPMEFFFPPQRMCLTICSDEASGCHYGALTGC C[6SCEKUV]|F
cttcaaaagagccgeccgaagggaaacagaaatacctgtgtgcaagcaaaaacgactgecactattgacaagectaagaagaaagaattgtcegtectgteggetgaggaagtgttttgaage
FKRAAEGEKQKYTLC[ASKND|CTIDEKLRREKNCPSCRLTREKTCTFEA
tggaatgactctcggagcacgcaaactaaagaagatcggacaacagaaaaaccctgaagaggatcattctgttcaggatceccttcagaagttatcccgaatatctetectaaatcaggeet
GMTLOGARTIKTLI KZ KTIGQQKNPEEDHSVQDPSEVIPNTISPIKSTEGIL
gaacttcaactcccagacggttttcctcaacattctggagtccattgagectgaggtggtgaatgecaggacacgactattgecagecagactcagetgecaceectgetecaccagectcaa
NFNSQTVFLNTITLESTIEPEVVNAGHDY CQPDSAATTLTLTSTILN
tgagctgggagaaagacaactggtcaaagtggtcaaatgggctaaagggttgecaggtttcagaaatctccacgtggacgaccaaatgactgtcattcaacattcatggatgggggtgat
ELGERQLVKVVKWAKGL?PGFZRNLHVDDQMTVIQHSWMGVM
ggtgtttgcactgggatggagatcctataagaacgtcaacggcaggatgetttacttegeecceggatettgtgttcaatgaacatecggatgecacatttceccaccatgtacgagecactgeat
VFALGWRSYKNVNGRMLYFAPDLVFNEHRMHTISTMYEHTCI
acggatgaggcatctgtcacaggagttcctgetgetgecagatctctcaggaagagttectetgecatgaaggecttgettetettcagtattattccagttgagggtctgaagagtcagaa
RMRHLSQEFLLLGQQISQEEFLCMKALTLTLTZFSTTITITPVESGTLTZKSA QK
gtactttgatgaactgecgtctcacctacatcaacgaactcgatcgectgattaactatcgaatgacctccaattgttctcagaggttctaccaactcaccagactecctggactecteteca
YFDELRLTYTITNELDIRLTINYRMTSNCSQRFYQLTRTILILUDSTLAQ

1080
297
1200
337
1320
377
1440
417
1560
457
1680
497
1800
537
1920
577
2040
617
2160
657
2280
697

aatgacggtaaagaagctccatcagtttacatttgacctttttgtccaagetcagtecgetecccacgaaggtcagetttccagagatgattggagaaataatctcagtacatgtaccaaa
MTVKKLHQFTFDLEFVQAQSLPTKVSFPEMTIGETITISVHVPK
gatcctggeaggtttggecaaacccatcttgtttcacaagtaghAGGAGAAAAGTGACTCATCTTTTGCTGCCTCCATAAACTTTAACAAAGGTCCTCTTTACCTACATCTTCAGTCTAA
I L AGLAKPTIULFHK *
TAATTCTTAGTCCTGGAACCATCTCTTTCCCTTTCAGCCATAATTGAGATAGTTTGTTCAGAACTATTAAAGCTTTTATCCGAGAAGCTGCAAGGCATCACCTGTTGACAGCTCTGCTAT
TTCTGAGTGTAGAGTTTGTGTCTTCAGCTGGAGGAGAGATGCTACTTTACATACACACTAAGTTTGTAAATCATTGTTAGATCAACCTAAAAGTAGCAGGGT TAAAAACACGCCTCACAT
GTGACCTTAATTATACATACACTTGACAAGGTATTCATGAAAACTAAAAAGAGACAAACTGTATCAAAAAAAAAAAAAAA 2840

2400
737
2520
750
2640
2760

Fig. 1 Full-length cDNA sequence and deduced amino acid
sequence of the large yellow croaker androgen receptor.
Nucleotides and amino acid residues are numbered on the left.
The initiation codon (ATG) and the stop codon (TAG) are

recognition of spacing between half-sites of the
response element and in dimerization. The LBD folds
into 12 helices and a leucine zipper consisting of
leucine residues (Figs. 1, 2).

