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The male three-spined stickleback (Gasterosteus aculeatus) produces a glue protein
named “spiggin” that is used as a cementing substance for building its nest. The synthesis of spiggin is under the control of androgenic stimulation. Therefore, spiggin is
an effective biomarker of any androgenic activity displayed by environmental chemicals, similarly to the use of vitellogenin as an estrogenic biomarker. The aim of this
VWXG\ZDVWRHVWDEOLVKDTXDQWL¿FDWLRQV\VWHPIRUVSLJJLQP51$WRGHYHORSDKLJKO\
sensitive system for evaluating environmental androgens. In this process, two different types of cDNA encoding spiggin (SPG-1 and SPG-2) were isolated. They closely
resemble each other in primary structure and features. In addition, the transcriptions of
both spiggin gene were induced by only androgenic stimulation in a receptor-mediated
PDQQHU  7KHVH ¿QGLQJV VXJJHVW WKH PXOWLSOLFLW\ DOEHLW VSHFL¿FLW\ RI VSLJJLQ LQ WKH
VWLFNOHEDFN7KHTXDQWL¿FDWLRQV\VWHPIRUVSLJJLQP51$ZDVHVWDEOLVKHGXVLQJDUHDO
WLPH 573&5 WHFKQLTXH  7KLV V\VWHP HQDEOHV DFFXUDWH TXDQWL¿FDWLRQ ZLWKLQ D ZLGH
range of spiggin mRNA from 101 to 106 copies.

1.

Introduction

Recently, it has been suggested that some chemical compounds, including natural
steroids, industrial contaminants, insecticides and herbicides have endocrine activity in
both humans and wildlife. Many of these substances, so-called endocrine-disrupting
chemicals (EDCs), display agonistic or antagonistic effects to sex hormones (estrogen
and androgen) acting via their receptors. Sex hormones control many physiological
phenomena, but are particularly important in sex determination, gonadal sex differenWLDWLRQ JDPHWRJHQHVLV DQG VH[XDO EHKDYLRU  7KHUHIRUH ('&V GHWHFWHG DW VLJQL¿FDQW
FRQFHQWUDWLRQVLQWKHDTXDWLFHQYLURQPHQWSRVHDVLJQL¿FDQWWKUHDWWRWKHQRUPDOUHSUR-
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ductive capability and have been implicated in a number of reproductive and develRSPHQWDODEQRUPDOLWLHVLQ¿VKDQGRWKHUYHUWHEUDWHV(1,2)
Until recently, research on EDCs has concentrated on environmental estrogens
and their physiological effects, but hardly on environmental androgens. Numerous in vivo and in vitro detection and evaluation systems for estrogenic stimulation
KDYH EHHQ SUHSDUHG UHÀHFWLQJ WKH H[LVWHQFH RI D ODUJH QXPEHU RI HVWURJHQLF FRPpounds. For example, vitellogenin (VTG), an egg yolk precursor protein in ovipaURXVDQLPDOVLVDIHPDOHVSHFL¿FSURWHLQDQGLWVV\QWKHVLVLQWKHOLYHULVVSHFL¿FDOO\
controlled by estrogenic stimulation. In male, VTG synthesis is easily inducible by
exogenous estrogen treatment.(3) Therefore, the serum VTG concentration of male
animals is an effective biomarker for environmental estrogens and has been used exWHQVLYHO\SDUWLFXODUO\LQ¿VK(3,4,5) The use of VTG as a biomarker of environmental
estrogen enables an extremely rapid and precise analysis at the molecular level.(5,6,7,8)
However, such an effective molecular biomarker for evaluating environmental anGURJHQKDVQRW\HWEHHQLGHQWL¿HG
The three-spined stickleback (Gasterosteus aculeatus) shows a unique reproductive strategy. In the male, the kidney undergoes hypertrophy during the breeding
season and produces a glue protein, spiggin, which is used in building a nest that females enter for spawning.(9,10) The production of this protein is strongly regulated by
androgenic stimulation. Females do not produce this protein naturally, but produce
it after androgen treatment.(11,12) Therefore, spiggin induction in female stickleback
is an excellent biomarker of androgenic and anti-androgenic chemicals.
 7KHDLPRIWKLVVWXG\ZDVWRHVWDEOLVKDTXDQWL¿FDWLRQV\VWHPIRUVSLJJLQP51$
and develop a highly sensitive test for environmental androgens. In this process,
multiple spiggin mRNAs including novel type and previously cloned type(11) were
isolated from the male kidney cDNA library. Here, we introduce a newly established
VSLJJLQP51$TXDQWL¿FDWLRQV\VWHPLQFOXGLQJWKHFORQLQJDQGH[SUHVVLRQDQDO\VHV
of multiple spiggin mRNAs.

2.

