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Flutolanil affects circadian rhythm in zebrafish (Danio rerio) by
disrupting the positive regulators
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h i g h l i g h t s
� Flutolanil induced abnormal development and behavior of zebrafish.
� Flutolanil significantly enhanced the MT contents.
� Flutolanil significantly up-regulated the clock contents.
� Flutolanil altered the expression levels of the positive genes.
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a b s t r a c t

Circadian rhythms are fundamental to behavior and physiology of organisms. Flutolanil as a fungicide is
toxic to zebrafish embryos. The aims of this study were to determine whether flutolanil would influence
circadian rhythms of zebrafish and the mechanism involved. Zebrafish embryos were exposed to flu-
tolanil (0, 0.125, 0.5 and 2mg/L) for 4 days. Here we report that flutolanil increased the melatonin levels
of zebrafish. The mRNA levels of genes related to circadian rhythms were significantly altered. The clock
level was significantly increased, but the content of cry1 showed no apparent changes. Moreover, our
findings that the level of GH was significantly decreased were consistent with the abnormal develop-
ment of zebrafish embryos. The expression levels of genes related to development, behavior and
reproduction were significantly altered by flutolanil. These results indicate that flutolanil disturbed
circadian rhythms of zebrafish primarily by affecting the positive elements, which were at least in partial
responsible for abnormal development and behavior of zebrafish. And we speculate that flutolanil is toxic
to zebrafish embryos at least in part via dysregulation of circadian rhythms involving clock.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Flutolanil as a highly active and low toxic fungicide is used for
controlling bunt and smut diseases of cereals (Ito et al., 2004). Also,
flutolanil has a long half-life of 90.5 days and is stable under light
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and heat. Because of its wide use and stability, flutolanil has been
detected in the aquatic environments. Flutolanil is observed in river
up to 0.273, 1.64, 13, and 230 mg/L in different water areas,
respectively (A~nasco et al., 2010; Okamura et al., 1999; Tanabe and
Kawata, 2009; Yu and Zhu, 1991). Some studies have shown that
flutolanil is toxic to aquatic organisms. Reproductive toxicity of
flutolanil in Daphnia magnawas found by Matsumoto et al. (2009).
Our previous study has shown that flutolanil can cause abnormal
development of zebrafish and symptoms such as pericardial cyst
and spinal curvature inhibition are observed in flutolanil treat-
ments (Yang et al., 2016). Importantly, flutolanil is toxic to adult
zebrafish under environmental concentration (Li, 2017). There is
therefore an urgent need to determine if flutolanil under environ-
mental levels would be a risk to zebrafish embryos and further
understand themolecular mechanisms involved in the toxic events.

Notably, circadian rhythm exists widely in organism and is
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fundamental to behavior and development, which indicates a key
role of circadian rhythm in many physiological processes such as
liver metabolism and hormone secretion (Bass and Takahashi,
2010; Kumar et al., 2004; Wilsbacher and Takahashi, 1998). A
disturbance of circadian rhythm can result in a range of diseases,
such as metabolic disorders, premature aging and a variety of
psychological diseases (Hastings et al., 2003). Therefore, it is of
great significance to research into that whether circadian rhythm
would play a key role in the toxicity of flutolanil on zebrafish and
the mechanisms potential.

The previous findings have shown that the positive and negative
elements are involved in circadian system of zebrafish. Briefly,
bmal1a, bmal1b, bmal2, clock1a, clock1b and clock2 are the positive
elements, whereas per1a, per1b, per2, per3, cry1aa, cry1ab, cry1ba,
cry1bb, cry2 and cry3 are the negative elements. The bmal-clock can
induce negative gene expression and per-cry can inhibit block gene
expression by combining with bmal-clock (Hao et al., 1997).

To determine whether there are circadian rhythms involved in
the risks of flutolanil and the underlying mechanism, we investi-
gated the effects of flutolanil on the development, behavior and
reproduction of zebrafish embryos, on the expression levels of the
biological clock genes and on the protein levels of MT, clock and
cry1.