characterized in bold. Potential protein kinase C phosphoryla-
tion sites are in red. The P-box (GSCKV) and D-box (ASKND)
are shown as boxes. The leucine repeat in the putative leucine
zipper is underlined. (Color figure online)

Sequence homology and phylogenetic analysis

Homology analysis of the encoded protein alignment
was performed with BioEdit software. The amino acid
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sequence of the large yellow croaker AR showed 93,
84, 80, and 79 % identity with Atlantic croaker AR,
sea bass (Dicentrarchus labrax) AR, red sea bream
AR, and black sea bream AR, respectively. The large
yellow croaker AR showed that the homology in NTD
is relatively low, whereas DBD and LBD are highly
homologous (>90 % identity) among teleost fishes.
Comparison of the amino acid sequences revealed that
the P-box and D-box are completely conserved
(100 % identity) among the different teleost fishes.
The large yellow croaker AR is very similar to human
AR, with identical sequences in the DBD and LBD and
sequence identities of 91 and 71 %, respectively.

Phylogenetic analysis of AR sequences indicated
that there are two major classes of ARs in vertebrates,
teleost AR and tetrapod AR. The teleost AR can be
divided into two small groups: ARx and ARpS. The
large yellow croaker AR, together with the ARs from
Atlantic croaker and sea bass, was clustered in the fish
AR branch (Fig. 3).

Large yellow croaker AR cDNA expression
analyses

Tissue distribution of large yellow croaker AR mRNA
was evaluated by qRT-PCR. According to relative
quantification analyses, AR mRNA expression was
detectable in all adult tissues examined (Fig. 4A). In
all tissues tested, females exhibited higher expression
levels than did males. The highest expression of AR
appeared in the liver and gonad of each sex. A
moderately high expression of AR occurred in brain,
stomach, spleen, and intestine of both sexes. AR
mRNA had the lowest level of expression in gill, head
kidney, muscle, eyes, and heart.

Using qRT-PCR, we found that large yellow
croaker AR mRNA was detectable in all stages of
embryonic development. The expression levels
increased gradually from the multiple-cell to the
gastrula stage and then declined substantially at the
gastrula stage. Starting at the yolk plug stage, the AR
mRNA was maintained at a low level (Fig. 4B).

Localization of large yellow croaker AR mRNA
in gametogenesis

To identify the localization of large yellow croaker AR

mRNA in gametogenesis, we performed in situ
hybridization on 5-pum-thick paraffin sections. The
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Fig. 2 Multiple sequence alignment of the Larimichthysp
crocea AR amino acid sequence with Micropogonias undulatus,
Dicentrarchus labrax, Acanthopagrus schlegelii and Pagrus
major AR proteins. The DNA binding domain and the ligand
binding domain are underlined. In the DNA binding domain,
cysteine residues thought to be involved in two zinc finger
domains are indicated with arrows (down arrow). In the ligand
binding domain, the leucine repeat in the putative leucine zipper
is indicated with diamonds (filled diamond). Gray shading
indicates regions that are involved in recognition of the response
element (P-box [GSCKV]) and in recognition of the space
between response elements (D-box [ASRND]), respectively.
The AR amino acid sequences were obtained from GenBank
(see Fig. 4)

hybridization signal was observed in all germ cells
examined using the antisense AR probe. No signal was
observed when the sense AR probe was used, indicat-
ing the specificity of the antisense probe to the large
yellow croaker AR mRNA. Significant differences
were found in the localization pattern of large yellow
croaker AR mRNA in oogenesis and spermatogenesis
(Figs. 5, 6). Positive signals were observed in the
cytoplasm of all oocytes in different developmental
stages (from stage I to IV, and in involuting oocytes)
(Fig. 5), in follicle cells of stage IV oocytes (Fig. 5D).
Positive signals were predominantly observed in germ
cells during spermatogenesis; these germ cells were
identified as spermatogonium, spermatocyte, sperma-
tid, and spermatozoon (Fig. 6).

