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Abstract Using rare minnow (Gobiocypris rarus) at early-
life stages as experimental models, the developmental toxicity
of five widely used triazole fungicides (myclobutanil, flucon-
azole, flusilazole, triflumizole, and epoxiconazole) were in-
vestigated following exposure to 1–15 mg/L for 72 h.
Meanwhile, morphological parameters (body length, body
weight, and heart rate), enzyme activities (superoxide dismut-
ase (SOD), glutathione S-transferase (GST), adenosine
triphosphatase (ATPase), and acetyl cholinesterase (AChE)),
and mRNA levels (hsp70, mstn, mt, apaf1, vezf1, and cyp1a)
were also recorded following exposure to 0.2, 1.0, and 5.0 mg/
L for 72 h. Results indicated that increased malformation and
mortality, decreased body length, body weight, and heart rate
provide a concentration-dependent pattern; values of 72 h
LC50 (median lethal concentration) and EC50 (median effec-
tive concentration) ranged from 3 to 12 mg/L. Most impor-
tantly, the results of the present study suggest that even at the
lowest concentration, 0.2 mg/L, five triazole fungicides also
caused notable changes in enzyme activities and mRNA
levels. Overall, the present study points out that those five
triazole fungicides are highly toxic to the early development
of G. rarus embryos. The information presented in this study
will be helpful in better understanding the toxicity induced by
triazole fungicides in fish embryos.

Keywords Developmental toxicity . Embryo . Enzyme
activity . Gobiocypris rarus .Malformation . mRNA levels .

Triazole fungicide

Introduction

Triazole fungicides are an important class of antifungal pesti-
cides that are widely used in agriculture to prevent fungal
growth on vegetables, cereals, soybeans, seeds, and a variety
of fruits (Konwick et al. 2006; Chen et al. 2008; Li and
Randak 2009). Their characteristics, such as high chemical
and photochemical stability and low biodegradability in the
environment (Wang et al. 2011), make them persistent in soil
and water (Bromillow et al. 1999). Thus, there is a concern
over the wide application of the triazole fungicides and their
possible detrimental effects on aquatic organism that may
arise from spray drift or surface runoff after rainfall
(Raudonis et al. 2004; Konwick et al. 2006).

The antifungal activity of triazole fungicides is due to their
capability to interfere with steroid biosynthesis by inhibiting
the CYP51 (a cytochrome P450 enzyme) that plays an impor-
tant role in the conversion of lanosterol to ergosterol in fungi
and yeast (de Jong et al. 2011). And, the cell membrane
assembly of fungi and yeast is disturbed by blocking the
synthesis of the essential membrane component ergosterol
(Zarn et al. 2003). Additionally, besides the effect on
CYP51, triazoles may also inhibit other P450-mediated activ-
ities resulting in mammalian toxicity. Examples of the en-
zymes that have been related to the developmental toxic
effects of triazoles are enzymes of the CYP26 family
(Menegola et al. 2006; Tiboni et al. 2009; Marotta and
Tiboni 2010). Furthermore, triazole exposure can cause skel-
etal defects as well as craniofacial malformations and hydro-
cephaly by affecting the endogenous retinoic acid levels in
mammalian embryo (Menegola et al. 2005; Farag and Ibrahim
2007). For aquatic organisms, an LC50 (median lethal concen-
tration) of 20.55 mg/L for paclobutrazol has been reported for
zebrafish (Danio rerio) (Ding et al. 2009). The acute toxicity
of difenoconazole on zebrafish was 1.17 mg/L for larvae,
1.45 mg/L for adult fish, and 2.34 mg/L for embryos (Mu
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et al. 2013). The hepatic antioxidant enzymes, the RNA/DNA
ratio, and hematological and plasma biochemical parameters
are affected in rainbow trout (Oncorhynchus mykiss) after
exposure to 0.5 mg/L propiconazole (Li et al. 2010a, b).
Previous study has also detected gene expression changes in
zebrafish embryos after 4-mg/L flusilazole treatment
(Hermsen et al. 2011a). Therefore, further toxicological inves-
tigation of triazole fungicides for aquatic organisms is re-
quired. In particular, toxicity evaluations on aquatic organisms
which include multiple parameters (conventional morpholog-
ical parameters (e.g., malformation and mortality), enzyme
activities, and mRNA levels) are needed.

