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a b s t r a c t

Although bioaccumulation of tributyltin (TBT) in fish has been confirmed, information on possible effects
of TBT on reproductive system of fish is still relatively scarce, particularly at environmentally relevant
levels. To evaluate the adverse effects and intrinsic toxicological properties of TBT in male fish, we studied
aromatase gene expression in the brain, sex steroid contents, primary and secondary sexual characteris-
tics, and reproductive behavior in male guppies (Poecilia reticulata) exposed to tributyltin chloride at the
nominal concentrations of 5, 50, and 500 ng/L for 28 days in a semi-static exposure system. Radioim-
munoassay demonstrated that treatment with 50 ng/L TBT caused an increase in systemic levels of
testosterone of male guppies. Gonopodial index, which showed a positive correlation with testosterone
levels, was elevated in the 5 ng/L and 50 ng/L TBT treated groups. Real-time PCR revealed that TBT expo-
sure had inhibiting effects on expression of two isoforms of guppy aromatase in the brain, and these
changes at the molecular levels were associated with a disturbance of reproductive behavior of the indi-
viduals, as measured by decreases in frequencies of posturing, sigmoid display, and chase activities when
males were paired with females. This study provides the first evidence that TBT can cause abnormalities
of secondary sexual characteristics in teleosts and that suppression of reproductive behavior in teleosts
by TBT is due to its endocrine–disrupting action as an aromatase inhibitor targeting the nervous system.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Tributyltin (TBT) is a organotin chemical used for various indus-
trial purposes such as slime control in paper mills, disinfection
of circulating industrial cooling water, antifouling agent, and the
preservation of wood. The use of TBT as biocides in antifouling
boat paints leads to the contamination of freshwater, estuarine,
and coastal ecosystems. Due to the extreme toxicity, especially
the endocrine disruptive characteristic, the use of TBT in small
boats had been prohibited in many countries since the mid-1980s.
The International Maritime Organization called for a global treaty

Abbreviations: BCF, bioconcentration factor; CI, coloration index; EDCs,
endocrine-disrupting chemicals; E2, 17�-estradiol; GSI, gonadosomatic index; GPI,
gonopodial index; PPARs, peroxisome proliferator-activated receptors; PBS, phos-
phate buffered saline; RXRs, retinoid X receptors; T, testosterone; TBT, tributyltin;
TBTCl, tributyltin chloride.
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that bans the application of TBT-based paints starting in 2003, and
total prohibition by 2008. However, present and future restric-
tions will unfortunately not immediately remove TBT and its
degradation products from the aquatic environment, since these
compounds are reversibly adsorbed to the sediments where they
persist (Clark et al., 1988; Unger et al., 1988; Hoch, 2001), partic-
ularly under anaerobic conditions with persistence estimated at
decades (Dowson et al., 1996; Gadd, 2000). In Spain (Üveges et al.,
2007) and Japan (Harino et al., 2007), TBT concentrations in bot-
tom sediments did not decline after regulation or restriction of the
use of the compound. Jiang et al. (2001) performed an extensive
study of the presence of butyltin compounds in several of China’s
aquatic environments and reported the highest TBT concentration
of 976.9 ng Sn/L. Wide distribution, high hydrophobicity, and per-
sistence of TBT have raised concern about its bioaccumulation in
aquatic organisms, especially fish and molluscs (Albalat et al., 2002;
Bryan et al., 1993; Fent, 1991; Hu et al., 2014; Kannan et al., 1995;
Rantakokko et al., 2006; Yamada et al., 1993). Fish and molluscs
can directly take up TBT from the surroundings, e.g., water and
sediments, by skin or ventilator organs like gills. A bioconcentra-
tion factor (BCF) of 107 (wet weight) for TBT in minnow (Phoxinus

http://dx.doi.org/10.1016/j.aquatox.2015.03.015
0166-445X/© 2015 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.aquatox.2015.03.015
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2015.03.015&domain=pdf
mailto:rusg@ouc.edu.cn
dx.doi.org/10.1016/j.aquatox.2015.03.015


118 H. Tian et al. / Aquatic Toxicology 162 (2015) 117–125

phoxinus) embryos has been reported (Fent, 1991). The average
intake of organotin compounds from foodstuffs was estimated in a
Finnish market basket, and the results showed that the fish basket
contained the largest number of different organotin compounds
(Rantakokko et al., 2006).