Discussion

Only one AR subtype was isolated from the large
yellow croaker in our study, similar to findings for
goldfish, zebrafish, black sea bream, and southern
catfish, although two AR gene subtypes have been
cloned in other teleost fishes (Takeo and Yamashita,
1999; Ikeuchi et al. 1999; Sone et al. 2005; Olsson
etal. 2005). Similar to all teleost AR proteins, there are
three domains in the large yellow croaker AR protein:
NTD, DBD, and LBD. The NTD is the first effector
region of AR and is largely responsible for transac-
tivation (Gelmann 2002). The NTD is weakly con-
served among all fish species: there is only 23 %
amino acid identity in the NTD between the large
yellow croaker and the zebrafish. The NTD domains of
teleost AR are variable in length, from 300 to 500
amino acids, and their tertiary structure is unknown.
This high variability shows that the domain has some
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Larimichthys crocea 1 MSQTNRELSCTTICPESEKLKTSDAVSARSMAQNSGESRVYFTKNST——————=————— DSITYRSGLSHPLVCDMEKHCCQTAAASQE 77
Micropogonias undulatus 1 MSQTNRELSCNTIWPEGEKVKTSDAVRAPSMAQNTEESRGYFTKNSTGNGAG—————— KADSITYRSGHIHPPVCDMEKQCCQTAAAPQE 84
Dicentrarchus labrax 1 MSQTSRELSCNKMWTVGAKIKTGDAVSALSMAQNPEESPVYFTKNSSGNGADRLKESDHADPNTYGSGHTNSLACDMEKHCCQTAAAPQE 90
Acanthopagrus schlegelii 1 — MSQTSRQLSCTKVWPRGEKIKTGDAASARSMAQNTEESPLRVSKHLTGNGAGRMRGSDNADPNTYGFGHMIPLACGMEKHCCQTAAASQE 90
Pagrus ma_jor 1 MSQTSGQLSCTKIWSRGEKVKTGDAVSAPSMAQNTEESPLRVSRNSTGNGAGRMREADNADPNTYESGHMIPLVCDMEKHCCQTAAAPQE 90
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Larimichthys crocea 78 ELLNAESRVGESRSFSACATTSETARELCKAVSVSLGLTMESNDTCDMDP-ALTQCAPNGHIRGGDYLFGVGAVPPNCPGAQAA——-VTD 163
Micropogonias undulatus 85 ELLNAECRVGDSRSFSACATISETARELCKAVSVSLGLTMESNDTSDMDP-ALTQCASNGHTRGGDYLFGVGVVPPNCPGAQGA-—VTD 170
Dicentrarchus labrax 91 ELLNADCRVGDSRSFSACATISETARELCKAVSVSLGLAMESSDTSDVDGGTLHSCAANDHIRG-EYLFGVGAVPLNRPGAQAADYKCPD 179
Acanthopagrus schlegelii 91 ELLNADCRVGDSRSFSACATISETARELCKAVSVSLGLAMECSDSSDMDA-ALPQCAANDHVRG-EYLFGVGNAPLSCPGGQAAVSDYKC 178
Pagrus ma_jor 91  ELFNADCRVGDSRSFSACATISETARELCKAVSVSLGLAMESNDPSDMDA-ALSQCAANDQLRG-EYLFGVGAAPLSCPGAQAAVSEYKC 178
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Larimichthys crocea 164 HDDRPMHGQK———-QLVEMFKSSETVAAADSARLQHFGSARTSADEQNFTLCKVDDITSEETIDHLDT-VRAPSCHYAQSA-PGNLAHFSH 247
Micropogonias undulatus 171 RDDRPMRGQK————QLVEMFKSSETVAAAASARLQHPGSTRTSADEQNFTLCKVDDITSEEIDHLDT-ARAASCHYAQSA-PSNLAHFSH 254
Dicentrarchus labrax 180 RDDRPLHGQK-———QLVEMFKTSET————— AARLHHLTSTWTSVDEQNFTMCKADDITSQKIDHLDTSTRAASCPYAQSA-PGNLAHFGQ 259
Acanthopagrus schlegelii 179 AEERPLHGHKQQQQQLMEMFKSSET————- AAHLQHLTSARTPVDEQNF TMCKAEDSTPEETAHLDP-VRAASCPYAQSAQPGSMTHFDP 262
Pagrus major 179 PEERPLHGHKQQQQ-LMDMFKSSET————— GAHLQHLTSTRTPVDEHNFTLCKAEDLTPEETAHQDS—-VRAAACPYAQSALPGNMAHFGS 261
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Micropogonias undulatus 255 A-———ERPCRVYKPPDEERDFGETMEN-—-KFGGYQPEQYGVKVKSEDES--ESLWGTNYTFNDKYNSQLWGTRQ-CMNAHNAGANTTFIC 335
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Acanthopagrus schlegelii 263 PAQ-ERPWRLYKPPDEAGDFMEVMESSFATTSGYQPEQYSMKIKCEDTESAGALWGGNHSFNDRYNSQCWGPRH-CVSAHGAGADSA-LC 349
