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 Ozonation of carbamazepine potentiates its toxicity in zebraﬁsh
embryos.
 Cardiovascular and swim bladder
development adversely affected.
 Toxicity mechanisms elucidated by
gene co-expression network analysis.
 Upstream transcription factors identiﬁed, downregulation led to toxicity
induction.
 Morphological and mechanistic data
assembled in a putative AOP.
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Sewage efﬂuent ozonation can reduce concentrations of chemical pollutants including pharmaceutical
residues. However, the formation of potentially toxic ozonation byproducts (OBPs) is a matter of concern.
This study sought to elucidate toxicity mechanisms of ozonated carbamazepine (CBZ), an anti-epileptic
drug frequently detected in sewage efﬂuents and surface water, in zebraﬁsh embryos (Danio rerio).
Embryos were exposed to ozonated and non-ozonated CBZ from 3 h post-fertilization (hpf) until 144 hpf.
Embryotoxicity endpoints (proportion of dead and malformed embryos) were assessed at 24, 48, and 144
hpf. Heart rate was recorded at 48 hpf. Exposure to ozonated CBZ gave rise to cardiovascular-related
malformations and reduced heart rate. Moreover, embryo-larvae exposed to ozonated CBZ displayed a
lack of swim bladder inﬂation. Hence, the expression patterns of CBZ target genes involved in cardiovascular and embryonal development were investigated through a stepwise gene co-expression analysis
approach. Two co-expression networks and their upstream transcription regulators were identiﬁed,
offering mechanistic explanations for the observed toxicity phenotypes. The study presents a novel
application of gene co-expression analysis elucidating potential toxicity mechanisms of an ozonated
pharmaceutical with environmental relevance. The resulting data was used to establish a putative
adverse outcome pathway (AOP).
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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genes. The information gathered from the study was subsequently
used to formulate a putative AOP of ozonated CBZ.

1. Introduction
Pharmaceutical pollution in the environment is emerging as a
topic of global concern (Fent et al., 2006; Hughes et al., 2013). Active
pharmaceutical ingredients (APIs) and their metabolites are
excreted in feces and/or urine following administration, ultimately
ending up in sewage at concentration ranges of ng to mg per liter
(Luo et al., 2014). Current conventional sewage treatment plants
(STPs) are generally ineffective at removing APIs, leading to emissions to recipient waters and the terrestrial environment via sludge
(Beek et al., 2016). Non-target organisms can be affected by API
exposure, as a majority of drug-targets are evolutionarily conserved
(Gunnarsson et al., 2008). Carbamazepine (CBZ) is one example of a
persistent API commonly detected in the surface water environ€ rlenius et al., 2018). Several studies have indicated
ment (Bjo
adverse effects of CBZ in aquatic organisms (da Silva Santos et al.,
2018; Ferrari et al., 2003; Qiang et al., 2016; Yan et al., 2018). The
pharmacological effects of CBZ include sodium-channel blocking
properties, which lead to dampening of the central nervous system
activity in the patient. These effects alleviate symptoms associated
with e.g. epileptic seizures (Shorvon et al., 2017).
Advanced sewage treatment technologies, such as ozonation,
have been assessed and implemented in e.g. Sweden to improve the
removal of APIs (Antoniou et al., 2013; Baresel et al., 2016). While
ozonation can reduce the concentrations of several API parent
compounds, a multitude of intermediary transformation products
are created in the treated efﬂuent, some with toxic properties (Lee
and Gunten, 2016). Ozonation of CBZ has been shown to induce its
toxic potency in zebraﬁsh (Danio rerio) embryo-larvae, manifested
mainly as cardiovascular toxicity and arrested swim bladder
maturation (Pohl et al., 2019). In the present work we sought to
elucidate the potential mechanisms underlying the aforementioned toxicity phenotypes using a gene co-expression network
analysis approach.
Gene co-expression network analysis is a method used to
elucidate gene expression correlation patterns and their potential
regulatory connections underlying complex biological processes
(Serra et al., 2020). Furthermore, the identiﬁcation of the upstream
regulators of gene networks involved in speciﬁc phenotypical responses to a treatment allows for a mechanistic understanding (van
Dam et al., 2018). The method has predominately been applied in
the biomedical ﬁeld to link gene co-expression networks to disease
phenotypes (Liu et al., 2017; Yang et al., 2014; Zhang and Ng, 2016).
The gene co-expression approach is also a powerful tool in the
context of ecotoxicology (Ewald et al., 2020). This approach has
been used to explore mechanisms underlying toxicity responses in
e.g. zebraﬁsh exposed to benzophenones (Meng et al., 2020).
Furthermore, elucidating molecular mechanisms of toxicity is
useful in the context of adverse outcome pathways (AOP). The AOP
concept has been proposed as a framework to map out key events,
from the molecular initiating event (i.e. toxicant-receptor binding)
to the organism/population level, linking the exposure to an
adverse effect (Ankley et al., 2010; LaLone et al., 2017).
Conventionally, high-throughput techniques providing expression proﬁles of a vast array of genes (e.g. transcriptomics) are used
as the basis for gene co-expression network analysis. In the present
study, however, we opted to use relatively inexpensive lowthroughput techniques (i.e. qPCR) coupled with information
collected from public databases. This approach aimed to deduce
gene regulatory networks (GRN) underlying the ozonated CBZ
toxicity in zebraﬁsh embryo-larvae. Our previous study showed
how ozonation of CBZ decreased the lowest observed effect concentration (LOEC) in all tested zebraﬁsh embryo endpoints (Pohl
et al., 2019). Thus, we hypothesized that ozonation of CBZ would
exacerbate its transcriptional effects on developmentally important