Fish, and in particular small freshwater fish species such as
rare minnow (Gobiocypris rarus), zebrafish (D. rerio), and
Japanese medaka (Oryzias latipes), have been used for acute
and chronic tests to investigate the toxic properties of chemicals
and for ecotoxicological regulatory purposes (Zha et al. 2007;
Voelker et al. 2007; Shi et al. 2008). G. rarus is a widely
distributed tiny Chinese freshwater cyprinid that has a short life
cycle and could become a standardized test species for China.
G. rarus possesses lots of attractive features that make it a
suitable model in aquatic toxicity tests (Zhong et al. 2005; Zha
et al. 2007; Zhang et al. 2008). TheG. rarus embryo as a useful
research model also has lots of advantages, such as small in size
and transparent, easy to maintain, short development cycle,
rapid embryogenesis (Zha et al. 2007; Zhu et al. 2011). Earlier
studies have shown thatG. rarus embryos are sensitive to heavy
metals, xenoestrogens, and other aquatic pollutant (Qun-Fang
et al. 2002; Wang et al. 2010; Zhu et al. 2011, 2013).

In the present study, five triazole fungicides (myclobutanil,
fluconazole, flusilazole, triflumizole, and epoxiconazole)
were selected for a further exploration of potential develop-
mental toxicity by G. rarus embryos. We selected different
critical monitor endpoints, such as mortality rate, malforma-
tion rate, body length, body weight, and heart rate. For better
understanding, the toxicity mechanisms of triazole fungicides,
relative enzyme activity (superoxide dismutase (SOD), gluta-
thione S-transferase (GST), adenosine triphosphatase
(ATPase), and acetyl cholinesterase (AChE)), as well as cer-
tain mRNA levels for cell apoptosis (apaf1), metabolism (mt
and cyp1a), stress response (hsp70), muscle (mstn), and blood
vessel (vezf1) development were also selected as endpoints.
The work presented herein aims to assess the possible influ-
ences of triazole fungicides onmultilevel biomarker responses
in the developing G. rarus embryos.

Materials and methods

Fish maintenance and egg production

G. rarus were purchased from the Institute of Hydrobiology,
the Chinese Academy of Sciences and maintained at

approximately 25 °C with a 16:8 h light-dark cycle in a
flow-through system in charcoal-filtered tap water. Water
quality readings were taken weekly to monitor the following
parameters: pH (7.5–8.3), hardness (6.2–6.5 °d), conductivity
(423–496 μS/cm), and dissolved oxygen (7.7–8.9 mg/L). The
fish cultural condition and collection of fertilized eggs were
performed as described previously (Zhu et al. 2011). Briefly,
fish were fed a commercial granular food (Tetra, Melle,
Germany) at a daily rate of 0.1 % body weight. Females were
induced to superovulate by injection of 1 IU chorionic gonad-
otropin (Chorulon; Intervet Co.) and then placed in chambers
with mature males in spawning boxes. The ratio of females
and males was 1:2. Twelve hours later, the spawning finished,
and the fertilized eggs were washed twice with fish water and
collected for the subsequent exposure experiments.

Chemicals and reagents

Analytical grade myclobutanil (CAS No. 88671-89-0), flu-
conazole (CAS No. 86386-73-4), flusilazole (CAS No.
85509-19-9), triflumizole (CAS No. 99387-89-0), and
epoxiconazole (CAS No. 133855-98-8) were purchased from
Sigma-Aldrich Shanghai Trading Co. Ltd (Shanghai, China),
with a purity of 98.0 %. The chemical structures of five
triazole fungicides are shown in Fig 1. Enzyme activity assay
kits (superoxide dismutase assay kit, glutathione S-transferase
assay kit, adenosine triphosphatase assay kit, and acetyl cho-
linesterase assay kit) were purchased from Jiancheng
Bioengineering Institute (Nanjing, China). Total RNA was
extracted by Trizol reagent (Invitrogen, Carlsbad, CA,
USA). Reverse transcription and SYBR-green real-time quan-
titative PCR reagents were purchased from Takara (Dalian,
China). All other reagents used in this study were of analytical
grade.