Pagrus major 262 PAP-ERPWQLYKPPDEAGDFGEVMESRFVT-SGYQPEQYSVKIKCEDTESAGALWGGNYTFNDRYNSQCWGPRQ-CMNAHSTGANSA-LC 347
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Larimichthys crocea 329 APYERSVVRPEQWYPGGMLRPTHPNSNYMKTEVGEWLDVAYNDTRYEAGREHVFPMEFFFPPQRMCLICSDEASGCHYGALTCGSCKVFF 418
Micropogonias undulatus — 336 TPYERSMVRPEQWYPGGMLRPTYPNSNYVKTEVGEWLDVAYNDTRFEAGREHMFPMEFFFPPQRMCLICSDEASGCHYGALTCGSCKVFF 425
Dicentrarchus labrax 346 NPYERSVVRPEQWYPGGMLRPPYPNSNYVKTEVGEWLDVAYNDTRFEAGREHMFPMEFFFPPQRMCLICSDEASGCHYGALTCGSCKVFEF 435
Acanthopagrus schlegelii 350 NPYERSAARPEHWYPGGMLRSPYPNSSYMKSEVGEWPDVPYNDPRFDASREHMFPMEFFFPAQRMCMICSDEASGCHYGALTCGSCKVFF 439
Pagrus major 348 HPYERSVARPEHWYPGGMLRSPYPNSSYVKSEVGEWLDVPYSDPRFDSSSEHMFPMEFFFPAQRMCLICSDEASGCHYGALTCGSCKVFF 437
Clustal Consensus 223 selololok | siolok s sololoeiololok, | zotekok, sksk ek ok, ok, K, k1L ek sieleleleleleidislelolsalololalalalatatatolololelololototaioiolole. 300
DNA-binding domain
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Larimichthys crocea 419 KRAAEGKQKYLCASKNDCTIDKLRRKNCPSCRLRKCFEAGMTLGARKLKKTGQQKNPEEDHSVQDPSEVIPNTSPKSGLNFNSQTVFLNT 508
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Micropogonias undulatus 426 KRAAEGKQKYLCASKNDCTIDKLRRKNCPSCRLRKCFEAGMTLRARKLKKIGQQKNPEEDHSVQDPSEVMQNTISPKSGLNENSQTVFLNT 515
Dicentrarchus labrax 436 KRAAEGKQKYLCASKNDCTIDKLRRKNCPSCRLRKCFEAGMTLGARKLKKTGQQKNLEEDHPTQEPVEVIQNTSPKSGLNFNSQLVFLNT 525
Acanthopagrus schlegelii 440 KRAAEGKQKYLCASKNDCTIDKLRRKNCPSCRLRKCFEAGMTLGARKLKKIGQQKNPDGDHPPQEPAEVMPNISPKTGLSFNSQVVFLNI 529
Pagrus ma_jor 438 KRAAEGKQKYLCASKNDCTIDKLRRKNCPSCRLRKCFEAGMTLGARKLKKTGQHKNSDEDHPLQEPAEVMPNTSPKSGLSFNSQVVFLNV 527
Clustal Consensus 301 ik okk, Rk kR stolololok Dok selelek stelelek:s 381
DNA-binding domain -
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T e P
Larimichthys crocea 509 LESIEPEVVNAGHDYCQPDSAATLLTSLNELGERQLVKVVKWAKGLPGFRNLHVDDQMTVIQHSWMGVMVFALGWRSYKNVNGRMLYFAP 598
Micropogonias undulatus 516 LESIEPEVVNAGHDYGQPDSAATLLTSLNELGERQLVKVVKWAKGLPGFRNLHVDDQMTVIQHSWMGVMVFALGWRSYKNVNGRMLYFAP 605
Dicentrarchus labrax 526 LESTEPEVVNAGHDYGQPDSADTLLTSLNELGERQLVKVVKWAKGLPGFRNLHMDDQMTVIQHSWMGVMVFALGWRSYKNANSRMLYFAP 615
Acanthopagrus schlegelii 530 LESTEPEVAYAGHDYGQPDSAATLLTSLNELGEKQLVKVVKWAKGLPGFRNLHVDDQMTVIQYSWMGVMVEGLGWRSYKNVNGRMLYFAP 619
Pagrus ma_jor 528 LESTEPEVVNAGHDYGQPDSAATLLTSLNELGERQLVKVVKWAKGLPGFRNLHVDDQMTVIQHSWMGVMVFGLGWRSYKNVNGRMLYFAP 617
Clustal Consensus 464
Ligand-binding domain
640 650 660 670 680 690 700 710 720
B e e [P PO P O P Lol
Larimichthys crocea 599 DLVFNEHRMHISTMYEHCIRMRHLSQEFLLLQISQEEFLCMKALLLFSTTPVEGLKSQKYFDELRLTYINELDRLINYRMTSNCSQRFYQ 688
Micropogonias undulatus 606 DLVFNEHRMHISTMYEHCIRMRHLSQEFQLLQITQEEFLCMKALLLFSIIPVEGLKSQKYFDELRLTYINELDRLVNYRMTTNCSQRFYQ 695
Dicentrarchus labrax 616 DLVENEHRMHISTMYEHCIRMKHLSQEFLLLQITQEEFLCMKALLLFSILPVEGLKSQKYFDELRLTYINELDRLINYRMTTNCSQRFYQ 705
Acanthopagrus schlegelii 620 DLVFNEHRMHISSMYEHCTRMRHLSQEFLLLQITQEEFLCMKALLLFSTIPVEGLKSQKYFDELRLTYINELDRLISYRMSANCSQRFYQ 709
Pagrus ma_jor 618 DLVENEHRMHISTMYEHCIRMRHLSQEFLLLQITQEEFLCMKALLLFSTTPVEGLKSQKYFDELRLTY INELDRLINYRMNTNCSQRFYQ 707
Clustal Consensus 465 deiioiioic ool ool sk oo deaoasaaaaaao o ook 551
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Ligand-binding domain

