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Abstract
Exogenous steroids could change the direction of sex in lower vertebrates including fish. Therefore, this study is
conducted to detect the effects of 17ß-estradiol on the sex determination and differentiation in fathead minnows. The fathead
minnow larvae were exposed to 0 (control), 0.5 or 1 µM 17ß-estradiol for different periods during early development (Day 5
fish post spawning to Day 25 fps) and then reared in glass aquaria to adult age, which was Day 150 fps. At the end of
experimentation, tissue samples were collected. Gonadal abnormalities were determined by gross -morphological and
histological examinations. Our results showed that 17ß-estradiol induced developmental abnormalities in the gonads of both
sexes and the skewed the sex ratio toward male in a dose and exposure time dependent. M ost important findings of this study
was that 17ß-estradiol clearly induced paradoxical sex differentiation from female to male but perhaps non-functional
masculinization in fathead minnow.
Keywords: Sex differentiation, paradoxical masculinization, gonads, 17ß-estradiol, fathead minnow.

Introduction
Sex determination is under genetic control in
fishes, but the ultimate d ifferentiation of the gonads in
fishes depends on endocrine signals, i.e. estrogens and
androgens (Yamamoto, 1969; Arcand-Hoy and
Benson, 1998; Campbell and Hutchinson, 1998;
Hayes, 2005; Uguz et al., 2003).
Indeed, the
genetically prescribed sex in fishes could easily be
overridden by the applications of exogenous steroids
if they are applied at the appropriate t ime and dose
during early develop ment (Shreck, 1974; Hunter and
Donaldson, 1983; reviewed in Uguz et al., 2003 and
2009). Man-made environ mental endocrine disrupters
called xenobiotics or xenoestrogens have also been
reported to alter sex determination and differentiat ion
in fishes because they primarily act either estrogen
agonist or androgen antagonist in fish (Drastichova et
al., 2005; Whitehead, 2006; Filby et al., 2007; Leet at
al., 2014; Wood et al., 2015). Gro wing concerns have
been raised that the estrogenic environmental
endocrine disrupters may have dramatic effect on sex
determination and differentiation in wild life due to the
fact that the applications of exogenous steroids can
change the direction of phenotypic sex in fishes,
(Co lborn and Clement, 1992; Curtis and Skaar, 2002;