2. Materials and methods
2.1. Chemicals
CBZ (CAS number 298-46-4, purity  98%), CBZ internal standard (D10), ethyl 3-amino-benzoate methanesulfonate salt (MS222), liquid chromatographyemass spectrometry (LC/MS) grade
acetonitrile, ethanol, methanol, isopropyl alcohol, chloroform, and
ammonium acetate were purchased from MilliporeSigma. A Milli-Q
Advantage ultrapure water puriﬁcation system, a 0.22 mm Millipak
express membrane ﬁlter, and an LC-Pak polishing unit (MilliporeSigma) were used to produce ultraclean water.
2.2. Chemical analysis
Water samples (V ¼ 3 mL) were collected from the test solutions
in triplicates in glass vials and stored in the freezer (- 20  C) until
chemical analysis. For chemical analysis, the samples were ﬁltered
using a regenerated cellulose syringe ﬁlter (0.22 mm pores). One
milliliter of the ﬁltered sample was spiked with 10 ng of internal
standards of CBZ (D10) per aliquot of sample. The analysis was
carried out using liquid chromatography tandem-mass spectrometry (LC-MS/MS) with an LC system from Thermo Fisher Scientiﬁc
and a triple-stage quadrupole MS/MS TSQ Quantiva (Thermo Fisher
Scientiﬁc). An Acquity UPLC BEH-C18 column (100 mm x 2.1 i. d.,
1.7 mm particle size from Waters Corporation) was used as an
analytical column. Detailed information about instrumental analysis, sample preparation, and quality control is speciﬁed in our
previous study (Pohl et al., 2020).
2.3. Bench-scale ozonation reactor set-up
The ozonation of CBZ in water solution was performed as
speciﬁed in our previous study (Pohl et al., 2019). In brief, a CBZ
stock solution (25 mg L1 nominal concentration) was prepared in
250 mL aerated carbon-ﬁltered tap water (pH: 8.41 ± 0.04, conductivity: 443 ± 18 mS cm1, alkalinity: 8  dH, dissolved O2:
97 ± 2%) and ozonated over 10 min (0.2 mg L1 peak dissolved O3)
in room temperature (22  C). Ozonation did not signiﬁcantly affect
the physiochemical properties. The dissolved O3 concentration was
measured by an LCK310 Ozone cuvette test (0.05e2 mg L1 measurement range) in a DR 3900 spectrophotometer (Hach).
2.4. Zebraﬁsh embryotoxicity tests and sampling
Zebraﬁsh eggs were obtained from breeding groups of 10e15
laboratory-bred adult zebraﬁsh. The eggs pooled and checked for
fertilization success. Eggs from the spawning group displaying the
highest fertilization success (>90%) were selected for exposure. The
chorion was not removed from the embryos. Exposure to test solutions was initiated at approximately 3 h post-fertilization (hpf).
All zebraﬁsh embryo exposures were done at 26  C and with a
12:12 h light/darkness photoperiod. Two parallel exposures using a
single batch of fertilized zebraﬁsh eggs were done to collect ample
amounts of biological material for mRNA extraction (n ¼ 8 per
treatment, 40 embryos per pool) while maintaining sufﬁcient
replication (n ¼ 24 per treatment, individual embryo exposure) for
robust statistical analysis of toxicity phenotypes (Fig. 1).
The embryo pools destined for mRNA extraction were distributed in six-well plates (Costar) along with 4.5 mL test solution.
Individually exposed embryos were transferred to 96-well plates
(Costar) along with 200 mL test solution. The plates were sealed
2
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The qPCR primers for each gene were designed using sequences
obtained from Blastn and zebraﬁsh database (http://zﬁn.org)
(Howe et al., 2013) and the CLC Genomic Workbench (CLC Bio).
Exon/exon boundaries were speciﬁed based on the annotated Danio
rerio genome in the Ensembl database (Flicek et al., 2012). Next,
primers with short amplicon sizes (<200 bp) were designed using
the Primer Express 3.0 software (Applied Biosystems). Dimerization and secondary structure formation were assessed through
OligoAnalyzer 3.1 (Integrated DNA Technology). The primer sequences are presented in Supplementary Information Table S1
(candidate reference genes), Table S2 (cardiovascular-related
target genes), and Table S3 (embryonic development target genes).
Relative gene expression data were procured using a MxPro3000 PCR machine (Stratagene) and the MxPro software (Stratagene). For the qPCR, 1 ml diluted cDNA of each sample was mixed
with 7.5 ml qPCR PowerUp SYBR Green Master mix (ThermoFischer
Scientiﬁc), 0.3 ml forward and reverse primers (10 mM), and 6.2 ml
RNA-free water. Each biological replicate was tested in two technical replicates for each gene following the sample maximization
method to achieve an optimal experimental set-up (Hellemans
et al., 2007). The qPCR program was followed by 50  C for 2 min
(1 cycle), 95  C for 2 min (1 cycle), 95  C for 15 s, and 62  C for 1 min
(40 cycles). A dissociation step (60  Ce95  C) was conducted after
the qPCR step, to verify product speciﬁcity. Primer efﬁciencies were
determined calculated through standard curves of serial dilutions
of pooled cDNA (random samples) and the following formula:
E ¼ 10 [1/slope]. All primers had efﬁciencies exceeding or equal to
99% (Tables S1-S3).
For each gene, a biological replicate with the lowest expression
level (highest Cq value) was used as calibrator value following the
formula; DCq target e DCq calibrator, to calculate DDCq values. The
relative expression quantities (RQ) were calculated by 2DDCq and
their logarithmic values (fold changes) were used for statistical
analysis (Pfafﬂ, 2001).