Fig. 2 continued

functional characteristics that are unique compared
with steroid hormone receptors in other families. The
DBD is highly conserved from human to fish, with the
DBD amino acid sequence of the large yellow croaker
AR being 90 % identical to that of human AR. In
teleost fishes, ARa DBD is 85-100 % identical to
ARp DBD. Conservation of DBD of the AR gene
throughout evolution implicates this region as being
critical for the activity of the molecule. The DBD
includes two zinc fingers that are composed of eight
cysteine residues. When AR binds to the target DNA,
the second finger is necessary for receptor dimeriza-
tion (Dahlman-Wright et al. 1991). The second zinc
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689 LTRLLDSLQMTVKKLHQFTFDLEFVQAQSLPTKVSFPEMIGETTSVHVPKTILAGLAKPILFHK 750

696 LTRLLDSLQMTVKKLHQFTFDLFVQAQSLPTKVSFPEMIGEITISVHVPKILAGLAKPILFHE 757
706 LTRLLDSLQMTVKKLHQFTFDLEVQAQSLPTKVSFPEMIGEITSVHVPKILAGLAKPILFHE 767
710 LTRLLDSLQMTVKKLHQFTFDLFVQAQSLPTKVSFPEMIGETISVHVPKILAGLAKPILFHD 771
708 LTRLLDSLQMTVKKLHQFTFDLFVQAQSLPTKVSFPEMIGEITSVHVPKILAGLAKPILFHE 769