Leino et al., 2005; Wood et al., 2015).
Man-made chemicals have been introduced into
the environment within the last fifty years (Curtis and
Skaar, 2002) and a scientific term, environ mental
endocrine disrupter, coined to define chemicals within
the last two decades that they pose a potential danger
in the normal function(s) of endocrine system in an
organism if they are exogenously administered to that
organism (Damstra et al., 2002; Caserta et al., 2008;
Shug et al., 2012). Therefore, many researchers and
some environmental organizations have been
emphasizing to develop a testing program to
determine the potential danger of these man-made
chemicals on reproduction and development (USPA,
1998; OECD, 1999, 2000). It has been determined
that man-made chemicals have adverse effects of
intact organisms or their progenies (EU, 2012; EPA,
2012; EFSA, 2013; Nohyenk et al., 2013).
Fishes have commonly been utilized as
experimental animals in to xico logical studies since
the late XIX. Century (Ankley and Villeneuve, 2006;
Villeneuve et al., 2014). To date, small fresh water
fishes including fathead minnow (Pimephales
promelas), Japanese medaka (Oryzias latipes)
(Ankley and Johnson, 2004) and zebrafish (Danio
rerio) Leet et al., 2014) are widely used as
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toxicological research models to test the effects of
kept daily and overall survival rates for each
toxic chemicals. A mong these fresh water fishes, the
treatment were determined at the end of experiment.
fathead minnow, a member o f the ecologically
important Cyprin idae family and native to both lotic
Hormone Treatment
and lenthic environ ments across North America
(Isaak, 1961; Held and Petarka, 1974; Ankley and
Absolute ethyl alcohol was used as solvent to
Villeneuve, 2006; Leet et al., 2014; Villeneuve et al.,
prepare a 10 mM 17β-estradiol (Sig ma, Loveland,
2014) is a common ly used test organism in
USA) stock solution. Aliquot’s of 300 μl and 600 μl
toxicological studies (Duda and Butner, 1993; Ankley
17β -estradiol d issolved in ethanol were added into the
and Villeneuve, 2006; Villeneuve et al., 2014).
tanks to attain 0.5 and 1 μM final concentration in 6 L
Although, the pattern of gonadal sex differentiat ion
of dechlorinated tap water, respectively. The water
was studied in fathead minnows (Ugu z, 2008), the
for both control and 17β-estradiol group were allowed
effects of exogenous steroids on sex differentiat ion
to equilibrate for 24 hr prior to adding them into 5 L
and determination has not been studied in this species
stainless steel fish tanks. Two liters of water were
of fish.
Olmstead et al. (2011) reported that
siphoned from the tanks and replaced with the same
endocrine toxicity tests could easily be incorporated
volume of fresh steroid solution every other day. The
into genotyping method to examine the effects of
same volu me of absolute alcohol should have also
endocrine disrupting chemicals on
gonadal
been added into the control group but it was
differentiation. Therefore, in this study the effects of
mistakenly fo rgotten in this study. However, one ml
exogenous
steroids,
17β-estradiol,
on
sex
of ethyl alcohol, which is more than the amount used
determination and differentiation in fathead minnow
in this study was tested in another experiment and
were determined. The results of this study will be
found not to have any effect on gonadal sex
helpful to assess the adverse effects of environmental
differentiation in fathead minnows.
endocrine disrupters on fishes as well as in other
There were eight 5 L stainless steel tanks that
organisms.
each contained 110 larvae fro m Day 5 fps. Larvae
were exposed to estradiol during different time of
their develop ment. Along with control group, there
Materials and Methods
were seven treatment groups, which were all exposed
to 0.5 o r 1 µM 17β-estradiol for a different time
Fish
period as shown in Tab les 1, 2, and 3. Steroid
treatments were stopped at Day 25 fps since sex
Laboratory-bred fathead minnow brood stocks
determination is completed around Day 13 dps (Uguz
of one male and four females were maintained under a
and Patino, 1997) and all the fish were transferred in
photoperiod of 16 hour-light and 8 hour-dark at 24ºC
to 75.5 liters glass aquaria and were maintained until
in 35 L semi static glass aquariu m system in the
Day 150 fps. Experiment was ended at Day 150 fps
Fisheries Lab, Depart ment o f Fisheries, Texas Tech
and fish were sacrificed by anaesthetizing with MSUniversity, Lubbock, Texas, USA. Po lyvinyl-coated
222 to examine the status of gonads.
(PVC) p ipes (11 cm in d iameter and 20 cm long) were
cut in half through length-wise and were used as
Histology and Gross Examination
spawning substrates. To obtain maximu m spawn size,
substrates were removed fro m the tanks for one or
Fish samples were anesthetized with MS -222
two days, and then placed back into tanks to induce
and fixed in Bouin's fixat ive overnight. Bouin's
spawning. Substrates containing about 300 eggs were
fixative was washed fro m the samples with running
collected fro m the 10 brood-stock aquaria and placed
tap water for several hours. Samp les were then
in a 10 L plastic bucket containing dechlorinated tap
soaked in 40% ethanol for several hours and stored in
water. Air-stone were placed under neat each bridge70% ethanol until further processing.
After
like concave substrates to vigorously aerate the eggs,
measuring fork length, fish were trimmed by cutting
which were attached on the concave surface of the
the head just in front of the operculu m, and the tail
substrates. As soon as the hatching occurs, larvae
just behind the anal fin.
Trimmed fish were
were removed from buckets.
dehydrated in 95 % and 100 % ethanol for two hours
One hundred-ten larvae were put into each 5 L
each. Ethanol was removed fro m the tissues with
stainless steel tanks and were fed with brine shrimp
xy lene. Paraffin infiltration was performed in a
alone for 10 days, and brine shrimp and Tetra Fin
vacuum oven for 1 hr (with a change after 30 min ).
flakes for the next 20 days. Fish older than 30 days
Paraffin-infiltrated tissues were then embedded in
post spawning were transferred in to the 75.6 L g lass
paraffin blocks and 5 μm thick t issue sections were
aquaria and fed with ground trout chow until the end
taken from the tissues by using microtome.
of the experiment.
One fish fro m each group was decapitated and
The ages of fish in this study are named as Day
sectioned from head to tail to determine the location
7 fish post spawning or Day 10 fish post spawning
of gonads. Hav ing detected the gonads location, ten
and they are abbreviated as Day 7 fps or Day 10 fps.
fish fro m each treat ment group were sectioned and
To determine the survival rate, mo rtality records were
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Table 1. Mortality Records in 17β- Estradiol Experiment in Fathead Minnows
Treatment Periods
Day 5-25
Day 5-25
Day 5-10
Day 5-15
Day 5-20
Day 10-15
Day 10-20
Day 10-25