Spiggin cDNA Cloning

Using mRNA isolated from the kidney of laboratory-bred mature male stickleback (collected in Cefas Laboratory, UK), RT-PCR was performed with a set of
primer selected from a previously reported spiggin sequence.(11) The products were
electrophoresed in a 5% acrylamide gel, and two different PCR fragments were
obtained. These fragments were subcloned into the plasmid vector, and sequenced.
Figure 1 shows the deduced amino acid sequence of the present cloned two PCR
fragments and its comparison with that of the previously reported spiggin cDNA

Fig. 1. Nucleotide sequences of PCR fragments of SPG-1 and SPG-2. The previously
UHSRUWHGVSJĮVHTXHQFHZDVDOVRDOLJQHGIRUFRPSDULVRQ
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VSJĮ (11) One fragment (422 bp, designated SPG-1) is almost identical (except for
RQHSRLQWPXWDWLRQ ZLWKWKHSUHYLRXVO\UHSRUWHGVSJĮVHTXHQFH(11) but the other (485 bp,
designated SPG-2) has an additional 63 nucleotides. However, the nucleotide sequence of the SPG-2 fragment shows a high homology (80%) with that of SPG-1.
This high similarity suggests that both molecules are essential components of the
glue protein used for nest building. We attempted to obtain full-length cDNAs encoding SPG-1 and SPG-2 from the kidney cDNA library using these fragments as
probes.
From kidney cDNA library screening, only one full-length cDNA (2261 bp) containing complete SPG-2 ORF (621 amino acids) was isolated. On the other hand,
three different full-length SPG-1 cDNAs were isolated (i.e., SPG-1A (2253 bp), 1B
(2897 bp) and 1C (3792 bp)), although these three cDNAs encode completely the
same ORF (616 amino acids). The three SPG-1 cDNAs differed in the length of
3’-UTR (Fig. 2). Therefore, these appear to be transcripts derived from the same
gene, by alternative splicing and the selection of polyadenylation signals. The sequence of these cDNAs have been registered with the GenBank database (Accession Nos. AB243101 (SPG-1A), AB243102 (SPG-1B), AB243103 (SPG-1C), and
AB243104 (SPG-2)).
SPG-1 and SPG-2 are similar deduced primary protein structures, and the amino
acid identity of SPG-1 with SPG-2 is 83%. They also have common structural feaWXUHV WR IXO¿OO WKHLU IXQFWLRQ DV D ZDWHULQVROXEOH JOXH  %RWK DUH H[WUHPHO\ K\GURphobic, a feature that is indispensable for building a nest under the water. Another
similarity is the multiple N-glycosylation sites, which are also related to their the adhesive function. SPG-I and SPG-II have seven and nine N-linked glycosylation sites
(motif of Asp-X (except for Pro)-Ser or Thr), respectively (Fig. 3).
 0RUH UHFHQWO\ IRXU GLIIHUHQW VSLJJLQ JHQHV KDYH EHHQ LGHQWL¿HG IURP WKH -DSDnese three-spined stickleback, and multiple transcripts derived from the same spiggin
gene were observed.(13) Jones et al.(11) also reported the existence of alternative splicing variants from one spiggin gene in sticklebacks caught in Sweden. As described
above, splicing variants of one spiggin gene (i.e., SPG-1A, SPG-1B and SPG-1C)
were also detected in this study. However, the manner of spiggin mRNA splicing
differs among these three studies including this study. It is suggested that regional
GLIIHUHQFHV -DSDQ6ZHGHQDQG8QLWHG.LQJGRP IRUPWKHEDVLVRIWKHGLYHUVL¿FDtion of spiggin production. A various spiggin molecules (four different spiggin molecules), as reported by Kawahara and Nishida,(13) are important for the understanding
of stickleback reproductive physiology. An extensive and worldwide study of spigJLQSURGXFWLRQLQFOXGLQJWKHLGHQWL¿FDWLRQRIPXOWLSOHVSLJJLQFRPSRQHQWVLVQHFHVsary to elucidate the diversity of spiggin molecules.

Fig. 2. Primary structure of cDNAs encoding SPG-1 (1A, 1B and 1C) and SPG-2.
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Fig. 3. Comparison of deduced amino acid sequences of SPG-1 and SPG-2. The putative
N-linked glycosylation sites are boxed. Dots denote amino acids identical to those in
63*'DVKHVDUHLQWURGXFHGIRUPD[LPDO¿WWLQJRIDOLJQPHQW

3.