Fish embryo toxicity test

The toxicity effects of five triazole fungicides on the subse-
quent embryonic development of G. rarus were evaluated by
exposing fertilized eggs (4–32 cell stage, observed with
Olympus BX41, Olympus Optical Co., Ltd., Tokyo) to a
range of concentrations (1, 3, 5, 7, 9, 11, 13, and 15 mg/L).
All triazoles were dissolved in dimethyl sulfoxide (DMSO,
ACS reagent, ≥99.9%) and further diluted in standard dilution
water (ISO7346/3, demineralized water supplemented with
294.0 mg/L CaCl2 ·2H2O, 123.3 mg/L MgSO4 ·7H2O,
63.0 mg/L NaHCO3, and 5.5 mg/L KCl and then aerated for
24 h at 25 °C) with a final DMSO concentration of 0.2 % (v/v).
The control group was exposed to 0.2 % DMSO, and control
survival rate was always above 96 %. Embryos within the 4-
to 32-cell stage were selected and transferred to a 24-well
plate. One embryo was transferred to one well containing
2-mL freshly prepared test medium. The plates were covered
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with self-adhesive foil to avoid the possible effect of evapo-
ration, and then incubated at 25±1 °C with a photoperiod of
16:8 h (light/dark) for 72 h. The exposure solution was
renewed every 24 h to keep the appropriate concentration of
triazoles and water quality. Dead eggs were removed daily.
Five replicates were set for the tests, with 30 embryos per
replicate. Themortality rate and malformation rate of embryos
were examined microscopically at 72 h for all treatment and
control groups. Death and malformation were judged via the
lethal and sublethal toxicological endpoints described by
Nagel (Nagel 2002).

Developmental toxicity assays

To further explore the toxicity of five triazole fungicides
on embryos, developmental parameters (body length,
body weight, and heart rate), enzyme activity, and
mRNA levels were also selected as observed indicators.
Because of all these indicators need living embryos or
larvae to measure, according to the above embryotoxicity
experiments, embryos were exposed to a range of con-
centrations (0.2, 1.0, and 5.0 mg/L) for 72 h. Five repli-
cates were set for the tests, with 200 embryos per repli-
cate. The embryo cultural condition was performed ac-
cording to the above established protocols.

After the incubation period, random embryos/larvae were
selected for morphological and behavioral analyses. Body
weight (mg) was measured by AUW220D analytical balance
(Shimadzu; Tokyo, Japan). The body length (mm) and heart
rate (beats/min) were counted, photographed, and videoed
with a digital camera (Nikon, Japan) fixed on a dissection
microscope and measured from these digital images using
Image Pro Plus software (Media Cybernetics, Bethesda,
MD, USA) and recorded (Zhu et al. 2013). All spontaneous
movement, heart beat, and swimming speed recordings started
after adaptation to 25±1 °C for 5 min.

After 72-h exposure period, 30 intact embryos per
concentration from treatment and control groups were
selected for enzyme activity assays. The embryos were
homogenized according to previous study (Ramsden et al.
2013). Homogenates were stored at −80 °C until required.

Embryo homogenates were analyzed (each sample in trip-
licate) for total protein content and enzyme activities
(SOD, GST, ATPase, and AChE). Protein content was
measured by Coomasse blue protein-binding method
using bovine serum albumin as standard. The enzyme
activities (SOD, GST, ATPase, and AChE) were analyzed
by using assay kits (Jiancheng Bioengineering Institute,
Nanjing, China) following manufacturer’s instruction.
Biochemistry data were normalized against homogenate
protein content.