Estradiol
(μM )
0
0.5
1
0.5
1
0.5
1
0.5
1
0.5
1
0.5
1
0.5
1

N

Tank
ID #
8
1
15
4
12
3
13
2
14
7
9
6
10
5
11

110
110
110
110
110
110
110
110
110
110
110
110
110
110
110

M ortality
#
21
40
22
31
21
39
33
22
23
38
57
23
17
14
35

Survival
%
81
63
80
71
81
64
70
80
79
65
48
79
84
87
68

Table 2. Effects of Early Exposure to 17β-Estradiol on Sex Ratio (% female or male) in Fathead M innows
Treatment
Period
Day 5-25
Day 5-25
Day 5-10
Day 5-15
Day 10-15
Day 10-25

Estradiol
Conc. (μM )
0
0.5
1
0.5
1
0.5
1
0.5
1
0.5
1

N
51
32
34
41
40
41
52
35
33
35
49

Female
%
47
25
18
46
30
25
29
31
30
31
40

M ale
%
53
72
76
54
62
68
60
63
67
66
60

Intersex
%
0
3
6
0
8
7
11
6
3
4
0

2
p-value*
>0.05
<0.01
<0.01
>0.05
<0.05
<0.05
<0.05
>0.05
<0.05
<0.05
>0.05

2
p-value**
>0.05
<0.01
<0.01
>0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
>0.05

*

with only females and males included
**
with intersex added to male count

Table 3. Effects of Early Exposure to 17β-Estradiol on Gonadal Abnormalities (% for each sex) in Fathead M innows
Treatment
Periods

Estradiol Conc. (μM )

Day 5-25

0
0.5
1
0.5
1
0.5
1
0.5
1
0.5

Day 5-25
Day 5-10
Day 5-15
Day 10-15

N
51
32
34
41
0
41
52
35
33
35

Abnormal
Ovaries
(%)
0
90
83
5
50
10
27
17
50
81

Abnormal
Testes
(%)
0
100
100
54
84
75
81
37
90
100

Day 10-25

five slides were prepared from each fish.
Sections were mounted on albumin-coated glass
slides and stained with Harris’s hemato xylene
regressive method and counterstained with eosin as
described by Humasan (1962). Gonadal develop ment

was evaluated by using light microscope.
To determine the sex ratio o lder than 150 days,
gonads were grossly examined by determin ing
whether they have normal testis or ovary or abnormal
gonads such as ovo-testis, macroscopically. Gonads
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of ten fish fro m each group were randomly selected
for histological examination.
Statistical Analysis
The χ2 - statistical analysis was used to determine
significant deviation fro m the expected 1:1 female
and male sex rat io (Steel and Torrie, 1980). The χ 2 statistical analysis was also used to determine the
effects of 17β-estradiol on gonadal abnormalities.