The best documented example of endocrine disruption of TBT
in vivo is the imposex of female gastropods, characterized by the
development of additional male sex organs (penis and/or vas def-
erens and prostate tissue) on females (Blaber, 1970; Smith, 1981;
Horiguchi et al., 1997). Several studies have shown that TBT acts as
an inhibitor of cytochrome P450 aromatase (down-regulates the
aromatase gene expression and/or inhibits the aromatase activ-
ity) (Bettin et al., 1996; Cooke, 2002; Lyssimachou et al., 2006;
Saitoh et al., 2001). Aromatase is responsible for the conversion
of androgen testosterone (T) into estrogen 17�-estradiol (E2) (i.e.,
aromatization) (Simpson et al., 1994). It had been proposed that
the TBT-induced imposex of female gastropods was mediated by
increased androgen levels of whole animals due to reduced aro-
matase gene expression/activity (Bettin et al., 1996; Oehlmann
et al., 1996; Schulte-Oehlmann et al., 1995; Spooner et al., 1991).
Because sex steroids also play a main role in the regulation of
sex differentiation and sexual characteristics of teleosts, TBT pol-
lution is also suspected of having adverse effects on fish species.
However, in contrast to the extensive literature dealing with the
negative impacts of TBT in gastropods (reviewed by Horiguchi,
2006; Matthiessen and Gibbs, 1998; Titley-O’Neal et al., 2011),
information on possible effects of TBT on reproductive system of
fish is still relatively scarce, particularly in vivo and at environ-
mentally relevant levels (Grzyb et al., 2003; Haubruge et al., 2000;
McAllister and Kime, 2003; Mochida et al., 2007; Rurangwa et al.,
2002; Santos et al., 2006; Shimasaki et al., 2003). On the other hand,
studies on endocrine disruption of TBT, particularly with regard
to steroidogenesis, have focussed mainly on gonadal reproductive
steroids (Saitoh et al., 2001), since the gonads are considered to
be the major source of steroid hormones in the body. However,
local steroidogenesis at other sites, especially in the brain, is also
very important (MacLusky and Naftolin, 1981). The accumulation
of TBT in the central nervous system indicates the potential for toxic
effects of TBT on neuroendocrine regulatory centers (Bryan et al.,
1993; Horiguchi et al., 2002; Li et al., 2010; Zhang et al., 2008). Until
now, limited data exist on possible effects and consequences of TBT
causing aromatase suppression in nervous system (Lyssimachou
et al., 2006).

Guppies are ovoviviparous fish with a short reproductive period
and seasonally independent sperm count, body coloration, gonad
size, sexual behavior, and reproductive rate (Houde, 1997). Gonad
differentiation and the development of secondary sexual charac-
teristics occur mainly during the juvenile period, and the fish reach
full sexual maturity in approximately 3 months. The brightly col-
ored adult male guppies perform distinct courtship behavior, and
the anal fin develops into a copulatory organ (the gonopodium)
for internal fertilization. Our previous study demonstrated that the
male guppies are suitable for studying the effects of endocrine dis-
rupting chemicals (EDCs) on the reproductive system due to the
strong visibility and biological relevance of its secondary sex char-
acteristics (gonopodium and pigmentation) (Tian et al., 2012).

In the present study, we conducted a systematic investigation
on the reproductive endocrine toxicology of tributyltin at envi-
ronmentally relevant concentrations in male guppies (Poecilia
reticulata). First, the response of systemic levels of E2 and T to TBT
exposure in the male guppies was quantified to determine if the
typical endocrine-disrupting effects of TBT on gastropods that were
seen in previous studies also exist in male fish. Second, a series
of biomarkers, including testis size (gonadosomatic index, GSI),
length of the gonopodium (gonopodial index, GPI), gonopodium
structure, and body coloration (coloration index, CI) was selected

to determine the adverse effects of TBT exposure on sexual char-
acteristics, due to the imbalance of sex steroids. Finally, the effects
of TBT on mRNA levels of two gene isoforms of aromatase in the
brain and frequencies of posturing, sigmoid display, and chase
activities were analysed to determine if the changes in mRNA
expression of aromatase at the molecular level were associated
with a disturbance of reproductive behavior of the individuals.

2. Material and methods

2.1. Fish exposure and sample protocol

Four-month-old adult Red Albino guppies (P. reticulata)
(2.3 ± 0.2 cm standard length and 0.25 ± 0.05 g wet weight for
males; 3.2 ± 0.2 cm standard length and 0.80 ± 0.22 g wet weight
for females) were obtained from a dealer in Shanghai, China.

Following acclimation to the laboratory for 2 weeks, guppies
were exposed to tributyltin chloride (TBTCl, 96% purity, Lancaster,
Lancaster, CA, USA) at nominal concentrations of 5, 50, and 500 ng/L.
A control group (dechlorinated tap water) completed the exposure
design. Each group of fish (25 females and 30 males) was kept
in 50 L aquaria containing 30 L dechlorinated tap water and the
appropriate TBT dose using a semi-static toxicity test (10 L water
was renewed daily to maintain a constant TBT concentration). The
water temperature was maintained at 26 ± 1 ◦C, and the pH was
7.3 ± 0.2. The photoperiod was 14 h light and 10 h dark. During the
experiment, the guppies were fed twice daily with freshly hatched
Artemia nauplii and commercial fish feed. Feces and remaining food
were removed daily.