After the incubation period, 30 intact embryos per con-
centration from treatment and control groups were imme-
diately frozen in liquid nitrogen and stored at −80 °C for
subsequent RNA isolation. Total RNA was extracted by
using Trizol reagent (Invitrogen, Carlsbad, CA, USA) fol-
lowing manufacturer’s instruction. The isolated RNA sam-
ples were diluted in RNase-free double-distilled water
(ddH2O) and treated with DNAase I (Takara, Dalian,
China) according to the manufacturer’s instructions. RNA
concentration was measured on the NanoDrop spectropho-
tometer (ND-1000, NanoDrop Technologies Inc.,
Wilmington, DE), and RNA integrity was assessed on the
Bioanalyzer 2100 (Agilent Technologies, Amstelveen, The
Netherlands) using the RNA 6000 Nano Chip kit (Agilent
technologies) by automated gel electrophoresis. RNA of
280 ng was used for cDNA synthesis with M-MLV RTase
(Takara, Dalian, China) according to manufacturer’s de-
scription. Real-time (quantitative) RT-qPCR was per-
formed using CFX96 Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) and SYBR Premix Ex Taq
II kit (Takara, Dalian, China). RT-qPCR primers for hsp70,
mstn, mt, apaf1, vezf1, cyp1a, and β-actin gene were de-
signed by previous studies (Liu et al. 2008; Yang et al.
2010; Zhu et al. 2013) and listed in Table 1. The house-
keeping gene β-actin was used as an internal standard
(Wang et al. 2010; Zhu et al. 2013, 2014). PCR was run
in the following cycling conditions: initial denaturation at
95 °C for 10 min, 40 cycles of 95 °C for 10 s, 58 °C for
10 s, and 72 °C for 30 s. Relative expression was calculat-
ed by using a modified comparative cycle threshold (CT)
method. Each individual sample was run in triplicate wells.

Fig. 1 The chemical structure of fluconazole, flusilazole, myclobutanil, epoxiconazole, and triflumizole
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Statistical analysis

The LC50 and EC50 (median effective concentration) values
with 95 % confidence intervals for five triazole fungicides
were calculated by Trimmed Spearman-Karber statistical
methods based on the percentages of abnormalities or dead
organisms (Hamilton et al. 1977). mRNA relative expression
was calculated using ΔΔCt method (Livak and Schmittgen
2001). To evaluate exposure data, all data were expressed as
mean±S.E.M and were analyzed by one-way ANOVA. The
differences were considered significant at p<0.05 and
extremely significant at p<0.01.

Results

Mortality rate and malformation rate

The percentage of embryos with teratogenic and lethal effects
clearly increased with increasing triazole pesticide concentra-
tions in a concentration-dependent pattern. As shown in
Fig. 2a, no mortality was observed in the lowest concentration
(1mg/L). In addition, mortality rate was up to 100% at 15mg/
L for fluconazole. Embryo malformation became apparent at
1 mg/L for fluconazole and myclobutanil, 3 mg/L for
triflumizole, epoxiconazole, and flusilazole. Higher concen-
trations of triazole fungicides (13 mg/L for fluconazole and
myclobutanil) resulted in 100 % malformation rates, and
about 80 % malformation rates were observed at 15 mg/L
for triflumizole, epoxiconazole, and flusilazole (Fig. 2b).
Values of 72 h LC50 and EC50 with their 95 % confidence
intervals are listed in Table 2. Based on the values of LC50 and
EC50, the toxicity order of five triazole fungicides was

fluconazole>myclobutanil>triflumizole>epoxiconazole>
flusilazole.

Body length

Body length of 72-h larvae from the control group was 4.73±
0.05mm (mean±SD). Embryos exposed to triazole fungicides
showed significant reduction of body length (Fig. 3a) at
concentration as low as 1.0 mg/L for fluconazole,
myclobutanil, and triflumizole compared with the control
group. Strikingly, more than 30 % reduction for body length
was observed for embryos exposed to 5.0 mg/L fluconazole
and myclobutanil in comparison to control embryos.
However, the highest concentration treatment (5.0 mg/L)
had no significant reduction for flusilazole in comparison to
control.

Body weight

From the control group, body weight of newly hatched larval
was 0.80±0.06 mg. As shown in Fig. 3b, body weight was
significantly decreased by 10.7 and 8.8 % in fluconazole and
myclobutanil, respectively, at 0.2 mg/L. At the highest con-
centration, more than 10 % decrease was observed for five
triazole fungicides. In addition, more than 30% decrease were
observed for fluconazole and myclobutanil at 5 mg/L.