2. Materials and methods

2.1. Chemicals and reagents

Flutolanil (purity 98.7%, CAS: 66332-96-5) was obtained from
the Beijing Huarong Biological Hormone Plant. All other reagents
used in the paperwere of analytical grade. Standardwaterwas used
for the exposure exams (Mu et al., 2013).

2.2. Zebrafish study

Zebrafish (AB strain, Danio rerio) were obtained from a local
shop (Beijing Hongdagaofeng Aquarium Department) and domes-
ticated in the flow-through feeding equipment for 4 weeks before
breeding. Embryo zebrafish were bred with adult zebrafish in the
same strain. Adult and embryo zebrafish maintenance were carried
out as described by Mu et al. (2013). Embryos at about 1 h post-
fertilization (hpf) were randomly exposed in beakers for 4 days
with a series of 0.125, 0.50 and 2.0mg/L concentrations with the
test solution renewed daily. The blank and the solvent groups
(contained 0.1ml/L solvent) as the controls were set in this study.
Every group was carried out with three repetitions. Each beaker
contained 120 embryos with 600ml solution. The dead embryos
were removed daily. The number of spontaneous movements
(systemic twist of embryos) at 24 hpf in 20s was counted and the
hatching rate at 72 hpf and 96 hpf were investigated. Additionally,
the behavior of the hatched larvae at 96 hpf was examined with the
Loligo system 4.2.0 (Denmark) and the body length at 96 hpf was
measured by an Aigo GE-5 (made by Aigo Corp). All zebrafish ex-
periments carried out in this paper were approved by the Inde-
pendent Animal Ethics Committee at the Chinese Academy of
Agricultural Sciences (CAAS).

2.3. ELISA

Thirty embryos were taken from each beaker for sample prep-
aration at the end of exposure and homogenized in phosphate
buffered saline (PBS) with a pH¼ 7.4. The samples were collected
by centrifugation. Melatonin levels were carried out using the
enzyme-linked immunosorbent assay kit (RenJie Biotechnology
CO., LTD, ShangHai, China). Technically, 50 mL samples were incu-
bated with 100 mL of HRP for 1 h at 37 �C. After washing, the holes
were incubated with 50 mL of Detection Reagent A and 50 mL of
Detection Reagent B for 15min at 37 �C. Then, 50 mL of Stop Solution
was added, and the reaction was taken with an ELISA analyzer
(Multiskan MK3) at 450 nm. GH and DA levels were carried out
using assay kits (Jiancheng, Nanjing, China). The level of UGT1 was
determined using an ELISA kit (Jianglai Biology, Shanghai, China).

2.4. Western blotting

The method was performed referring to a previously described
method (Duan et al., 2014). Technically, proteins were extracted
from embryos and separated by running the samples via 10% SDS-
PAGE, and then transferred onto polyvinylidene fluoride (PVDF)
membranes (ISEQ00010, Millipore, USA). The membranes were
blotted with antibodies against cry1 (Aviva Systems Biology,
ARP59758_P050, 1:4000), clock (Abbkine, ABP51005, 1:4000) or
goat anti-rabbit IgG (H þ L) HRP (MDL, MD2141, 1: 3000). Bound
antibodies were analyzed using the ChemiDoc MP system (170-
8280, Bio-rad, USA), and the density of each bandwas implemented
with Gene Snap software (Syngene, America).

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

Thirty embryos in each beaker were pooled to extract total RNA
(Tiangen, China). Gene expression was carried out by qRT-PCR and
transcripts were quantified by using the 2�DDCt method (Mu et al.,
2015). The information about primer sequences is shown in
Table S1 b-actin was chosen as a house-keeper gene in this study.

2.6. Water analysis

The solution from each beaker was analyzed twice at the
beginning and 1 dpe before renewal to determine the actual con-
centration of flutolanil, as described in Yang et al. (2016). Briefly, the
water samples (50ml) were extracted twice using petroleum ether
(10ml). Afterwards, the organic phase was collected to be evapo-
rated to dryness at 35 �C. The residue was then dissolved in 2ml
methanol and a volume of 20 mL samples was injected into a
reversed-phase high eperformance liquid chromatography system
to detect the actual concentration of flutolanil in each sample. Here
are the chromatographic conditions: PAD detector; C18 stainless
steel column (250mm� 46mm� 5 mm); the mobile phase, 60%
aqueous methanol; flow rate, 1ml/min; the detection wavelength,
254 nm; and the column temperature, 40 �C; the retention time,
about 9.34min.