Effects of TBT on sexual behavior of the males were assessed
after 5, 10, 15, 20, and 25 days of exposure. After 28 days of expo-
sure, 26 male guppies randomly selected from each group were
anesthetized in MS-222 (Sigma–Aldrich, St. Louis, MO, USA), and
efforts were made to minimize suffering. The body length, body
weight, and length of the gonopodium were recorded for the sub-
sequent determination of the GPI (n = 26), and the structure of the
gonopodium was observed. To determine the GSI, the weight of
the testis (n = 16) was measured and related to the body weight.
The head (n = 6) was sampled, immediately frozen in liquid nitro-
gen, and stored at −80 ◦C for the quantification of aromatase mRNA
by real-time PCR. After the fish (n = 8) were imaged for the subse-
quent determination of the CI, the skin was sampled to determine
the carotenoid content (n = 8), and then the whole fish (skin and
tail fin excluded, n = 6) was immediately frozen in liquid nitrogen
and stored at −80 ◦C until the sex steroid levels were measured. All
experiments were conducted according to the National Institute
of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Animal Care and Use Committee of Ocean
University of China.

2.2. Detection of the sex steroid levels by radioimmunoassay

The whole fish (skin and tail fin excluded) was homogenized in
5 �L of phosphate buffered saline (PBS) per 1 mg of fish tissue. The
homogenate was extracted with diethyl ether and centrifuged at
5920 × g for 8 min at 4 ◦C. And then the supernatant was collected,
incubated at 50 ◦C to remove the diethyl ether, and re-dissolved in
PBS (containing 1% bovine serum albumin) for the measurement of
the sex steroids.

The T and E2 levels were detected by radioimmunoassay using
commercial kits from the Beijing North Institute of Biological Tech-
nology, China. The hormone levels were measured according to
the manufacturer’s instructions. The assay detection limits were
0.01 ng/mL for T and 0.50 pg/mL for E2. The inter- and intra-assay
coefficients of variation were <10% and <15%, respectively. The
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Table 1
Nucleotide sequences of primers used for real-time PCR and product sizes.

Gene GenBank
accession no.

Primer sequence (5′#4′3#) Amplicon size (bp)

cyp19a JQ768368 GAGAGAAATGGAGCAGGCAGATAAG 110
CCAGCACGCATTGCCTCAC

cyp19b AY395692 CACACTCTTCATCAGCCTCTTCTTC 105
GCTGTATCATCCAAAACGGTGC

�–actin EU143772 GCCTATCTACGAGGGCTACGC 150
TTGATGTCACGCACGATTTCC

elf–˛ EF408829 CGAGATTGGCGGCATTGG 91
GTTAGGGGGGGCGAAAGTG

cross-reactivity of the T antibody to dihydrotestosterone, estriol, E2,
androstenedione, and progesterone was 1.1 × 10−2%, 2 × 10−15%,
2.1 × 10−2%, 1.2 × 10−5%, and 3.2 × 10−2%, respectively. The cross-
reactivity of the E2 antibody to estriol, progesterone, and T was
1.6 × 10−2%, 1.0 × 10−2%, and 1.0 × 10−2%, respectively.

2.3. Analysis of the secondary sexual characteristics

To determine the influence of TBT exposure on the secondary
sexual characteristics of male guppies, the GPI, gonopodium struc-
ture, and CI were analyzed using the method described by Toft
and Baatrup (2001). The gonopodium was swung forward, and the
length of the gonopodium was measured and related to the body
length to determine the GPI. The gonopodium was observed under
a dissecting microscope and imaged by a Nikon Coolpix S640 digital
camera (Nikon Corporation, Tokyo, Japan) to analyze the structure
changes, and a digital image of the left side of the fish was also cap-
tured to analyze the coloration of the body. Both the orange-colored
area and the whole body area (fins excluded) measured by digital
image analysis using Image Tool Version 3.0 and used to quantify
the CI, which was determined by calculating the orange-colored
area as a percentage of the whole body area (fins excluded).

The carotenoid content in the skin was tested according to the
method described by Britton (1985), with minor modifications. The
skin (head and fins excluded) was removed from the body with
surgical instruments and allowed to dry for several minutes before
it was weighed. And then the skin was stored at −80 ◦C until the
carotenoids were extracted with 2 mL of acetone for 3 times. After
centrifugation at 1480 × g for 2 min at 4 ◦C, the supernatant was col-
lected and analyzed. The absorbance spectrum of the pigments was
obtained from a spectrophotometric scan of the pigment extract
using a UV-2800 spectrometer (Unico Shanghai Instruments Co.,
Ltd., Shanghai, China), with acetone used as a blank control. The
carotenoid content was determined from the absorbance of the
extract at the peak of absorption using the extinction coefficient
E1%

1cm = 2350. The carotenoid content per mg of skin was calculated
as the total skin carotenoid content of each male divided by the skin
weight.