Results
Results of survival or mo rtality records and the
ratio of sex reversal as well as gonadal abnormalit ies
observed by gross examination are shown in Tables 13, wh ile the results of histology for fish in both
control and experimental groups are shown in Figures
1 to 3. As shown in Table 1, control g roup had an
overall 81 % survival, whereas survival rate ranged

fro m 86 to 42 % in the steroid-treated groups during
experimentation. Mortalities in the control group
occurred prior to Day 15 and the rate observed is
within the normal range for this fish under laboratory
conditions using static aquaria systems of culture
(Duda and Butner, 1993). Although the mortality rate
was somewhat enhanced by steroid treatment, it did
not appear to be related to either the dose of steroid or
the length of exposure. Most mortality occurred
within the first 10 days of s teroid treatments.
The developmental abnormalit ies in testis were
shown in Figures 3 that oocyte appears in testicular
structure. The skewed sex ratio toward males in most
treatments occurred particularly in those groups
which were continuously treated from Day 5 to 25
were observed in both 0.5 and 1 µM 17-ß estradiol
(Table 2). The sex ratio in control group was not
different fro m the expected 1:1 distribution (Table 2)
and showed no gonadal abnormalit ies (Figs. 1 and 2).
In the steroid treated groups , different rates of sex

Figure 1. M icrographic representation of normal fathead minnow ovary in Day 150 dps fish: OC, oocytes, 82x.

Figure 2. Micrographic representation of developed testis Day 150 dps fish: Testicular lobules (arrows), 165x.
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reversal were observed in a t ime and dose dependent
manner (Table 2) and some fish had obvious signs of
hermaphrodit ic gonads (Table 3 and Figure. 3). Less
obvious signs of hermaphroditis m were also observed
during histological inspection of testes such as early
perinucleolar oocytes, which were occasionally
embedded within the lobules of testis (Figure, 4).
These abnormalities were observed in both
hermaphrodit ic and non-hermaphroditic gonads, and
seemed to relate to the both steroid concentration and
length of exposure.
A lso, the incidence of
abnormalities appeared to be higher in testes than in
ovaries (Table 3).

Discussion
Steroid induced sex reversal has been reported in
many fishes (Shreck, 1974; Hunter and Donaldson,
1983), and in amphibians (Adkins -Reagan, 1987). It
has been shown that estrogen or estrogen-like
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substances generally induce feminizat ion, while
androgens or androgen-like substances generally
induce masculinizat ion (Shreck, 1974; Hunter and
Donaldson, 1983; rev iewed in Uguz et al., 2009).
However, this study shows that 17β-estradiol induces
paradoxical masculin ization of females along with the
developmental abnormalit ies in the gonads and the
appearance of intersex in fathead minnows (Table 2).
Gonadal abnormalit ies seemed to be dependent on
both the dose and the length of exposure to 17βestradiol (Table 3).
Intersex indiv iduals appear to be inco mplete
masculin ized females since the trend of sex reversal
occurred toward males. Furthermo re, unlike females
which they have testicular structure in their ovaries,
the majority of males did not show any ovarian
structure inside their testis. These observations
suggest that although genetic males suffered
developmental abnormalities in their gonads, they
were not sex reversed. On the other hand, genetic

Figure 3. M icrographic representation of ovo-testis in Day 150 dps fish: OVS, ovarian structure; TS, testicular structure,
82x.