Heart rate

From the control group, heart rate of newly hatched larval was
193.2±3.7 beats/min. No significant decrease in heart rate was
observed at 0.2 mg/L for five triazole fungicides compared
with control group, whereas significant decreases in heart rate
were observed at 1.0 mg/L for fluconazole and myclobutanil

Table 1 Primers used for the
analysis of mRNA levels by RT-
qPCR

Genes Accession no. Primer sequences (from 5′ to 3′) Product
size (bp)

β-actin DQ539421 Forward CAGGGCGTGATGGTGGGGAT 226

Reverse GGTTGGCTTTGGGGTTGAG

hsp70 FJ410933 Forward CTCATTGGGCGACGATTT 110

Reverse CCTTTGTATTCAACCTGGACCT

cyp1a EU106660 Forward CAATCATCGGAAATGTGCTG 171

Reverse AGAACTCCTCGCCCTGTTTG

apaf1 JQ743661 Forward TTCTCCTCTGGTGGTTTC 236

Reverse TAGCAGGCACTTTGATGT

mstn FJ482232 Forward CACCGCCTTTGCAACAACTT 149

Reverse CCGATCTACTTGAACGATGG

mt KC190024 Forward ATCCTTGCGATTGTGC 154

Reverse GAACTGCCCTTACAGACAC

vezf1 JQ950330 Forward ATGGCGGGCATCCTCACCAC 122

Reverse GCCACACATCTCACAGCCGT
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(Fig. 3c). No significant reduction of heart rate was recorded
at the highest concentration (5.0 mg/L) for epoxiconazole and
flusilazole.

Enzyme activity

The enzyme activities (SOD, GST, ATPase, and AChE)
were detected in G. rarus embryos after exposure to

different concentrations of five triazole fungicides
(Fig. 4). From the control group, enzyme activities of
SOD, GST, ATPase, and AChE were 27.56±1.09, 24.37
±1.98, 2.54±0.11, and 1.25±0.15 U/mg protein, respec-
tively. As shown in Fig. 4, significant increases of SOD
and GST activities were observed at the lowest concen-
trations (0.2 mg/L) for fluconazole and myclobutanil.
However, significant decrease (more than 25 %) was
observed in the highest concentrations (5.0 mg/L) for all
five triazole fungicides. For ATPase and AChE activities,
significant decreases were observed in medium and
highest concentrations for all five triazole fungicides. In
addition, more than 80 % decreases of ATPase and AChE
activities were observed at the highest concentrations for
fluconazole and myclobutanil.

mRNA levels

The mRNA level of six candidate genes (hsp70, mstn, mt,
apaf1, vezf1, and cyp1a) was detectable by RT-PCR in
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Fig. 2 The mortality rate and malformation rate for embryos exposed to different concentrations of triazole fungicides at 72 h. Values are presented as
mean ± S.E.M. Five replicates were set for the tests, with 30 embryos per replicate

Table 2 The toxicity values of five triazole pesticides on G. rarus
embryos

Test substance CAS no. 72 h LC50 (mg/L) 72 h EC50 (mg/L)

Fluconazole 86386-73-4 4.91 (4.52–5.28)a 3.83 (2.90–4.71) a

Myclobutanil 88671-89-0 6.61 (6.21–7.00) 3.88 (2.91–4.81)

Triflumizole 99387-89-0 7.11 (6.69–7.51) 5.78 (5.36–6.19)

Epoxiconazole 133855-98-8 9.67 (9.19–10.18) 7.99 (7.56–8.43)

Flusilazole 85509-19-9 11.67 (11.11–12.32) 9.08 (8.58–9.61)

a Values in brackets show the 95 % confidence intervals
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G. rarus embryos exposed to five triazole fungicides. In the
present study, extremely significant increases were found in
all concentrations for the expression of hsp70, apaf1, cyp1a,
andmt genes, except the expression of vezf1 andmstn (Fig. 5).
In addition, mRNA level increased with increasing triazole
fungicide concentrations in a concentration-dependent pat-
tern. For hsp70, more than 150-fold increases were observed
for fluconazole at 5 mg/L. Even for flusilazole at the lowest
concentration, 20.15-fold increase was found (Fig. 5a). At the
highest concentration, the extremely significant increases
were observed that range from 17.63- to 54.63-fold for apaf1
(Fig. 5b), 4.36- to 22.42-fold for cyp1a (Fig. 5c), and 4.93- to
9.93-fold for mt (Fig. 5d). The significant decrease was ob-
served that ranges from 0.11- to 0.52-fold for vezf1 andmstn at
the highest concentration (Fig. 5e, f).