with Paraﬁlm M (Bemis NA, United States) in order to avoid evaporation. The embryos were exposed statically (i.e. no test solution
change) until 48 hpf (mRNA extraction pools) or 144 hpf (toxicity
phenotype screening) and subsequently euthanized by a high dose
of MS-222 (1 g L1). Following euthanization, embryo pools
exposed for mRNA extraction were rinsed in Milli-Q water, blotted
dry, and collected in 300 mL RNALater (ThermoFisher Scientiﬁc) for
storage in fridge and freezer until mRNA extraction. The individually exposed embryos were checked for heart rate (beats per minute) at 48 hpf and incidence of death and malformations at 24, 48,
and 144 hpf.
The measured CBZ concentration in the test solution was
12 mg L1. It is important to highlight that this concentration is
100e1000-fold higher than usually quantiﬁed in surface water
€ rlenius et al., 2018). This concentration was selected as it cor(Bjo
responds to the LOEC of ozonated CBZ previously observed in
zebraﬁsh embryos (Pohl et al., 2019). Ozone treatment reduced the
CBZ content by 86%, resulting in a CBZ concentration of 1.7 mg L1
in the ozonated CBZ test solution.
2.5. Gene co-expression and regulatory network analysis
2.5.1. qPCR workﬂow
The total RNA was extracted using Trizol (Ambion), according to
the manufacturer’s protocol. In brief, the embryos were removed
from RNALater and homogenized with a ﬁne syringe needle (25G
Terumo needle and BD Plastipak 1 mL syringe) in 200 ml Trizol.
Then, 40 ml of chloroform was added to each homogenized sample,
followed by incubation, centrifugation, upper phase transfer steps
with the addition of isopropyl alcohol. Samples were mixed rigorously, incubated at room temperature, and then centrifuged again
to precipitate RNA pellets followed by three times washing with
ice-cold 75% ethanol solution. The RNA pellets were solubilized in
10 ml of Nuclease-free water (Ambion) and treated with DNAse
using the Turbo DNA-free kit (Ambion), according to the manufacturer’s instructions. RNA quantity and quality were assessed
spectrophotometrically using NanoDrop (ThermoFisher Scientiﬁc).
Next, cDNA synthesis was carried out with 500 ng of RNA input
from each sample, 0.5 mL of random primers (50 ng ml1) and 0.5 ml
dNTP (10 nM), following incubation at 65  C for 5 min. A mix
containing 2 ml 5X First-Strand Buffer, 0.5 ml DTT (0.1 M), 0.5 ml
RNase OUT (40 U/ml), and 0.5 ml Superscript III RT (200 U/ml) was
prepared and added to each sample. The thermal proﬁle of the
reverse transcription was: 25  C for 5 min, 50  C for 50 min, and
70  C for 15 min.