Figure 4. M icrographic representation of oocytes in the testis: Testicular lobules, (arrow); OC, oocytes, 165x
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females suffered sex reversal toward males along with
minnows and other fishes. They might be valuable to
the developmental abnormalities in their gonads. The
determine the mo lecular mechanis m of sex
findings by Sun et al. (2014) that even functional
determination and differentiation induced by either
ovary could be reversed to functional testis in Nile
naturally occurring estrogens or man-made
tilapia. Also, sex reversal in genetic females seemed
environmental endocrine disrupters. To our
to be incomplete in some indiv iduals, which were
knowledge, this is the first report on 17β-estradiol
identified as intersex. The intersex individuals are
induced paradoxical masculinizat ion in a teleost fish,
characterized by showing either ova-testis or oocytes
fathead minnows.
in testicular structures in their gonads (Figure 3 and
4).
Acknowledgment
High-dose-androgen
induced
paradoxical
femin ization was reported by Goudie (1983) in
Author would like to thank to Range, Wildlife
channel catfish and by Iwamatsu et al. (2006)
and Fisheries Management, Texas Tech University
Japanese medaka (Oryzias latipes). The mechanis m
and Texas Cooperative Wildlife and Research Un it,
of paradoxical sex reversal in channel catfish,
Texas Tech University, for p roviding opportunity to
Ictalurus punctatus, could be due to the action
conduct this research.
aromatase enzy me. Goudie (1994) reported that nonaromat izable androgens can also induce paradoxical
References
femin ization in channel catfish. Similar findings have
Adkins-Regan, E., 1987. Hormones and sexual
been reported that non-aromatizable androgen,
differentiation. In: Hormones and Reproduction in
methyldihydrotestosterone (MDHT) fails to inhibit
Fishes, Reptiles, D. O. Norris and R.E. Jones, eds.
ovarian development in fathead minnow (Bogers et
Plenum Press, New York, pp. 1-29.
al. 2006; reviewed in Panadian, 2016). Therefore,
Arcand-Hoy, L. D., Benson, W. H. 1998. Fish reproduction:
these findings suggest that the mechanism of
an ecological relevant indicator of endocrine
paradoxical sex reversal may not necessarily be the
disruption. Environmental Toxicology and Chemistry,
action of aro matase enzyme rather it may be due to
17(1), 49–57. DOI: 10.1897/1551-5028(1998)017
the dose dependent receptor impairment or blockage
Ankley, G. T., Villeneuve, D. L. 2006. The fathead minnow
(Guiguen et al., 2010). Nugent et al. (2015) reported
in aquatic toxicology: Past, present and future,
that gonadal steroids may reduce the activity of DNA
Aquatic
Toxicology,
78(1):91-102.
DOI: 10.1016/j.aquatox.2006.01.018
methyltransferase (Dn mt) enzy mes, and thus causing
Ankley, G.T., Johnson, R.D. 2004. Small fish models for
a decrease in DNA methylation and releasing
identifying and assessing the effects of endocrinemasculin izing genes from epigenetic repress ion. In
disrupting chemicals. Inst. Lab. Anim. Res. J. 45,
line with (Nugent et al., 2015) reports the molecular
467– 481. WOS:000224480300010
mechanis m of 17β-estradiol induced paradoxical sex
Bogers, R., Vries-Buitenweg , S.D., elle Van Gils, M a,
reversal in fathead minnows could be due to the high
Baltussen, E., Hargreaves, A., van de Waart, B.,
doses, (0.5 and 1 μM ) of 17β-estradiol, used for
Rodeo, D., Legler, J., and M urk, A. 2006.
exposure that cause decrease in DNA methylation.
Development of chronic tests for endocrine active
Zeng et al. (2016) reported that co-exp ression
chemicals Part 2: An extended fish early -life stage test
with an androgenic chemical in the fathead minnow
analysis of genes in testes and ovaries revealed that
(Pimephales promelas). Aquat. Toxicol., 80:119–130.
they are highly correlated genes and have similar
DOI: 10.1016/j.aquatox.2006.07.020
pathways underlying germ cell differentiation as well
Campbell, P. M ., & Hutchinson, T. H. 1998. Wildlife and
as stem cell development of spermatogonia. In
endocrine disruptors: requirements of hazard
parallel with these findings, estrogenic environmental
identification.
Environmental Toxicology
and
disrupters called nonylphenol (NP) exerts adverse
Chemistry, 17(1), 127–135.
DOI: 10.1897/1551effects sex differentiation as well as on the fertility of
5028(1998)017
sperm in rats (Uguz et al., 2009), in cattle (Uguz et
Caserta, D., M aranghi, L., M antovani, A., M arci, R.,
al., 2014) and in ram and boar (Ugu z et al., 2015)
M aranghi, F. and M oscarini, M . 2008. Impact of
endocrine disruptor chemicals in gynaecology,
have also been reported. This suggests that genes
Human
Reproduction
Update,
14(1):59–72.
responsible for sex determination and differentiat ion
DOI:10.1093/humupd/dmm025
and spermatogonia development are either expressed
Curtis, C., and Skaar, T. 2002. Ubiquitous and dangerous.
together or there are some kinds of correlat ion in their
Our Planet, 24-26.
expression.
Colborn, T. and Clement, C. 1992. Chemically-induced
In conclusion, this study showed that estrogen
alterations in sexual and functional development: the
causes serious developmental abnormalities in gonads
wildlife/human connection, Princeton, NJ: Princeton
of both sexes and 17β -estradiol induces paradoxical
Sci Publications.
sex reversal fro m female to male in fathead minnows.
Damstra, T., Barlow, S., Bergman, A., Kavlock, R., and
Van der Kraak, G. 2002. Global assessment on the state
These findings may be valuable for future researchers
of the scienceof endocrine disruptors. WHO publication
to conduct research to determine the potential threat
no. WHO/PCS/02.2 World Health Organization,
posed by environmental disrupters, especially
Geneva
Switzerland.
xenoestrogens, on reproductive fitness of fathead