2.4. Quantification of sexual behavior

One day before sexual behavior assay, 6 un-transparent oblong
net chests (length × width × height = 15 cm × 10 cm × 10 cm) were
temporarily placed in each aquarium, and each male guppy was
transferred to one chest. After 12 h, a female was placed in one
chest to be paired with the male fish, and male sexual behavior
toward the female was recorded for 10 min using a Nikon Coolpix
S640 digital camera (Nikon Corporation, Tokyo, Japan) to quantify
the frequency of each behavior. Sexual behavior was classified as
“posturing” (male moves into female’s field of vision and stays to
attract her attention), “sigmoid display” (male’s body arches to an
“S” or “C” form and vibrates while he swims sideways to display
the sexually attractive nuptial colors), and “chase” (male follows

female and comes into position for a copulation) (Farr, 1976). One
person analyzed all data to minimize artificial effects.

2.5. Quantification of aromatase mRNA by real-time PCR

Isolation of total RNA from the brain was carried out using the
phenolic reagent TRIzol (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. Extracted RNA was measured by
spectrometry at OD260/280 prior to treatment with gDNA Eraser
(Takara Bio Inc., Shiga, Japan). Equal amounts of RNA (1 �g)
were reverse-transcribed into cDNA in 20 �L reactions containing
1 × PrimeScript® Buffer 2 (for Real Time), 1.0 �L PrimeScript® RT
Enzyme Mix I, and 1.0 �L RT Primer Mix (Takara Bio Inc., Shiga,
Japan). Reverse transcriptions were conducted in a PCR Thermal
cycler Dice TP600 (Takara Bio Inc., Shiga, Japan) at 37 ◦C for 15 min
and terminated for 5 s at 85 ◦C.

Primers were designed for the specific amplification of cyp19a,
cyp19b, �-actin, and elf-� according to the sequences published
in GenBank (Table 1). BLAST and multiple alignment programs
of DNAMAN were used to analyze the guppy cyp19a and cyp19b
cDNA sequence. The percentage of identity of the two gene iso-
forms of guppy aromatase is 68.32%, and primers were designed to
non–conserved sequence regions based on the alignments. �-Actin
and elf-� transcripts were used together as housekeeping genes
to standardize the results and eliminate variations in mRNA and
cDNA quantity and quality. Parallel PCR reactions were conducted
to amplify the target and reference gene cDNA. Real-time PCR was
performed using the Platinum® SYBR® Green qPCR SuperMix-UDG
kit (Invitrogen, Carlsbad, CA, USA) and an Eppendorf Mastercycler
ep RealPlex4 (Eppendorf, Wesseling-Berzdorf, Germany) in a final
volume of 20 �L. The final PCR reactions contained: 1 × Platinum®

SYBR® Green qPCR SuperMix-UDG (Taq polymerase included),
0.4 �M of each primer, 0.4 �L ROX reference dye, and 4.0 �L first-
strand cDNA (template). The thermal profile was 95 ◦C for 30 s
followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. Melting
curve analysis (95 ◦C for 15 s, 60 ◦C for 60 s, followed by a slow ramp
to 95 ◦C for 15 s) was applied to all reactions to ensure homogene-
ity of the reaction products. Neither �-actin nor elf-� levels were
affected by any of the experimental conditions in the study. The
relative target gene expression levels were normalized to the geo-
metric mean of the �-actin and elf-� expression levels following
the formula 2−��Ct and plotted on a logarithmic scale.

2.6. Statistics

All data are presented as the mean ± standard deviation. Prior
to the parametric analysis, the assumptions of normality and the
homogeneity of the variances were examined using probability
plots and normality tests. All of the data met the assumptions of
normality. Multiple comparisons were assessed using a one-way
ANOVA followed by a Tukey post-hoc test (equal variances) or
a Games-Howell post-hoc test (unequal variances). For sexual
behavior analysis, a two-way ANOVA was performed first, since
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Fig. 1. Sex steroid levels in male guppies exposed to 5, 50, and 500 ng/L TBT for 28
days. (A) T levels. (B) E2 levels. The data are presented as the mean ± standard devi-
ation (n = 6), and values not sharing a common letter denote statistically significant
differences according to a one-way ANOVA (P < 0.05).

concentration and duration effects of TBT treatment were inves-
tigated. Pearson’s correlation coefficient was used to calculate the
relationship between GPI values (from the six individuals of which
sex hormone levels were quantified) and T levels. A t-test analysis
was conducted to evaluate the difference between cyp19a and
cyp19b mRNA of the control group. Throughout the experiment,
the effects and differences were declared to be significant when
their associated P values were less than 0.05 (P < 0.05).