. 612

finger also contributes to the specificity of receptor
DNA binding and stabilizes the binding complex by
hydrophobic interactions with the first zinc finger
(Schoenmakers et al. 1999). In the DBD, the P-box
(GSCKYV) and the D-box (ASKND) contribute to AR
binding to the androgen response element of the target
gene; these boxes are responsible for recognizing the
space between the half-sites of the response elements
(Schoenmakers et al. 1999). The LBD of AR contains
12 helices that form a ligand binding pocket. Helix 12
can be induced by ligand binding to overlie the pocket,
which discloses a groove (Gelmann 2002). The LBD
of AR has five leucine residues to form a “leucine
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Fig. 3 Phylogenetic tree of the AR amino acid sequence
between Larimichthys crocea and other species. Homo sapiens-
PR protein was used as the out-group. Numbers indicate the
bootstrap confidence values of 1,000 replicates. The GenBank
accession numbers of the selected AR sequences are as follows:
Micropogonias undulatus (AAUQ09477), Dicentrarchus labrax
(AAT76433), Acanthopagrus schlegelii (AAO61694), Pagrus
major (BAA33451), Haplochromis burtoni ARo (AAD25074),
Haplochromis burtoni AR (AAL92878), Oncorhynchus
mykiss ARo (NP_001117656), Oncorhynchus mykiss ARp

zipper” that is used to stabilize the dimerization of AR
(Johnson and McKnight 1989). The LBD of the large
yellow croaker is highly homologous (>80 %) to that
of other teleost fishes, such as zebrafish, Atlantic
croaker, kelp bass, and rainbow trout. The LBD from
the large yellow croaker AR shares 71 % sequence
identity with the LBD of human, mouse, and rat.
Despite some differences in the primary amino acid
sequence of LBD between the large yellow croaker
AR and human AR, the three-dimensional structures
of the LBDs of these molecules are quite similar.
Sequence analysis showed that the LBD is a highly
conserved domain among different fishes, suggesting

(NP_001117657), Oreochromis niloticus AR (BAB20082),
Oreochromis niloticus ARo (BAB20081), Gambusia affinis
AR (BADS81046), Gambusia affinis ARu(BADS52085), Oryzias
latipes AR 3 (NP_001098151), Oryzias latipes ARa (NP_0011
64304), Carassius auratus (AAM09278), Danio rerio
(NP_001076592), Pimephales promelas (AAF88138), Rana
catesbeiana, (AAP85538), Xenopus laevis (AAC97386), Gallus
gallus (NP_001035179), Homo sapiens (AAA51729), Rattus
norvegicus (AAA40733), Mus musculus domesticus (AAA37
234), Homo sapiens-PR (AAA60081)

that the AR has a conserved function in the ligand
binding of fishes.

Phylogenetic analysis shows that the AR of the
large yellow croaker is more closely related to that of
other teleost fishes than to mammals, amphibians, and
birds. Moreover, analysis has also revealed that the
large yellow croaker AR has higher homology with the
ARJ subtype of other teleost fishes. Similarly, most
cyprinid family and perciformes species analyzed to
date have been shown to contain only one type of AR
protein (Wilson et al. 2004; Pasmanik and Callard
1985; Hossain et al. 2008; Huang et al. 2011).
Researchers have suggested the loss of the second
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Fig. 4 Expression of AR
analyzed by real-time PCR
mRNA in different tissues of
both sexes (A) and in all
stages of embryonic
development (B). GO
gonad, HK head kidney,

M muscle, L liver, S spleen,
B brain, GI gill, ST stomach,
E eye, IN intestine, H heart.
Each bar represents

mean + SEM (n = 5). a, b,
and ¢ groups sharing the
same letter codes were not
significantly different

(p > 0.05); groups with
different letter codes were GO HK
significantly different

(p < 0.05). f-actin served as
a reference gene

6 A

30 -

24

Relative expression level of
Larimichthys crocea AR | B actin mRNA

crocea nAR | B actin mRNA

Relative expression level of Larimichthys

AR from both the cyprinids and the perciformes before
genome duplication as one possible explanation
(Hossain et al. 2008). The phylogenetic tree showed
that all single AR subtype sequences cluster together
with the ARp types of the two AR subtypes. Phylo-
genetic analysis seems to indicate that the teleost ARf
type is the canonical form, whereas ARa may be a
duplicated copy generated later and lost from some
fish species (Hossain et al. 2008).