2.5.2. Reference gene validation
Identiﬁcation of reference gene(s) with stable expression in
every speciﬁc experimental condition is an essential step for the
expression level normalization of target genes by qPCR (Ahi et al.,
2017; Ahi and Sefc, 2018; Kubista et al., 2006). To ﬁnd the most
suitable reference genes, we applied three different algorithms
commonly used for calculating the expression stabilities; BestKeeper (Pfafﬂ et al., 2004), NormFinder (Andersen et al., 2004), and
geNorm (Vandesompele et al., 2002). BestKeeper utilizes two algorithms for reference gene ranking; one relies on the standard

Fig. 1. Schematic representation of the zebraﬁsh embryo exposure regime showing the two parallel exposures.
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statistically signiﬁcant deviations between treatment groups. The
expression similarities between the genes across the treatment
groups were assessed by pairwise Pearson correlation coefﬁcients.
R software (version 3.4.0) with the R-studio user interface (version
1.0.143) was used for statistical analysis and data visualization (R
Core Team, 2019; RStudio Team, 2020).

deviation of Cq values across all the samples and the other uses
expression correlations or BestKeeper index (r) (Pfafﬂ et al., 2004).
NormFinder ﬁnds the most stable genes by calculating expression
stability values based on analysis of inter- and intra-group
expression variation in expression (Andersen et al., 2004). On the
other hand, geNorm calculates mean pairwise variations (M value)
between each gene and the other candidates in a stepwise
approach (Vandesompele et al., 2002). The ranking by each algorithm alone is not reliable unless similar results are observed across
all of the algorithms (Ahi et al., 2019a, 2019b).
In this study, we assessed the expression levels of 8 candidate
reference genes in zebraﬁsh larva across the three experimental
conditions. The expression of the candidate reference genes varied
considerably. The highest expression (lowest Cq) was measured for
actb2 and ef1a at̴17 Cq on average, while b2m displayed the lowest
expression (highest Cq) at̴30 Cq (Figure S1). According to all three
algorithms (BestKeeper, geNorm, and Normﬁnder), rplp13, tmem50,
and ube2a were consistently ranked as the most stably expressed
genes (although the ranks were interchanging between the three
genes), whereas actb2 and b2m were ranked as the least stable
candidates (Table S4). Therefore, the average expression level of
rplp13, tmem50, and ube2a was used to normalize Cq values of
target genes in each sample (DCq target ¼ Cq target e Cq reference).

3. Results and discussion
3.1. Zebraﬁsh embryotoxicity assessment
Heart rate was reduced in embryos exposed to ozonated CBZ at
48 hpf (Fig. 2A). The morphological assessment showed that the
ozonated CBZ exposure caused pericardial and/or non-inﬂated
swim bladder phenotypes (Fig. 2C). The accumulated proportion
of dead and malformed zebraﬁsh embryo-larvae in the ozonated
CBZ treatment was ~20% at 48 hpf and ~90% at 144 hpf (Fig. 2B). A
similar trend of increasing proportions of dead and malformed
embryo-larvae was also observed in the non-ozonated CBZ treatment, albeit non-signiﬁcant (Fig. 2B). The observed responses corresponded well with our previous study on ozonated CBZ
embryotoxicity (Pohl et al., 2019). The induced zebraﬁsh embryotoxicity of CBZ following ozonation has been associated with the
formation of ozonation byproducts, more speciﬁcally BQM and BQD
(Pohl et al., 2020). Dissolved ozone has previously been shown not
to produce any adverse effects in zebraﬁsh embryos at concentrations used in the present study (Pohl et al., 2019).
The zebraﬁsh embryonic heart development is initiated at the
onset of gastrulation (~6 hpf), and by 48 hpf the embryonal cardiovascular system becomes operational (Collins and Stainier,
2016). Heart development is highly conserved among vertebrates,
as more than 90% of human genes involved in heart formation and
development have homologs in zebraﬁsh (Shih et al., 2015). The
swim bladder is a vital organ for buoyancy regulation in teleost ﬁsh
species (Denton, 1961). The swim bladder develops in three phases;
budding (~48 hpf), elongation (~80 hpf), and inﬂation (~100 hpf)
(Winata et al., 2010). Larval ﬁsh displaying a lack of swim bladder
inﬂation will ultimately fail to feed, leading to mortality. A proper
cardiovascular function also carries importance for normal swim
bladder development (Winata et al., 2009).
Interpretation of the mechanisms behind toxicity phenotypes
could be challenging. For instance, pericardial edema formation
may be associated with adverse effects in the kidney (Incardona
and Scholz, 2016; Kramer-Zucker et al., 2005). It is therefore
imperative to investigate the molecular mechanisms underlying
the observed phenotypes to elucidate modes of action. As such, the
present study moved on to analyze gene regulatory networks
involved in zebraﬁsh cardiovascular and embryonic development.