C. Uğuz / Turk. J. Fish. Aquat. Sci. 17: 275-282 (2017)
http://www.who.int/ipcs/publications/en/toc.pdf
Drastichova J., Svobodova, Z., Groenland, M ., Dobsikova,
R., Zlabek, V., Weissova, D., Szotkowska, M . 2005.
Effect of exposure to bisphenol A and 17 beta-estradiol
on the sex differentiation in zebrafish (Danio rerio).
Acta
Veterinaria
Brno
74
(2):
287-291.
DOI: 10.2754/avb200574020287
Duda, S.W. and Buttner, J.K. 1993. Reproduction,
survival, and growth of fathead minnow fry in the
laboratory.
Lab
Animal,
40-45.
http://aims.fao.org/serials/c_d63f175d, http://www.lab
animal.com
Drastichova J., Svobodova, Z., Groenland, M ., Dobsikova,
R., Zlabek, V., Weissova, D., Szotkowska, M . 2005.
Effect of exposure to bisphenol A and 17 beta-estradiol
on the sex differentiation in zebrafish (Danio rerio).
Acta
Veterinaria
Brno
74
(2):
287-291.
DOI: 10.2754/avb200574020287
European Food Safety Agency (EFSA). 2013. Scientific
Opinion on the hazard assessment of endocrine
disruptors: scientific criteria for identification of
endocrine disruptors and appropriateness of existing
test methods for assessing effects mediated by these
substances on human health and the environment.
EFSA J., 11 (3):3132.
EPA, 2012. US Environmental Protection Agency. 13
September, 2012. Endocrine Disruptors Research.
Available at: http://www.epa.gov/endocrine/
EU, 2012. European Union. Endocrine Disruptor Site. 4.
December,
2012.Available
at:
http://ec.europa.eu/environment/endocrine/documents/r
eports conclusions en.htm
Filby, A.L., Thorpe, K.L., M aack, G., and Tyler, C.R. 2007.
Gene expression profiles revealing the mechanisms of
anti-androgen- and estrogen-induced feminization in
fish.
Aquat.
Toxicol.,
81:219–231.
DOI: 10.1016/j.aquatox.2006.12.003
Goudie, C.A., Redner, B.D., Simco, B.A., and Davis, K.B,
1983. Feminization of channel catfish by oral
administration of steroid sex hormones. Trans. Amer.
Fish.
Soc.,
112,670-672.
DOI: 10.1577/15488659(1983)112
Goudie, C.A., Simco, B.A., Davis, K.B., and Carmichael,
G.J. 1994. Growth of channel catfish in mixed sex and
monosex pond culture.
Aquacult., 128, 97-104.
DOI: 10.1016/0044-8486(94)90105-8
Guiguen, Y., Fostier, A. , Piferrer, F., Chang, C-F. 2010.
Ovarian aromatase and estrogens: A pivotal role for
gonadal sex differentiation and sex change in fish,
General and Comparative Endocrinology 165:352–366.
DOI:10.1016/j.ygcen.2009.03.002
Hayes, T.B. 2005. Welcome to the revolution: Integrative
biology and assessing the impact of endocrine
disruptors on environmental and public health, Integrat.
Comp.
Biol.,
45
(2):321-329.
DOI: 10.1093/icb/45.2.321
Held, J.W. and Peterka, J.J. 1974. Age, growth, and food
habits of the fathead minnow, Pimephales promelas, in
North Dakota saline lakes. Trans. Am. Fish. Soc. 103,
743–756. http://dx.doi.org/
Hoar, W.S. 1969. Reproduction. In Fish Physiol. Eds; W.
S. Hoar, and D. J. Randall, Academic Press, New York,
3, 1-72.
Humasan, G.L., 1962. Animal Tissue Techniques. Second
edition. W. H. Freeman and Company, San Francisco
and London.