2.7. Statistical analysis

All values were expressed as the mean± standard deviation of
the mean. Data were analyzed by one-way ANOVA followed by
Dunnett's post hoc comparison with the program SigmaStat (SPSS
Inc, Chicago, IL, USA). Differences between the control and expo-
sure groups with p value < 0.05 were considered significant.

3. Results

3.1. Chemical analysis and solvent effect

Previous study showed that the deviations were less than 20%
between the theoretical and actual concentration (Yang et al., 2016)
Thus, the theoretical flutolanil concentration can be used instead of
the actual concentration in the present study, referring to the OECD
guidelines (OECD, 2013). And there was no significant difference
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observed between the solvent control and blank control for any of
indexes in the current study (data not shown). Thus, the data of the
solvent control could be applied as a control.

3.2. Flutolanil significantly altered the expression levels of clock
genes

Here we reported that in the exposure groups, expression of the
positive and negative clock genes, were significantly changed by
flutolanil (Fig. 1). Flutolanil obviously inhibited the expression
levels of clock1a, bmal1a, bzmal1b, bmal2 and aanat2 in the all
treatment groups. Expression of clock1a, bmal1a, bmal1b, bmal2
and aanat2 were decreased by 0.28-fold, 0.35-fold, 0.36-fold, 0.34-
fold and 0.29-fold after 0.125mg/L flutolanil exposure, respectively
(Fig. 1A). And the expression levels of per1b, cy1aa, cry1ab, cry1ba
and cry1bb were significantly decreased in the all flutolanil expo-
sure groups. The expression level of per2 was apparently inhibited
by 0.56-fold and 0.67-fold at 0.125 and 2.0mg/L, respectively. The
transcript levels of per1a and per3 were significantly inhibited at
0.125mg/L, except induction of per1a at 2.0mg/L (Fig. 1B).

3.3. Flutolanil up-regulated the content of clock

Thewestern blotting results showed that clock levels at 0.50 and
2.0mg/L were significantly increased by 3.64- and 3.63-fold
respectively (Fig. 2AeB), whereas the densitometric analysis indi-
cated no apparent change in the content of cry1 in all flutolanil
treatment groups compared to the controls (Fig. 2CeD). These
matching patterns of the positive genes expression (Fig.1A) and the
clock protein levels (Fig. 2AeB) suggested that the disruption of
flutolanil on circadian rhythm of zebrafish might be correlated with
the amount of the positive elements.

3.4. Flutolanil up-regulated MT level

TheMT level was significantly enhanced at 2.0mg/L by 1.13-fold,
but significance was not reached at 0.125 and 0.50mg/L (Fig. 3A).

3.5. Flutolanil inhibited development and behavior of zebrafish

The GH levels were significantly reduced at 2.0mg/L (Fig. 3B).
The level of DA was obviously increased at 0.50mg/L (Fig. 3C). The
levels of UGT1 showed no apparent change (Fig. 3D).
Fig. 1. Expression of the clock genes in zebrafish after exposure to flutolanil for 4 days
mRNA levels of the negative clock genes. Asterisks indicate significant differences between
Spontaneous movement at 24 hpf was significantly decreased at
0.125mg/L or higher (Fig. 4A). The hatching rate at 72 hpf was
significantly inhibited at 0.50 and 2.0mg/L and that at 96 hpf was
obviously reduced at 2.0mg/L (Fig. 4B). The body length of the
hatched larvae at 96 hpf was dramatically inhibited at 2.0mg/L
(Fig. 4C). Distance moved at 96 hpf in 8min showed no apparently
changes in the all treatment groups compared to the controls
(Fig. 4D). But we found less active larvae in the treatment groups.