2.5.3. Regulatory and gene co-expression network assembly
A step-wise iterative process was employed in order to
construct gene co-expression networks and identify transcription
factors (TFs) involved in producing the observed ozonated CBZ
toxicity phenotypes in zebraﬁsh embryo-larvae.
1. Expression proﬁles of two candidate CBZ target genes subsets
related to cardiovascular (n ¼ 11) and embryonic development
(n ¼ 12) were analyzed. Candidate gene selection was based on a
transcriptomic study of zebraﬁsh embryos exposed to CBZ
(Hermsen et al., 2013).
2. A second set of co-expressed genes were selected according to a
previously described gene regulatory network deduction
approach (Ahi et al., 2015; Ahi and Sefc, 2018) using zebraﬁsh
co-expression data available at COXPRESdb (http://coxpresdb.
jp/) version 7.0 (Obayashi et al., 2019). The evaluation yielded
two subsets of co-expressed genes associated with cardiovascular (n ¼ 12) and embryonic (n ¼ 14) development which were
subsequently analyzed by qPCR.
3. Two gene co-expression network modules were assembled
based on the cardiovascular and embryonic development subsets. Upstream regulators were then predicted based on the coexpression modules. Motif enrichment on 4 kb upstream sequences (promoter and 50 -UTR) of the co-expression module
genes was performed using MEME (Bailey et al., 2009). The
enriched motifs were compared to position weight matrices
(PWMs) obtained from the TRANSFAC database (Matys et al.,
2003) using STAMP (Mahony and Benos, 2007) to identify potential TF binding sites.
4. Expression of the identiﬁed TFs upstream of the cardiovascular
(n ¼ 11) and embryonic development (n ¼ 12) co-expression
modules were analyzed by qPCR.

3.2. Gene co-expression network analysis
3.2.1. CBZ target genes involved in cardiovascular development
The mRNA expression of in total 34 genes associated with cardiovascular formation and function were analyzed by qPCR (Fig. 3).
In the ﬁrst batch of 11 candidate genes, cavin4a, efemp2b, eya2,
pfkma, pgm 1, ryr3, and uqcrc1 displayed signiﬁcantly altered
expression due to exposure to ozonated and/or non-ozonated CBZ
as compared with the control treatment. Out of these genes, the
mRNA expression of cavin4a was reduced in embryos exposed to
ozonated CBZ, but not non-ozonated CBZ and the control group.
The cavin4a gene encodes cavin-4 (also known as musclerestricted coiled-coil protein, or MURC), one of the four so-called
cavins (cavin-1 through cavin-4) with important functions for the
formation and function of caveolae, which are ﬂask-shaped invaginations in the cell membrane (Hansen and Nichols, 2010). The

2.6. Statistical analysis
Analysis of variance (ANOVA) tests, followed by Tukey’s honest
signiﬁcant difference (HSD) post hoc tests were used to compare
treatment groups regarding continuous data (i.e. heart rate and
mRNA expression). Categorical data (i.e. number of dead/malformed embryos) were tested with Bonferroni adjusted Fisher’s
exact tests. P-values lower than 0.05 were considered to indicate
4
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Fig. 2. (A) Embryo heart rate (heart beats per minute, mean ± sd) at 48 hpf (different letters indicate a signiﬁcant deviation (p < 0.05, Tukey HSD test), (C) representative images of
embryo-larvae in the three treatment groups at 24, 48, and 144 hpf with arrows indicating typical malformation (PE: pericardial edema, SB: lack of swim-bladder inﬂation), (D)
proportion affected (dead and malformed) embryo-larvae at 24, 48, and 144 hpf (***: p < 0.001 in Bonferroni adjusted Fisher’s exact test).