281

Hunter, G.A., Donaldson, E.M . 1983. Hormonal sex control
and its application to fish culture. In Fish Physiology ,
9B, 223-302. WOS:A1983SA36600005
Isaak, D. 1961. The ecological life history of the fathead
minnow, Pimephales promelas (Rafinesque). PhD
Thesis, University of M innesota. St. Paul, M N.
Iwamatsu, T., Kobayashi, H., Yamashita, M . 2006. Sex
reversal in medaka treated in vitro with 17αmethyldihydrotestosterone during oocyte maturation.
Develop.
Growth
Differ.,
48:59–64.
DOI:
10.1111/j.1440-169x.2006.00843.x
Leet, J.K., Lindberg, C.D., Bassett, L.A., Isales, G.M .,
Yozzo, K.L., Raftery, T.D., Volz, D.C. 2014. Highcontent screening in zebrafish embryos identifies
butafenacil as a potent inducer of anemia. PLoS One 9
(8):104-109. DOI: 10.1371/journal.pone.0104190
Leino, R.L., Jensen, K.M ., Ankley, G.T., 2005. Gonadal
histology and characteristic histopathology associated
with endocrine disruption in the adult fathead minnow
(Pimephales promelas). Environ. Toxicol. Pharmacol.
19, 85–98. DOI: 10.1016/j.etap.2004.05.010
Nohynek, G.J., Borgert, C.J., Dietrich, D., Rozmand, K.K.
2013. Endocrine disruption: Fact or urban legend?
Toxicology Letters 223:295–305. sevier Ireland Ltd.
http://dx.doi.org/10.1016/j.toxlet.2013.10.022
Nugent, B.M ., Wright,C.L., Shetty, A.C., Hodes, G.E. Lenz,
K.M ., M ahurkar, A., Russo, S.J., Devine, S.E. and
M cCarthy, M.M . 2015. Brain feminization requires
active repression of masculinization via DNA
methylation. Nature Neuroscience, 18(5):690-698.
DOI: 10.1038/nn.3988
Olmstead, A. W., Villeneuve, D. L., Ankley, G. T.,
Cavallin, J. E.,
Lindberg-Livingston, Annelie,
(Wehmas, L. C., Degitz, S. J. 2011. A M ethod for the
Determination of Genetic Sex in the Fathead M innow,
Pimephales promelas, To Support Testing of
Endocrine-Active Chemicals. Environ. Sci. Technol.,
45(7):3090-3095. DOI: 10.1021/es103327
Panadian, T.J. 2016. Endocrine sex differentiation in Fish.
Nature.
2015-2029.
https://books.google.com.tr/books?isbn=1466575603
Patiño, R. and Takashima, F. 1995. IX. Gonads. An atlas of
fish histology. Normal and pathological featured by
Fumio Takashima; Takashi Hibiya, 2.ed. Tokyo:
Kodansha, Stuttgart, New York, Fischer.
Schreck, C.B. 1974. Hormonal treatment and sex
manipulation in fishes. In: Control of Sex in Fishes.
Ed; C.B., Virginia Polytechnic Institute and State
University Sea Grant Extension Division, Blacksburg,
Virginia, 84-106.
Steel, R.G.D. and Torrie, J.H. Principle and procedures of
statistics.
A biometrical Approach, 2nd ed.
M acGraw-Hill Inc., New York. 1980.
Sun, L.N., Jiang, X.L., Xie, Q.P., Yuan, J., Huang,
B.F., Tao, W.J., Zhou, L.Y., Nagahama, Y., Wang,
D.S. 2014. Transdifferentiation of differentiated ovary
into functional testis by long-term treatment of
aromatase inhibitor in Nile tilapia. Endocrinology,
155(4):1476-88. DOI: 10.1210/en.2013-1959
Uğuz, C., Togan, İ. and İşcan, M . 2003. Developmental
genetics and physiology of sex differentiation in
vertebrates.
Environmental Toxicology and
Pharmacology. 14 (1-2), 9-16). DOI: 10.1016/S13826689(03)00005-X
Uğuz, C. 2008. Histological evaluation of gonadal
differentiation in fathead minnows (Pimephales