3. Results

3.1. Effects of TBT on systemic levels of sex steroids

Treatment with 50 ng/L TBT caused a highly significant increase
in systemic levels of T of male guppies, while T levels were not
changed by 5 ng/L or 500 ng/L TBT treatment (Fig. 1A). There
appears to be a concentration-related decrease in systemic levels
of E2 after TBT treatment (Fig. 1B).

3.2. Effects of TBT on GSI

In the control group, the testis made up less than 5% of the
body weight, and the GSI of the male fish was unaffected by TBT
treatment (data not shown).

3.3. Effects of TBT on GPI and gonopodium structure

The GPI of the control fish was 22.88 ± 2.07%, with an average
gonopodium length of 0.525 ± 0.061 cm, and the males exposed to
5 ng/L and 50 ng/L TBT had increased GPIs compared to the controls

Fig. 2. GPI and carotenoid content in male guppies exposed to 5, 50, and 500 ng/L
TBT for 28 days. (A) GPI. (B) Carotenoid content per mg of total skin. The data are
presented as the mean ± standard deviation (n = 26 for GPI and n = 8 for carotenoid
content, respectively), and values not sharing a common letter denote statistically
significant differences according to a one-way ANOVA (P < 0.05).

(Fig. 2A), whereas the structure of the gonopodium was unaffected
by TBT treatment (data not shown). Significant positive correlation
of GPI values with T levels was found (r = 0.474, P = 0.019).

3.4. Effects of TBT on CI and carotenoid content

CI analysis revealed that an average of 49.87 ± 7.83% of the body
surface was covered with orange spots in the control group and
that CI was unaffected by TBT exposure (data not shown).

The skin pigment extracts exhibited two distinct maximum
absorption peaks at 446 nm and 468 nm, the former being the
tallest. Accordingly, the carotenoid content was determined from
the absorbance of the extract at 446 nm. The mean carotenoid con-
tent in the skin was decreased by 500 ng/L TBT exposure (Fig. 2B).

3.5. Effects of TBT on reproductive behavior

A two-way ANOVA was conducted that examined the effects
of exposure concentration and duration on reproductive behavior
of male guppies. There was a significant interaction between the
effects of TBT concentration and duration on posturing, but not on
sigmoid display or chase (Table 2).

Significant effects of TBT concentration were found by two-
way ANOVA for all these three kinds of reproductive behaviour.
Especially for chase, inhibiting effects were observed in treatments
with 5 ng/L, 50 ng/L, and 500 ng/L TBT compared to the control
(Table 2). Significant inhibitions on sigmoid display and posturing
were found in animals exposed to TBT of the two highest and the
highest concentration, respectively (Table 2).

Significant effects of exposure duration were found for postur-
ing and sigmoid display frequencies but not for chase activities.
Compared to the animals exposed for 5 days, male guppies treated
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Table 2
The two-way analysis of variance (P value).

Posturing Sigmoid
display

Chase

Concentration 0.001
500 ng/L < 0 ng/L

<0.0005
500 ng/L = 50 ng/L
<0 ng/L

<0.0005
500 ng/L = 50
ng/L = 5 ng/L
<0 ng/L

Duration 0.011
25 d < 5 d

<0.0005
25 d = 15 d < 5 d

0.125

Concentration
× duration

0.026 0.320 0.156

with TBT for 25 days exerted decreased posturing activities
(Table 2). Male guppies exposed to TBT for 25 days and 15 days
showed similar frequencies of sigmoid display but lower sigmoid
display activities than individuals treated for 5 days (Table 2), and
these inhibiting effects could be seen in multiple comparisons of
differences between the 5 ng/L TBT-treated groups for different
durations by one-way ANOVA (Fig. 3).

3.6. Effects of TBT on aromatase gene expression in the brain

Baseline variability of cyp19a and cyp19b gene expression was
first compared in the control group. In the brain of male guppies,
cyp19b mRNA levels were significantly higher than cyp19a mRNA
levels (Fig. 4).

Both cyp19a and cyp19b gene expression in the brain of male
guppies was downregulated after a 28 day exposure to TBT (Fig. 4).

4. Discussion

The possibility that reproductive system of fish regulated by sex
hormones might be affected by TBT interfering with the production
of sex hormones as an aromatase inhibitor should be considered.
In this study, the adverse effects and intrinsic toxicological proper-
ties of TBT in male fish were evaluated using aromatase expression
in the brain at the molecular level, sex steroid contents at the bio-
chemical level, primary and secondary sexual characteristics at the
tissue/organ level, and reproductive behavior at the individual level
as apical endpoints.