related to impacts on the caveolae functions and gene regulatory
network(s) containing the cavin4a gene.
Since we sought to determine the gene regulatory network
underlying the induced toxicity of CBZ post-ozonation, the COXPRESdb database was used to select 12 putatively cavin4a coexpressed genes for further qPCR expression analysis. Six of these
genes (actc1b, cavin4b, myl1, synpo2la, tnnc2, and tnnt3a) showed
signiﬁcant down-regulation in the ozonated CBZ treatment group
(Fig. 3). These genes encode proteins with important roles in
skeletal (actc1b (Ojehomon et al., 2018; Shih et al., 2015), myl1
re et al., 2011; Garcia de la serrana et al., 2018), and tnnc2
(Burguie
(Sogah et al., 2010)), and cardiac (synpo2la (Beqqali et al., 2010))
muscle development. Interestingly, suppression of tnnt3a by morpholino knock-out can lead to a pericardial edema phenotype in

functions of caveolae are not fully known, but they have been
proposed to have important cellular functions in cellular signaling
pathways, cell endocytosis, lipid and cholesterol regulation, and
mechanosensing (i.e. cellular response to physical manipulation)
(Bastiani and Parton, 2010). Cavin4 is highly enriched in cardiac
muscle plasma membranes (Bastiani et al., 2009; Ogata et al.,
2008). Impaired cavin expression has been associated with
adverse cardiovascular outcomes in both mice and zebraﬁsh. (Lo
et al., 2015; Naito et al., 2015). Zebraﬁsh embryos injected with
morpholinos silencing cavin1a expression gave rise to phenotypes
displaying pericardial edemas (Lo et al., 2015). A similar phenotype
was observed in embryos treated with ozonated CBZ in the present
study (Fig. 2C). The impaired cardiovascular development in ozonated CBZ exposed zebraﬁsh embryo-larvae may, therefore, be
5
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Fig. 3. Expression differences of selected candidate genes, cavin4a co-expressed genes, and TFs involved in cardiovascular formation and functions in the three treatment groups.
Means and standard deviations of fold changes in expression of eight biological replicates are shown for each of the groups. Signiﬁcant differences between treatments are indicated
by different letters (p < 0.05, Tukeys HSD test).

DNA damage, ischemia, cell differentiation, and mitogenesis.
Interestingly, dysregulation of both egr1 and egr2 is implicated in
developmental and functional failures in the mammalian cardiovascular system such as cardiac hypertrophy and myocardial
ﬁbrosis (Buitrago et al., 2005; Hsu et al., 2013; Shen et al., 2019).
However, the functions and developmental roles of egr1 and egr2 in
zebraﬁsh cardiovascular development are currently unknown.
Kruppel like factor-4 gene or klf4 also encodes a TF belonging to the
zinc ﬁnger Kruppel family of TFs. Klf4 is highly expressed in both
myeloid cells and heart cells during zebraﬁsh development, and its
expression suppression in zebraﬁsh embryos causes impairment in
erythropoiesis and pericardial edema (Gardiner et al., 2007). In
mammals, Klf4 has a critical role in the normal function of cardiomyocytes and the progress of pathological cardiac development

zebraﬁsh embryos, while not affecting heart rate (Ferrante et al.,
2011).
Potential upstream regulators of the cavin4a co-expressed
network were identiﬁed by searching TF binding sites in the upstream regulatory sequences. More than four motif sequences
present in the regulatory sequences of all seven genes (Table S5).
After parsing the motif sequences against known vertebrate TF
binding sites, we found eleven sites matching the motifs (Table S5).
Four of the 11 identiﬁed TFs, i.e. egr1, egr2, klf4, and ubp1, were
down-regulated in embryos exposed to ozonated CBZ (Fig. 3). Two
of these, egr1 and egr2, encode members of the early growth
response (EGR) family of C2H2-type zinc-ﬁnger proteins. These
regulate a wide range of downstream genes that are involved in
various biological processes such as the response to growth factors,
6
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biogenesis and maintenance (Aydin et al., 2012). Tnn, Tenascin N or
W, encodes an extracellular matrix protein that acts as a ligand and
is involved in the neurite outgrowth and cell migration in hippocampus (Neidhardt et al., 2003). In mice, Tnn is reported to be
involved in the development of kidney, bone, and smooth muscle as
well, but its function in zebraﬁsh development is still unclear
(Scherberich et al., 2004). The product of the zgc:91968 gene has
unknown functions in vertebrates but is shown to be highly
expressed in neural crest cells and melanophores during zebraﬁsh
development suggesting its potential role in neural crest cellsderived tissues (Farnsworth et al., 2020; Heffer et al., 2017).
Next, putative upstream regulators of the co-expressed network
were identiﬁed. We found seven motif sequences present in the
regulatory sequences of at least six out of the nine downstream
genes displaying reduced expression in embryos exposed to ozonated CBZ (Table S6). After parsing the motif sequences against the
known vertebrate TF binding sites, we identiﬁed altogether 12 TF
binding sites matching the motifs (Table S6).
Next, we investigated the mRNA expression of the 12 predicted
TFs and found that two, tfe3b, and tfec showed stronger expression
reduction in embryos treated with ozonated CBZ (Fig. 4). Both tfe3b
and tfec have the same binding site on the regulatory sequences of
their target genes (i.e. the TFE binding site), and in addition to them,
three other TFs including tfe3a, tfeb, and mitf also bind to the same
site (Rehli et al., 1999). All these genes are members of the
microphthalmia-TFE (MiT) subfamily of basic helix-loop-helix
leucine zipper (bHLH-ZIP) TFs implicated in the regulation of
tissue-speciﬁc gene expression in several cell lineages. The functional domains in these TFs as well as their binding site sequence
appears to be highly conserved across evolutionary distant animals
(Rehli et al., 1999). In zebraﬁsh embryos, the expression of tfe3b has
been observed in a range of tissues including lens placode, the mid/
hindbrain boundary, optic epithelium, pharyngeal arches, and the
pectoral ﬁns (Lister et al., 2011). Further, tfec expression at the early
stages of development has been identiﬁed in cranial neural crest
cells and retinal pigment epithelium, and is later at the larval stage
mainly seen in the dorsal part of the head, eye, and swim bladder
(Lister et al., 2011). Interestingly, swim bladder inﬂation is arrested
in zebraﬁsh embryos mutants with silenced tfec expression
(Mahony et al., 2016; Petratou et al., 2019). The suppression of tfec
observed in zebraﬁsh embryo-larvae exposed to ozonated CBZ
could therefore be associated with the observed lack of swim
bladder inﬂation in the present study.