Discussion

The present investigation records the toxicity of five triazole
fungicides on G. rarus embryo. The 72 h LC50 and EC50

range from 3 to 12 mg/L in this study. Previous studies
indicated that the 48 h EC50 of triazophos forDaphnia magna
was 12.92 μg/L (Liu et al. 2012), which was in some degree
lower that that derived from this study. This considerable
difference in acute toxicity is likely attributed to the differ-
ences about chemical structural, exposure time, and test spe-
cies. Recent research on zebrafish embryos has also demon-
strated that the benchmark concentration of six triazoles
(flusilazole, hexaconazole, cyproconazole, triadimefon,
myclobutanil, and triticonazole) ranges from 1.5 to 25 mg/L
(Hermsen et al. 2011b), and which were in accordance with
present study. In the present study, we also revealed a series of
significant developmental changes in heart rate, body weight,
and body length induced by triazole fungicides. Machera
showed delayed ossification of the skull bones and cleft palate
in rat embryos exposed during gestation to cyproconazole
(Machera 1995). Xenopus laevis studies also showed

�Fig. 3 Body length (a), body weight (b), and heart rate (c) after embryos
exposed to different concentrations of triazole fungicides at 72 h. Values
that are significantly different from the control are indicated by asterisks
(one-way ANOVA, *p<0.05; **p<0.01). Values are presented as mean ±
S.E.M. Five replicates were set for the tests, with 30 embryos per replicate
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Fig. 4 The changes in enzyme activity in embryos after exposure to
various concentrations of triazole fungicides until 72 h. a SOD, b GST, c
ATPase, d AChE. Values are presented as mean ± S.E.M. Values that are

significantly different from the control are indicated by asterisks (one-
way ANOVA, *p<0.05; **p<0.01). Five replicates were set for the tests,
with 200 embryos per replicate
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craniofacial malformations in embryos exposed to triazoles;
mainly, branchial arch malformations were found after expo-
sure to triadimefon, which precedes craniofacial defects
(Groppelli et al. 2005; Papis et al. 2006). Zebrafish embryo
toxicity test also found that teratogenic effects (heart
malformations, pericardial edema, head malformations, yolk
sac edema, and yolk deformations) were widely observed after

triazole treatment (Hermsen et al. 2011b). It can be concluded
that teratogenic effects are the most frequently phenomenon
caused by triazole fungicides.

Environmental toxicants can trigger biological effects at
the organism level only after initiating biochemical and cellu-
lar events (Liang et al. 2007; Robinson et al. 2012). Responses
range from molecular, cellular, and physiological phenomena
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Fig. 5 mRNA levels after 72-h exposure to different concentrations of
triazole fungicides. a hsp70, b apaf1, c cyp1a, d mt, e vezf1, f mstn.
Values are presented as mean ± S.E.M. After normalization to β-actin
gene, one-way ANOVA is used to analyze the differences to control.