Our results show that large yellow croaker AR is
distributed ubiquitously in tissues of both sexes.
Likewise, in zebrafish, male Cynoglossus semilaevis
and southern catfish, which also contain only one type
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of AR, AR mRNA is expressed ubiquitously in all
analyzed tissues (Hossain et al. 2008; Huang et al.
2011; Wen et al. 2009). On the other hand, the tissue

Fig. 5 Localization of AR transcripts in oogenesis. In situp
hybridization with the corresponding DIG-labeled antisense
RNA probe (A-D) and sense probe as a negative control (E—
H) for AR transcripts. Regular histological sections were stained
with HE (I-L). Fc follicle cell, Og oil globule, Yg yolk globule,
N nucleus. Stages I, II, III, and IV and involuting stage oocytes
are indicated with white, black, red, blue and yellow arrows,
respectively. The positive signals were observed in the
cytoplasm of all oocytes in different developmental stages and
in follicle cells of stage IV oocytes. Scale bars are shown in each
panel. (Color figure online)
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distribution and relative expression of ARs are quite
different in fishes that contain two AR subtypes, such
as rainbow trout ARa, which was predominantly
expressed in the ovary and testis, and ARf5, which
showed highest expression in brain (Takeo and
Yamashita 1999). In cichlid fish, AR« showed signif-
icantly higher expression than AR in the pituitary,
and ARf} expressed at a higher level than AR« in the
anterior and middle brain (Harbott et al. 2007). In the
male Japanese eel, ARf mRNA showed preferential
expression in testis, muscle, and spleen, but AR«
mRNA was observed in gill, muscle, heart, spleen,
head kidney, liver, brain, testis, and ovary (Ikeuchi
etal. 1999), demonstrating that the two subtypes of AR
are detected in some tissues, but not in all tissues
analyzed. The difference in expression patterns
between AR and ARo/f suggests that the single AR
type in some fishes has a dual role as two AR types
(ARa and ARJ) in other fishes.

The differences in AR expression in different
tissues suggest that it plays different roles in these
tissues. In the present study, the large yellow croaker
AR mRNA was found to be overwhelmingly expressed
in the livers of females and males. Vitellogenin
(VTG), the synthesis of which is crucial for proper
oocyte development, is synthesized in the liver, a
process that numerous studies have demonstrated to be
mediated through the AR. In Spinibarbus denticulatus,
for example, AR is expressed in the liver and was
shown to be important in mediating VTG synthesis
(Liu et al. 2009). In addition, androgen action on VTG
synthesis in the liver of the Japanese eel was found to
be suppressed by an AR antagonist (Kwon et al. 2005).
It has thus been suggested that androgen controls the
synthesis of VTG in fish via the AR.

Androgen and AR have also been confirmed to play
an important role in normal spermatogenesis and male
fertility in mice (Wang et al. 2009). AR has been
described in germ cells, Leydig cells, peritubular
myoid cells and Sertoli cells of mammals and shown to
be important in mouse spermatogenesis and fertility
(Bremner et al. 1994; Janssen et al. 1994; Shan et al.
1997). A study of zebrafish testis indicated that Sertoli
cells in contact with early spermatogonia express the
highest levels of AR mRNA (De Waal et al. 2008).
Furthermore, the expression of AR mRNA in zebrafish
increased significantly in the testis during the course of
gonad development (Hossain et al. 2008). In the
Japanese eel, a high expression of AR mRNA in Sertoli
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Fig. 6 Localization of AR transcripts in spermatogenesis.p
In situ hybridization with the corresponding DIG-labeled
antisense RNA probe (A) and sense probe as a negative control
(B) for AR transcripts. A regular histological section was stained
with HE (C). Positive signals were predominantly observed in
germ cells during spermatogenesis. Sg spermatogonium, Sc
spermatocyte, St spermatid, S spermatozoon. Scale bars are
shown in each panel

cells in close proximity to early spermatogonia
suggested that it may stimulate spermatogonial pro-
liferation and differentiation (Miura et al. 1991). In
zebrafish, the signals of AR in spermatogonium,
spermatids, and sperm were significantly stronger
than in primary spermatocyte and secondary sper-
matocyte (De Waal et al. 2008). Likewise, in our
study, we found a higher level of AR mRNA expres-
sion in testis, and a positive AR in situ hybridization
signal was detected in all germ cell types of sper-
matogenesis. The high level of AR expression found in
testis suggests the direct action of androgens on
mediating spermatogenesis in the male large yellow
croaker.