as well as a signiﬁcant decrease in cardiac output with increased
lethality (Yoshida et al., 2010).
Upstream binding protein 1 gene, ubp1, is a TF with unknown
function in zebraﬁsh. However, in mice upb1 is a major downstream target of microRNAs mediating oxidative stress during
embryonic heart development (Dong et al., 2016). It should be
noted that ubp1 orthologues in mice and humans are highly
expressed in the heart and aorta and it is implicated as a major
factor determining blood pressure (Koutnikova et al., 2009).
3.2.2. CBZ target genes involved in embryonic development
A total of 38 genes related to zebraﬁsh embryo development
were analyzed by qPCR (Fig. 4). A subset of 12 candidate genes was
initially assessed for mRNA expression. Out of these genes, abca1a,
abcc2, dct, pmela, tyr, and tyrp1b displayed signiﬁcantly reduced
expression in both the CBZ and the ozonated CBZ treatments
(Fig. 4). The genes aox3 and gch2 were down-regulated in the CBZ
treatment group only. The expression of dct, pmelb, and tyr was
signiﬁcantly lower in the ozonated CBZ treatment group as
compared to both CBZ and control (Fig. 4). This indicates that
ozonation exacerbates the repressive effects of CBZ on speciﬁc
genes involved in embryonic development.
The ﬁrst gene, dct, dopachrome tautomerase or tyrosinaserelated protein-2, catalyzes the conversion of L-dopachrome into
5,6-dihydroxyindole-2-carboxylic acid (DHICA) and involved in
regulating eumelanin and phaeomelanin levels. In zebraﬁsh, dct is
developmentally expressed in the neural crest and has functions
related to pigmentation (Kelsh et al., 2000; Potterf et al., 2001). The
second gene, pmelb, premelanosome protein, encodes a
melanocyte-speciﬁc transmembrane glycoprotein which is
enriched in melanosomes (the melanin-producing organelles) and
plays an essential role in the structural organization of premelanosomes. In zebraﬁsh, pmelb is required for morphogenesis of
photoreceptor cells and retinal pigmented epithelium, as well as
the melanosome assembly process (Burgoyne et al., 2015). In
cichlid ﬁsh, differential expression of pmelb has been associated
with variations in skin pigmentation patterns (Ahi et al., 2020; Ahi
and Sefc, 2017a, 2017b). The third gene, tyr or tyrosinase, encodes
an enzyme with both tyrosine hydroxylase and dopa oxidase catalytic activities required for conversion of tyrosine to melanin. In
zebraﬁsh, tyr expression is essential for the formation of retinal
pigmented epithelium, melanin biosynthesis, maturation of eye
photoreceptor cell membrane, determination of eye size, normal
visual behavior, and melanophores and iridophores stripe
patterning (Haffter et al., 1996; Jao et al., 2013; Park et al., 2016).
These observations indicate that ozonation of CBZ may lead to
transcriptional repression of developmental genes with roles in
neural crest cell lineages differentiation including neural, retinal
cells, and pigment cells, whereas CBZ exposure alone did not cause
the transcriptional effects.
The COXPRESdb database was again used to discover a subset of
dct, pmelb, and tyr co-expressed genes. The method yielded 14
putatively co-expressed genes. Of these, six genes (cax1, mlana,
slc24a5, syngr1a, tnn, and zgc:91968) showed a similar pattern of
signiﬁcant down-regulation in the ozonated CBZ treatment group
compared to non-ozonated CBZ and controls (Fig. 4). Three genes,
slc2a11b, slc2a15b, and mitfa, were down-regulated in both the
ozonated and non-ozonated CBZ treatment group (Fig. 4). The gene
tyrp1a was upregulated in both treatments compared to controls
(Fig. 4). The Cax1, Slc24a5, and Syngr1a genes are primarily involved
in zebraﬁsh neuronal crest development, eye morphogenesis, and
pigmentation (Lamason et al., 2005; Manohar et al., 2010; Thisse
and Thisse, 2004; Yousaf et al., 2020). The role of mlana in zebraﬁsh has not been investigated previously. In mice, mlana plays
important role in pigmentation and is required for melanosome