Values that are significantly different from the control are indicated by
asterisks (one-way ANOVA, *p<0.05; **p<0.01). Five replicates were
set for the tests, with 200 embryos per replicate
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to behavioral changes (Zhong et al. 2005; Hermsen et al.
2011b). Thus, enzyme activity and mRNA level also play a
critical role in these evaluation processes (Robinson et al.
2012; Zhu et al. 2013, 2014). In this study, some relative
enzyme activities and mRNA levels were chosen for better
understanding of the potential effects and action mechanisms.
Our result can be regarded as a type of hormesis featured by
conversion from low-dose stimulation to high-dose inhibition
for SOD and GST activities. Hormesis is a toxicological
concept characterized by low-dose stimulation and high-
dose inhibition (Calabrese and Baldwin 2000). Extensive
examinations of scientific literature by Calabrese and his
collaborators reported that hormetic dose-responses are com-
mon across biological systems and stressors (Calabrese and
Baldwin 2000, 2001). Scientific literature provides evidence
that hormesis can be caused by multiple stimuli, such as
chemicals (Calabrese and Baldwin 2000; Barceló and
Poschenrieder 2002), radiation (Feinendegen 2005), heat
(Rea et al. 2005), and even exercise (Gomez-Cabrera et al.
2008). Similar hormetic dose-response results for SOD activ-
ity have also been reported in other species. According to
Zhao et al. (2013), SOD activity was significantly increased
after treated by low concentrations (from 1 to 50 mg/L) of
nano-ZnO, and significantly decreased observed after treated
by high concentration (100 mg/L) of nano-ZnO. SOD activity
changes in Carassius auratus embryo and larvae with
prolonged exposure time at different copper concentrations
also showed similar hormetic dose-response patterns (Kong
et al. 2013). Li and Tan (2011) found increased GSTactivity in
rat tissues after triazole exposure. SOD is an antioxidant
enzyme present in the body that provides the first line of
defense against oxidative stress which converts reactive oxy-
gen species, the superoxide anion into hydrogen peroxide, and
molecular oxygen (Matés 2000). GST is important particular-
ly in the prevention of free radical mediated oxidation of
cellular macromolecules such as lipids and proteins (Seth
et al. 2001) and subsequent regulation of the glutathione redox
system. The decreased SOD and GST levels at high concen-
tration indicated that the protective system ofG. rarus embry-
os might be destroyed. In other words, triazoles could weaken
the antioxidant defense system and enhance oxidative stress to
damage the embryo physiology.

Vezf1 is an early development gene that encodes a zinc
finger transcription factor. In the developing embryo, vezf1 is
expressed in the yolk sac mesoderm and the endothelium of
the developing vasculature and, in addition, in mesoderm and
neuronal tissues (Kuhnert et al. 2005). Mstn, belonging to
transforming growth factor (TGF)β superfamily, is a negative
regulator of muscular development in mammals and fish
(Grobet et al. 1997). In present study, the significantly de-
creased expression levels of vezf1 and mstn were observed
after triazole treatment. The same trends also found after
chemical (3,4-dichloroaniline and triazophos) exposure for

fish embryos and larvae (Zhu et al. 2013, 2014). Decrease of
vezf1 andmstn transcription mediated by triazoles could result
in a block of vasculature and muscle development. Those may
partly explain the high percent of observed malformations,
especially for significant decrease in heart rate and body
length. Stress-induced apoptosis is thought to contribute to
abnormal development during embryogenesis (Yang et al.
2014). In the present investigation, several important genes
that might be involved in apoptosis were investigated to
elucidate the mechanisms of triazole exposure. The HSP70
family acts as a molecular chaperone that reduces stress-
induced denaturation, regulates the expression of all heat
shock proteins and also thought to contribute to abnormal
development during embryogenesis (Yamashita 2003; Zhu
et al. 2013). Cyp1a is a member of the cytochrome P450
isoenzyme family and can serve as a sensitive biomarker for
certain classes of organic chemicals (Woźny et al. 2010).
Apaf-1 plays an important role in p53-dependent apoptosis
(Soengas et al. 1999). After triazole treatment, the expressions
of hsp70, cyp1a, and apaf-1 were significantly increased in
this study. The same trends were also found in other fish
species (Yamashita 2003; Voelker et al. 2007; Zhu et al.
2013; Yang et al. 2014) for different hazardous substance
treatment. On the basis of results from the present study, it
may be hypothesized that triazole exposure induces oxidative
stress; the oxidative stimulus may trigger apaf-1. Apaf-1 re-
presses the function of the antiapoptotic gene Bcl-2 and dis-
rupts the mitochondrial membrane (Yang et al. 2014). Once
the integrity of the mitochondrial membrane is disrupted,
mitochondrion releases cytochrome C and inducing caspase-
independent apoptosis. However, this hypothesis requires fur-
ther experiments to validate.

In conclusion, our results implied that triazole exposures
can induce significant changes in the development ofG. rarus
embryos. We also demonstrated that five triazole fungicides
caused teratogenicity in a concentration-dependent pattern. In
addition, both developmental and biochemical biomarkers in
the growing G. rarus embryos are very promising tools to
determine the severity of toxicants. We provide further evi-
dence that developmental and metabolism-related genes were
affected at lower concentrations providing higher resolution in
the attempt to define the teratogenic mechanisms of triazoles.
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