The results in the present study indicated that after the 28-day
exposure to 50 ng/L TBT, the systemic levels of T were increased
in the adult male guppies, and elevated E2 levels were observed
concomitantly. T plays important roles in the development and
maintenance of sexual characteristics in male guppies (Bayley
et al., 2002; Borg, 1994). Elevated GPIs were observed in the
5 ng/L and 50 ng/L TBT treated groups, while the structure of the
gonopodium was unaffected by TBT exposure. The development
of a gonopodium, which is critical for sperm transfer, is a male-
specific secondary sexual characteristic. Both the juvenile males
and females of the family Poeciliidae have an anal fin that is essen-
tially the same in structure. During the growth and development of
the female, both the anal fin and body increase in size proportion-
ately, and growth continues after sexual maturity has been reached.
In contrast, in the male, the anal fin and the spinal column undergo
a series of hormone-dependent changes that result in the devel-
opment of gonopodium, which is used as copulatory organ. At full
maturity, the growth of both the body and gonopodium ceases.
Consistent with the results of this study, Pandey (1969) found that
female guppies exposed to exogenous androgen develop gonopo-
dia, and Bayley et al. (2002) demonstrated that significantly smaller
gonopodia develop in males treated with antiandrogens. Consider-
ing the important role of androgen T in gonopodium development,
as well as the significant correlation between GPI values and T lev-
els, we proposed that the increase in length of the gonopodium (at

Fig. 3. Frequencies of reproductive behavior in male guppies exposed to 5, 50, and
500 ng/L TBT for 5, 10, 15, 20, and 25 days. (A) Posturing. (B) Sigmoid display. (C)
Chase. The data are presented as the mean ± standard deviation (n = 6). Values not
sharing a common letter denote statistically significant differences between treat-
ments with a given exposure duration according to a one-way ANOVA (P < 0.05).
Values not sharing a common symbol denote statistically significant differences
between treatments with a given TBT concentration according to a one-way ANOVA
(P < 0.05).

least in the 50 ng/L TBT exposure group) was caused by the rise of
T levels.

It is worth to notice that there were non-linear responses of
T levels and GPI to increasing TBT levels, with no upregulation
of these two endpoints observed in the highest concentration
group. This may be related to the complicated endocrine dis-
rupting effects of TBT proposed recently. TBT is well known to
show masculinizing effects as a competitive inhibitor of aromatase
(Bettin et al., 1996; Cooke, 2002; Lyssimachou et al., 2006; Saitoh
et al., 2001). However, there were studies indicating that other
biological actions, including increase in the number of retinoid
X receptors (RXRs) and peroxisome proliferator-activated recep-
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Fig. 4. Relative mRNA levels of aromatase in the brain of male guppies exposed to
5, 50, and 500 ng/L TBT for 28 days. Fold change (Y axis) represents the expression of
cyp19a/cyp19b mRNA relative to that of the control group (expression of cyp19a is
set to 1). The data are presented as the mean ± standard deviation (n = 6). Values of a
given gene isoform not sharing a common letter denote statistically significant dif-
ferences according to a one-way ANOVA (P < 0.05). The asterisk indicates statistically
significant difference between cyp19a and cyp19b of the control group according to
a t-test analysis (*P < 0.05).

tors (PPARs) (Carfi’ et al., 2008Grün et al., 2006; Kanayama et al.,
2005; Nakanishi, 2008; Nakanishi et al., 2005; Nishikawa et al.,
2004; Urushitani et al., 2011), abnormal lipid accumulation and
decreased T esterification (Gooding et al., 2003; Grün et al., 2006;
Inadera and Shimomura, 2005; Janer et al., 2006, 2007; Kanayama
et al., 2005; Sternberg and LeBlanc, 2006; Zhang et al., 2013),
and suppressed testicular T biosynthesis (Heidrich et al., 2001;
McVey and Cooke, 2003; Ohno et al., 2005) might be involved
in the reproductive toxicity mechanisms of TBT. For example, in
mammals, it is considered that TBT acts as an unspecific, but
significant inhibitor of T biosynthesis, since activities of steroido-
genic enzymes 3�-hydroxysteroid dehydrogenase (Heidrich et al.,
2001; McVey and Cooke, 2003), 17�-hydroxysteroid dehydroge-
nase (McVey and Cooke, 2003; Ohno et al., 2005), and cytochrome
P450 17 alpha-hydroxylase (Ohno et al., 2005) were decreased by
TBT exposure. It is possible that, in the 500 ng/L TBT group, the
accumulation of T by the inhibition of aromatase is counteracted
by the inhibition effects of T biosynthesis, thereby resulting in an
unaffected T levels and GPI values.