Hormonal Induction of Spiggin mRNA

 )HPDOH VWLFNOHEDFNV WKUHH ¿VK LQ D / JODVV DTXDULXP  ZHUH WUHDWHG ZLWK
YDULRXV VWHURLGV LH ȕHVWUDGLRO (2), progesterone (P), hydrocortisone (HC),
ĮGLK\GURWHVWRVWHURQH '+7 DQGĮPHWK\OWHVWRVWHURQH 07 DWJ/IRURQH
week. Only the vehicle solvent (ethanol) was added to the control group. Water was
changed every day and an appropriate quantity of each steroid was added. Kidney
samples were collected after one week of treatment, and the mRNA extracted from
the kidney was used for Northern blot analysis. The sequence of the hybridization
probe showed a high homology with those of SPG-1 and SPG-2; whose mRNAs
were probably recognized in this analysis.
Spiggin mRNA was detected only with the DHT and MT treatments. No positive signal was observed in nonandrogenic steroids (Fig. 4). MT was more effective
in spiggin gene transcription than DHT. This result indicates that the relative anGURJHQLFDFWLYLW\RIWHVWLQJVXEVWDQFHVLVUHÀHFWHGRQWKHWUDQVFULSWLRQDOOHYHORIWKH
VSLJJLQ JHQH 7KH SUHVHQW UHVXOW FRQ¿UPV WKDW VSLJJLQ LV D TXDQWLWDWLYH ELRPDUNHU
of androgenic activity. This induction of spiggin gene transcription by MT was
FRPSOHWHO\DEROLVKHGE\WKHFRWUHDWPHQWZLWKDQH[FHVVFRQFHQWUDWLRQRIÀXWDPLGH
DQDQGURJHQDQWDJRQLVW GDWDQRWVKRZQ 7KLVUHVXOWFRQ¿UPVWKDWWKHLQGXFWLRQRI
spiggin gene transcription by androgens is activated in a receptor-mediated manner.
From the result of the Northern blot analysis, two positive bands of spiggin
mRNA were recognized (Fig. 4). This result supports the multiplicity of spiggin
(including the existence of splicing variants). However, it remains unknown which
spiggin sequences correspond to the two bands. For detailed study, it may be necessary to individually detect SPG-1 and SPG-2 mRNAs.

258

Environmental Sciences

4.

Vol. 14, No. 5(2007) 255–261

M. Nagae et al.

Sensitive Detection of Spiggin mRNA

 7R GHYHORS D VHQVLWLYH DQG SUHFLVH TXDQWL¿FDWLRQ PHWKRG IRU VSLJJLQ P51$ D
real-time quantitative RT-PCR technique was employed. A set of primers for realtime quantitative RT-PCR was selected from the complete nucleotide sequences of
SPG-1 and SPG-2 to amplify both types of spiggin mRNA simultaneously. In addition, genome DNAs encoding both spiggins were sequenced to determine effective
SULPHUVIRUWKHVSHFL¿FDPSOL¿FDWLRQRIUHYHUVHWUDQVFULEHGVSLJJLQF'1$QRWWKH
genomic DNA encoding spiggins contaminating total RNA samples. Figure 5 shows
the relationship between Ct value (threshold cycle) and the copy number of the synthesized spiggin DNA standard for the presently established real-time quantitative
RT-PCR technique. There is a strong correlation between Ct value and the original
copy number of the spiggin DNA standard. In addition, the system enables accurate
TXDQWL¿FDWLRQZLWKLQDZLGHUDQJHRIVSLJJLQP51$IURP1 to 106 copies.
 $ WULDO UXQ IRU WHVWLQJ WKH VSLJJLQ TXDQWL¿FDWLRQ V\VWHP HVWDEOLVKHG DERYH ZDV
performed using various kidney RNA samples. Kidney total RNA samples were
extracted from mature males, immature females and immature females treated with
DQGURJHQ '+7DQG07 IRURQHZHHNDWJ/8VLQJWKHVH51$VDPSOHVVSLJJLQP51$ZDVTXDQWL¿HG$VVKRZQLQ)LJWKHUHLVDFOHDUGLIIHUHQFHLQVSLJJLQ
mRNA concentration between the samples. Almost the same results were obtained
E\WKH1RUWKHUQEORWDQDO\VLV )LJ 7KXVWKHSUHVHQWO\HVWDEOLVKHGTXDQWL¿FDWLRQ
system has great advantages in terms of accuracy and convenience over Northern
blot analysis.

Fig. 4. Northern blot analysis of spiggin mRNA isolated from kidneys of immature
females treated with various steroids. Actin was also included for positive control. C:
control (vehicle treatment); E2 ȕHVWUDGLRO 3 SURJHVWHURQH +& K\GURFRUWLVRQH '+7
ĮGLK\GURWHVWRVWHURQHDQG07ĮPHWK\OWHVWRVWHURQH

)LJ6WDQGDUGRIVSLJJLQP51$TXDQWL¿FDWLRQXVLQJUHDOWLPH573&5WHFKQLTXH
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)LJ7ULDOTXDQWL¿FDWLRQRIVSLJJLQP51$LQYDULRXVVDPSOHV

5.

Conclusions

 ,Q WKLV VWXG\ D VHQVLWLYH TXDQWL¿FDWLRQ V\VWHP IRU VSLJJLQ P51$V EDVHG RQ D
UHDOWLPH573&5WHFKQLTXHZDVGHYHORSHG7KLVV\VWHPHQDEOHVDFFXUDWHTXDQWL¿cation within a wide range of spiggin mRNA from 101 to 106 copies and is a useful
tool for evaluating the androgenic potency of environmental androgens using in vivo
exposure systems. Using this system, we plan to evaluate the androgenic potency of
various chemicals.
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