The expression levels of genes related to behavior, development
and reproduction were significantly altered by flutolanil (Fig. 5).
The expression levels of th were significantly inhibited in all
treatments. The transcript levels of mao and dbh were obviously
decreased at 0.125 and 2.0mg/L, except an induction of dbh at
0.50mg/L (Fig. 5A). In addition, the expression of genes related to
development was also significantly altered (Fig. 5B). The transcripts
of gh and lox were obviously inhibited in the all treatment groups.
Bmp2 and bmp4 expression levels were significantly decreased at
0.125 and 0.50mg/L, but increased at 2.0mg/L. And expression of
igfwere significantly decreased at 01.25 and 2.0mg/L, but increased
at 0.50mg/L. The expression levels of he1a were dramatically
increased at 0.50mg/L or higher (Fig. 5B). Moreover, expression of
genes related to reproduction were obviously changed as well. The
transcripts of cyp19b and dmrt1were significantly inhibited at
0.125mg/L or higher. And expression of 17b-hsd were significantly
decreased at 0.125 and 2.0mg/L (Fig. 5C).
4. Discussion

Circadian rhythms as known exist in different kinds of organ-
isms, from bacteria to humans. Since circadian rhythms regulate
many physiological and behavioral processes, its dysregulation by
external chemicals can cause lots of health risk (Coldsnow et al.,
2017; Kumar et al., 2004; Wilsbacher and Takahashi, 1998). For
example, environmental steroid hormones, progestins and corti-
costeroids can disturb behavior and the circadian rhythm network
(Zhao et al., 2018).

Our findings showed that flutolanil significantly altered the
expression levels of the positive clock genes and negative clock
genes, which might indicate a disruption in circadian rhythm of
zebrafish. Notably, since the rhythmic secretion of melatonin is
driven by the circadian clock, melatonin is believed to be an
endocrine output signal of the endogenous time measuring and
keeping system (Pevet, 2002; Pfeffer et al., 2018). The current study
based on qPCR data. A. The mRNA levels of the positive clock genes and aanat; B. The
the controls and exposure groups. Error bars indicate the standard deviation.



Fig. 2. The contents of cry1 and clock in zebrafish after exposure to flutolanil for 4 days based onwestern blotting. A/B. Expression of clock in embryos; C/D. Expression of Cry1
in embryos. Variations in protein loading were corrected by actin expression. The symbols indicated three independent biological replicates. *P < 0.05 compared to the controls.
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determined that flutolanil significantly increased MT level at
2.0mg/L, which was in line with our previous findings that there
was a lack of melanin enrichment or accumulation in zebrafish
(Yang et al., 2016). Taken these results together, we suggest that
circadian rhythm in zebrafish might be disrupted by flutolanil.

Additionally, we observed that the clock contents were signifi-
cantly increased at 0.50 and 2.0mg/L, whereas differences in the
cry1 contents between the treatment groups and the control
groups did not reach statistical significance. The observations
suggest that the significant alteration of the positive elements
expression may play a major role in dysregulation of circadian
rhythms in zebrafish induced by flutolanil.

Many studies have shown that the circadian clock disruption is a
risk to the organism. The developmental and behavioral processes
of organisms are regulated by the biological clock (Alleva et al.,
1971; McNeil et al., 1998; Zhao et al., 2018; Ziv and Gothilf, 2006).
Unsurprisingly, our current study showed that the hatching rate
and the body length of the hatching larvae were significantly
inhibited by flutolanil. The expression levels of genes related to
development was significantly altered. A previous study indicates a
fundamental role of GH and IGF-1 in growth and development
(Shoba et al., 1999). And an apparent transcription decrease of GH
and IGF-1 is involved in a body length decrease of zebrafish (Mu
et al., 2016). BMP is the likely regulator in bone formation in ver-
tebrates and the transcription of BMP2 and BMP4 is positively
associated with development (Mu et al., 2016; Rafael et al., 2006).
Moreover, lox has been proved to play an important role in the
developmental process of aquatic vertebrate spines and decreased
lox expression may be driving abnormal spinal development (van
Boxtel et al., 2010; Zhou et al., 2009). In agreement with the
above report, the data presented here showed that GH, IGF-1, BMP2,
BMP4 and loxwere expressed lower with decreased body. Zebrafish
HE1 is known to be a zinc metalloprotease responsible for hatching
(Iuchi and Yasumasu, 2008). Although further investigation is
required, the data presented herein supported the increased he1a
expression to be connected to the inhibition of hatch rate. In line
with the gene expression results, the GH levels were significantly
inhibited by flutolanil. These observations indicated a significantly
developmental inhibition in zebrafish exposed to flutolanil.
Notably, clock gene expression is correlated with GH expression
(De Leonibus et al., 2016). Clock1a alterations can cause embryo
defects with shortened body length (Bian et al., 2017). MTcan affect
the development of organisms (De Pedro et al., 2008; Mustonen
et al., 2002; Nieminen et al., 2002). Thus, the developmental