282

C. Uğuz / Turk. J. Fish. Aquat. Sci. 17: 275-282 (2017)

promelas). Tissue and Cell, 40 (4):299-306.
DOI: 10.1016/j.tice.2008.02.003
Uğuz, C., Iscan, M ., Togan, M . 2009. Alkylphenols in the
environment and their adverse effects on living
organisms. Kocatepe Veterinary Journal, 2(1):49-58.
http://dergipark.ulakbim.gov.tr/kvj/article/view/50000
47848
Uguz, C., Varisli, O., Agca, C., Agca, Y. 2009. Effects of
nonylphenol on motility and subcellular elements of
epididymal rat sperm, Reproduct. Toxicol., 28(4):542549. DOI: 10.1016/j.reprotox.2009.06.007
Uğuz, C., Varışlı, O., Ağca, C., Ağca, Y. (2014). Effects of
Nonylphenol on Motion Kinetics, Acrosome and
M itochondrial M embrane Potential in Frozen-Thawed
Bull Sperm, Kafkas Üniv. Vet. Fak. Derg. 204: 583590. DOI: 10.9775/kvfd.2014.10459
Uğuz, C., Varışlı, O., A ğca, C., Evans, T., A ğca, Y. (2015).
In vitro effects of nonylphenol on motility,
mitochondrial, acrosomal and chromatin integrity of
ram and boar spermatozoa. Andrologia, 47(8):910919. DOI: 10.1111/and.12346
van den Hurk, H. and Slof, G.A. 1981. A morphological
experimental study of gonadal sex differentiation in the
rainbow trout, Salmo gairdneri. Cell Tissue Res (1981)
218:487-497. WOS:A1981LZ47600003

Villeneuve, D., Volz, D.C., Embry, M .R., Ankley, G.T.,
Belanger, S.E., Léonard, M ., Schirmer, K., Tanguay,
R., Truong, L., Wehmas, L. (2014). Investigating
alternatives to the fish early -life stage test: a strategy
for discovering and annotating adverse outcome
pathways for early fish development. Environ. Toxicol.
Chem. 33 (1), 158–169. DOI: 10.1002/etc.2403
Whitehead, S. A. 2006. Endocrine-disrupting chemicals as
modulators of sex steroid synthesis. Best Pract. Res.
Clinic.
Endoc.
&
M etabol.,
20(1):45–61.
DOI: 10.1016/j.beem.2005.09.003
Wood, R.K., Seidel, J.S., and M artyniuk, C.J. 2015.
Transcripts involved in steroid biosynthesis and steroid
receptor signaling are expressed early in development
in the fathead minnow (Pimephales promelas),
Comparative Biochemistry and Physiology Part B,
182:64–72. DOI: 10.1016/j.cbpb.2014.12.003
Zeng, Q., Liu, S., Yao, J., Zhang, Z., Yuan, Z., Jiang, C.,
Chen, A., Fu, Q., Su, B., Dunham, R. and Liu, Z. 2016.
Transcriptome
Display
during
Testicular
Differentiation of Channel Catfish (Ictalurus punctatus)
as
Revealed
by
RNA-Seq
Analysis.
Biol
Reprod. http://www.biolreprod.org/content/early/2016/
06/09/biolreprod.116.138818.full.pdf+html
DOI:10.1095/biolreprod.116.138818