Previous studies indicated that AR was important
for granulosa cell development and female reproduc-
tion (Weil et al. 1998; Chaffin et al. 1999; Hild-Petito
and Fazleabas, 1997). Reduced fertility in AR knock-
out female mice is due to defective folliculogenesis
(Yeh et al. 2002). AR expression has also been studied
in granulosa cells of ovaries from humans, nonhuman
primates, and a number of mammals (Weil et al. 1998;
Chaffin et al. 1999; Hild-Petito and Fazleabas, 1997).
In non-mammals, such as chicken (Hillier and Tetsuka
1997), frog (Lutz et al. 2001), and Japanese eel
(Tosaka et al. 2010), AR is necessary for stimulating
the growth of ovaries. In the primate ovary, AR is most
abundant in granulosa cells of follicles and to a lesser
degree in theca cells (Weil et al. 1998). In addition to
theca and granulosa cells, AR mRNA is also present
within the oocytes of rodent, ovine, and porcine
ovaries (Walters et al. 2008). In the female Japanese
eel, both AR mRNAs were largely observed in the
follicle cells at all stages of ovarian development. The
predominant localization of AR mRNA in the follicle
cells suggested that androgens are important in oocyte
growth by acting on these cells (Tosaka et al. 2010).
Furthermore, a study that used in situ hybridization
found that ARx mRNA levels in the Japanese eel were
high from the late oil droplet stage to the late
vitellogenic stage, whereas AR mRNA levels were
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high from the late oil droplet stage to the mid-
vitellogenic stage (Tosaka et al. 2010). In the short-
finned eel (A. australis), AR mediates 11-KT levels to
regulate the development of previtellogenic oocytes,
thus increasing their size (Lokman et al. 2007). In our
study, higher levels of AR mRNA expression were also
found in the ovary, and positive signals were observed
in the cytoplasm of all oocytes throughout oogenesis;
however, AR mRNA was detectable in the follicular
layer of stage IV oocytes only. Although it is possible
that endogenous AR may reside largely in the nucleus,
many studies have suggested that before ligand
binding, the receptor resides in the cytoplasm (Gel-
mann 2002). We further confirm this view at the
genetic level. All of these in situ hybridization results
support the hypothesis that the AR in fish is involved in
oogenesis.

In S. denticulatus, AR mRNA was first observed
with a very weak signal at the multiple-cell and
blastula stages. Little or no signal was detected in the
gastrula and neurula stages (Liu et al. 2009). In
zebrafish, the AR transcript level was maintained until
50 % epiboly after which it was drastically reduced by
the five-somite stage (Hossain et al. 2008). Using
qRT-PCR, we found that the AR transcript was
deposited into the large yellow croaker embryos and
that the AR mRNA level increased from the multiple-
cell to the gastrula stage. The level of expression
declined substantially afterward during the course of
embryonic development. Our results for the large
yellow croaker AR are similar to those for the S.
denticulatus (Liu et al. 2009) and zebrafish AR
(Hossain et al. 2008), all of them demonstrating a
high-level expression at the early developmental
stages of the embryo. Furthermore, the expression
levels increased gradually from 24 h postfertilization
onward in the embryonic development of zebrafish,
indicating that the AR transcript was maternally
deposited into the embryo and had a potential role
during late embryonic development (Hossain et al.
2008). However, in our study, the AR mRNA was
maintained at a low level during the stages of
embryonic development after yolk plug formation.
Our results revealed that AR may have a potential role
during the early embryonic development of the large
yellow croaker.

In summary, an AR in the large yellow croaker was
cloned and its gene expression was characterized in
selected tissues and at different stages of embryonic

@ Springer

development. Our results show that positive signals of
AR mRNA were observed in all germ cell types during
spermatogenesis, in the cytoplasm of all oocytes and
in the follicles of stage IV oocytes and involuting stage
oocytes. These findings indicate that AR not only has
important roles in the embryonic development of the
large yellow croaker, but also in the gametogenesis of
both sexes.
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