Guppies show a complex color pattern polymorphism, and sev-
eral strains have been established accordingly. Guppies also show
remarkable sexual dichroism. Male guppies display a sexual col-
oration that is absent in females. Red Albino guppies were chosen
as the experimental organisms in this study. They are the albino
form of a red strain, and the male guppies of this strain have
sexually attractive orange coloring. Fish can quickly change color
by dispersing or aggregating the pigment in the chromatophores
(physiological color change) or more slowly by altering the amount
of pigment and/or the number of chromatophores (morphological
color change) (Stepien, 1986). A pronounced fading of the display
coloration was caused by blocking the synthesis of sex steroids
in adult male guppies by hypophysectomy (Pandey, 1969a). Dis-
play coloration was partially restored by the subsequent treatment
of these hypophysectomized males with exogenous androgen
(Pandey, 1969b). The sexual colorations of guppies were altered
by exposure to E2, 4-tert-octylphenol, vinclozolin, p,p′-DDE, and
flutamide (Baatrup and Junge, 2001; Bayley et al., 2002; Toft and
Baatrup, 2001, 2003). Therefore, the bright coloration of the male-
specific secondary sexual characteristics in guppies is considered
a sensitive visual indicator for the analysis of the effects of EDCs
on the male reproductive phenotypes. Since maintenance of bright
coloration in male guppies is androgen–dependent, it is reasonable
to assume that the increase in T levels of TBT-treated individuals

observed in this study may potentially elevate CI of male guppies.
However, no alteration was found in the CI values between the
treatment groups and the control. Surprisingly, we found that com-
pared the control, the mean carotenoid content in the total skin of
the 500 ng/L TBT treated fish was reduced.

Carotenoids have been identified as the main pigments involved
in the expression of yellow, orange, and red colors in fish (Hudon,
1994). During sexual development, carotenoids are continually
deposited in the skin of the male fish to produce the sexually attrac-
tive nuptial colors. In addition to their function in the production
of display colors, carotenoid pigments also serve a variety of phys-
iological roles, not only as precursors for vitamin A but also as
antioxidants, free-radical scavengers, immune-system enhancers,
and cancer inhibitors (McGraw and Ardia, 2003; Vershinin, 1999).
Thus, allocation trade-offs between the immune system and sexual
traits could be brought about by competition for carotenoids that
can be deposited in ornaments or used as antioxidants in support
of immune functions (Alonso-Alvarez et al., 2004; Lozano, 1994;
Peters et al., 2004). It needs to be confirmed that if the decrease
of carotenoid content in the skin is caused by a significant cost of
immune investment under TBT stress. On the other hand, although
it is often assumed that red, orange, and yellow colors in animals are
derived from carotenoid pigments, there are other pigments that
confer similar colors on animals. It was reported that red pteri-
dine pigments (drosopterins) were displayed in the skins of male
guppies in addition to carotenoids (Grether et al., 2001). The rela-
tionship(s) between synthesis of sexual hormones, expression of
sexual signal pigments (pteridine production and carotenoid avail-
ability), and maintenance of conspicuous colors still need to be
further researched.

Another important feature of T is its control of activating and
maintaining reproductive behavior in males (Borg, 1994). Repro-
ductive behavior of castrated male fish was recovered by treatment
of androgens, which could also induce reproductive behavior in
females (Borg, 1994). The reproductive biology and behavior of
guppies has been extensively described (Baerends et al., 1955;
Houde, 1997). Male courtship consists of an elaborate display in
which the male orientates himself in front of the female, a fea-
ture known as posturing, and contorts to an S-shape or C-shape
to show female his sexually attractive colors, a feature known as
sigmoid display, and then the male chases the female to achieve
copulation (Farr, 1976). Basically, frequencies of posturing, sigmoid
display, and chase activities were either unaffected or inhibited by
exposure to TBT at different concentrations for different durations.
The inhibiting effects on sigmoid display and chase were observed
even in the 50 ng/L treatment groups, of which T levels were sig-
nificantly increased. In mammalian and avian vertebrate groups,
androgens act as controlling agents on male courtship behavior
by their conversion to estrogens by cytochrome P450 aromatase
in well-defined brain regions (Balthazart et al., 1996, 2003, 2004;
Lephart, 1996). Two structurally and functionally distinct P450 aro-
matase isoforms, which are products of separate gene loci (cyp19a
and cyp19b), have been identified in most teleosts (Chang et al.,
2005; Sawyer et al., 2006; Strobl-Mazzulla et al., 2005). Our results
revealed that cyp19b gene was expressed at a significantly higher
level in the brain of male guppies than cyp19a. In Nile tilapia
(Oreochromis niloticus), zebrafish (Danio rerio), and pejerrey fish
(Odontesthes bonariensis), it has been demonstrated that CYP19B
is the predominant neural isoform and is expressed at high lev-
els compared to CYP19A, which is mainly present in the gonad
(Chang et al., 2005; Sawyer et al., 2006; Strobl-Mazzulla et al., 2005).
Although the exact regulatory effects of aromatase in the brain of
male teleosts on reproductive behavior is still largely unknown,
several lines of evidence suggest that it probably plays roles in
organismal reproductive performance and health similar to those
of mammals and birds (Forlano et al., 2001; Goto-Kazeto et al.,
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2004; Hallgren et al., 2006; Schlinger et al., 1999). For example,
Hallgren et al. (2006) demonstrated that sexual behaviors in male
guppies were inhibited by partial inhibition of aromatase activity in
the brain with the use of a competitive aromatase inhibitor fadro-
zole, indicating a connection between activity of aromatase in the
brain and male reproductive behavior in guppies. In this study, both
the effects of TBT concentration and of TBT exposure duration on
reproductive behavior of male guppies were assessed, since quan-
tification of sexual behavior can be conducted without harming
the fish, while aromatase mRNA levels in response to TBT expo-
sure at different concentrations was determined only after 28 days
of exposure. Considering the significant effects of TBT concentra-
tion on both activities of three kinds of reproductive behavior and
gene expression levels of two gene isoforms encoding aromatase
in brain, we suggest that TBT treatment inhibited gene expression
of cyp19a and cyp19b in brain of male guppies and thus caused the
disturbance of male reproductive behavior even at environmentally
relevant concentrations (5–500 ng/L).