Fig. 3. The levels of MT, GH, DA and UGT1 in zebrafish after exposure to flutolanil for 4 days. Expression of MT (A), GH (B), UGT1 (D) and activity of DA in embryos. Asterisks
indicate significant differences between the controls and exposure groups. Error bars indicate the standard deviation.
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inhibition of zebrafish is at least in partial due to the significantly
altered expression of genes related to the positive elements
accompanied by the increased MT levels.

Furthermore, the present study found that the hatched larvae in
treatment groups were less active, though the distance moved
showed no apparent changes. And, the spontaneous movement
was significantly inhibited. These results obtained in the present
study indicated that flutolanil was indeed toxic to behavior of
zebrafish. Unsurprisingly, the changes in behavioral gene expres-
sion and DA contents were observed. Mao play a key role in the
decomposition of monoamine neurotransmitters and its reduction
indicate an inhibited inactivation of monoamine neurotransmitters
(Hussien et al., 2013). Therefore, the decreased mao expression
might contribute to the inhibited behavior of zebrafish exposed to
flutolanil. Previous studies have found that th gene is a rate-limiting
enzyme in the process of dopamine formation (Postlethwait et al.,
2004). DBH can convert DA to norepinephrine (Schmidt et al.,
2018). These alterations of mao, th and dbh might be connected to
the significant changes of DA. DA can affect the behavior of or-
ganisms. A reduction of DA levels is observed companied with an
inhibition of behavior of zebrafish (Wu et al., 2017). Interestingly, in
the present study, the DA activity was obviously increased, whereas
the behavior of zebrafish was inhibited. As known, clock is closely
associated with dopamine (McClung et al., 2005; Soria et al., 2010).
Loss of clock function can cause increased dopamine release,
abnormal dopaminergic transmission and dopamine receptor
function (Coque et al., 2011; Spencer et al., 2012). Thus, the sug-
gestion that higher clock levels may rely on other mechanism
rather than affecting DA activity to induce behavioral inhibition
requires further investigation.

Lastly, there have been a few previous studies about the role of
MT in reproduction of organisms. MT is positively associated with
fecundity (Carnevali et al., 2010). The observation that the expres-
sion of genes related to reproduction was significantly affected,
although UGT1 levels showed no apparent change, indicated that
the increased MT might affect the reproduction of zebrafish, which
requires further research.
5. Conclusion

Flutolanil inhibited development and behavior and disrupted
circadian rhythm of zebrafish. The significant changes in expression



Fig. 4. Abnormal development and behavior in zebrafish after exposure to flutolanil. A. No. of spontaneous movement at 24 hpf; B. Hatching rate of embryos at 72 and 96 hpf; C.
Body length of hatched larvae at 96 hpf; D. Distance moved of hatched larvae at 96 hpf. Asterisks indicate significant differences between the controls and exposure groups. Error
bars indicate the standard deviation.

Fig. 5. The transcripts of genes in zebrafish after exposure to flutolanil for 4 days. A. The expression of the behavior related genes; B. The mRNA levels of genes related to
development; C. The transcriptions of genes related to reproduction. Asterisks indicate significant differences between the controls and exposure groups. Error bars indicate the
standard deviation.
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of the positive genes and the increased clock contents might up-
regulate MT level, and hence disturb circadian rhythm, which
was at least in partial responsible for abnormal development and
behavior in flutolanil stressed zebrafish. The positive elements
especially clock appeared to be involved in the disruption of
circadian rhythm. This study provides a new insight to the toxic
mechanism of flutolanil in zebrafish embryos and suggests a lowest
toxic concentration (0.125mg/L).
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