3.2.3. Gene regulatory networks and putative AOP assembly
Pearson’s correlation analyses revealed signiﬁcant positive
expression correlations between the cardiovascular (Fig. 5A) and
embryonic (Fig. 5B) development genes and their respective TFs.
These ﬁndings suggest the potential inductive transcriptional regulatory role of the TFs on the downstream co-expressed gene
networks, by which their reduced expression after exposure to
ozonated CBZ leads to down-regulation of their respective downstream gene network. A putative AOP illustrating the potential key
molecular mechanisms underlying ozonated CBZ toxicity phenotypes was populated by the information gathered within the
respective GRNs (Fig. 5C).
The observed toxicity phenotypes may lead to reduced embryolarval survival and subsequent population effects. Arrested swim
bladder inﬂation, while being a sub-lethal effect, causes reduced
swimming performance which can affect feeding and other natural
behaviors adversely (Villeneuve et al., 2014). Further, abnormal
cardiovascular function during embryo-larval development could
lead to reduced viability at later life stages (Incardona and Scholz,
2017). It is important to point out that the two observed toxicity
phenotypes may have additional mechanistic explanations. For
7
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Fig. 4. Expression differences of selected candidate genes; dct, pmelb, and tyr co-expressed genes; and TFs involved in zebraﬁsh embryonal development the three treatment
groups. Means and standard deviations of fold changes in expression of eight biological replicates are shown for each of the groups. Signiﬁcant differences between treatments are
indicated by different letters (p < 0.05, Tukeys HSD test).

co-expression network modules, and their associated upstream
TFs, were identiﬁed. The ﬁrst co-expression network module was
populated by genes mainly involved in heart formation and functions, i.e. cavin4a, cavin4b, actc1b, myl1, synpo2la, tnnc2, and tnnt3a.
These genes were down-regulated in embryo-larvae exposed to
ozonated CBZ due to suppressed expression of the TFs tfe3b and
tfec. The second co-expression network module consisted of genes
(dct, tyr, pmelb, cax1, mlana, slc24a5, syngr1a, tnn, and zgc:91968)
with important functions for pigmentation, neural crest, and swim
bladder inﬂation. The expression of the upstream TFs egr1, egr2,
klf4, and ubp1 was suppressed leading to down-regulation of the
gene co-expression network module. All toxicity and mechanistic

instance, the co-expression network associated with TFs tf3b and
tfec (Fig. 5B) may also contribute to the cardiotoxicity phenotype
since e.g. neural crest cells carry importance for zebraﬁsh heart
development (Cavanaugh et al., 2015).
4. Conclusions
The formation of toxic OBPs is problematic in the context of
sewage efﬂuent ozonation. The present work investigated mechanisms of ozone-induced CBZ toxicity (cardiovascular toxicity and/or
lack of swim bladder inﬂation) in zebraﬁsh embryo-larvae using a
gene co-expression and regulatory network approach. Two gene
8
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Fig. 5. Pairwise expression correlations between the members of the cardiovascular (A) and embryonic (B) developmental co-expression networks and their upstream regulators in
zebraﬁsh larvae. The plus signs indicate positive Pearson correlation coefﬁcients, and 1 to 3 signs represent signiﬁcant levels of p < 0.05, p < 0.01 and p < 0.001. (C) A schematic AOP
illustration of the investigated mechanisms underlying ozonated CBZ toxicity phenotypes.
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