It has been reported that TBT altered the sex ratio toward males
in zebrafish (D. rerio) (McAllister and Kime, 2003; Santos et al.,
2006) and Japanese flounder (Paralichthys olivaceus) (Shimasaki
et al., 2003), suppressed spermatogenesis in mummichog (Fun-
dulus heteroclitus) (Mochida et al., 2007), African catfish (Clarias
gariepinus) (Rurangwa et al., 2002), common carp (Cyprinus car-
pio) (Rurangwa et al., 2002), herring (Clupea harengus) (Grzyb et al.,
2003), cuvier (Sebastiscus marmoratus) (Zhang et al., 2009), and
guppies (P. reticulata) (Haubruge et al., 2000), and decreased GSI
in female cuvier (Sebastiscus marmoratus) (Zhang et al., 2007). The
masculinizing effects of TBT on sex differentiation in fish corre-
late well with the induction of imposex in aquatic invertebrates
exposed to environmental TBT. However, sex reversal could be
induced only after chronic exposure to TBT or exposure at particular
periods in development when individuals may be especially sen-
sitive to hormone titre (McAllister and Kime, 2003; Santos et al.,
2006; Shimasaki et al., 2003). In this study, change of reproductive
behavior was earlier than that of GSI in response to TBT. Specifically,
multiple comparisons of treatments with different TBT concen-
trations for a given exposure duration indicated that significant
inhibition of chase frequency was already observed when males
were exposed to TBT at the lowest concentration of 5 ng/L for the
shortest duration of 5 days, while GSI was unaffected by 28 days of
5, 50, and 500 ng/L TBT treatment. There was one article address-
ing adverse effects of TBT in fish sexual behavior (Nakayama et al.,
2004), and our present study further elucidated how TBT acted
on the neural system and suppressed sexual behavior. Predatory
behavior in S. marmoratus and antipredator behavior in three-
spine stickleback (Gasterosteus aculeatus L.) were influenced by TBT
exposure, and these deteriorations in behavior are believed to be
caused by depressed effects on the nervous system (Wibe et al.,
2001; Yu et al., 2013). Behavior is an ecologically relevant tool for
detecting pollution in the environment since it reflects the conse-
quence of physiological, biochemical, and/or molecular alterations
caused by contamination (Peakall, 1996). In addition, behavior pre-
vents unnecessary destruction and suffering of animals. Courtship
rate of males is a reliable indicator of fertility/reproductive suc-
cess. In general, females are attracted to males with high courtship
display (Farr, 1980; Nicoletto, 1993), and significant correlations
were detected between sperm number and male sexual behavior
(Matthews et al., 1997). Thus, we suggest reproductive behavior of
males to be an ecologically relevant integrative biomarker sensi-
tively and visually indicating endocrine disruption of short-term
TBT exposure in fish.

In summary, TBT induced a shift of the androgen–estrogen bal-
ance in favor of androgen in adult male guppies and thus resulted
in elevated GPI. To the best of our knowledge, this is the first report
describing effects of TBT on secondary sexual characteristics of

teleosts. The inhibiting effects of TBT on sexual behavior (poten-
tial biomarker in male fish) were observed, which is suggested to
be induced by decrease of aromatase gene expression in the brain.
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