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A B S T R A C T

Chemical pollution in coastal waters, particularly from agricultural runoff organophosphates, poses a significant 
threat to marine ecosystems, including coral reefs. Pollutants such as chlorpyrifos (CPF) are widely used in 
agriculture and have adverse effects on marine life and humans. In this paper, we investigate the impact of CPF 
on the metamorphosis of a coral reef fish model, the clownfish Amphiprion ocellaris, focusing on the disruption of 
thyroid hormone (TH) signalling pathways. Our findings reveal that by reducing TH levels, CPF exposure impairs 
the formation of characteristic white bands in clownfish larvae, indicative of metamorphosis progression. 
Interestingly, TH treatment can rescue these effects, establishing a direct causal link between CPF effect and TH 
disruption. The body shape changes occurring during metamorphosis are also impacted by CPF exposure, shape 
changes are less advanced in CPF-treated larvae than in control conditions. Moreover, transcriptomic analysis 
elucidates CPF’s effects on all components of the TH signalling pathway. Additionally, CPF induces systemic 
effects on cholesterol and vitamin D metabolism, DNA repair, and immunity, highlighting its broader TH- 
independent impacts. Pollutants are often overlooked in marine ecosystems, particularly in coral reefs. Devel
oping and enhancing coral reef fish models, such as Amphiprion ocellaris (Cuvier, 1830), offers a more compre
hensive understanding of how chemical pollution affects these ecosystems. This approach provides new insights 
into the complex mechanisms underlying CPF toxicity during fish metamorphosis, shedding light on the broader 
impact of environmental pollutants on marine organisms.

1. Introduction

Chemical pollution in coastal waters, stemming from residential, 
industrial, and agricultural sewage, is a global concern (Tornero and 
Hanke, 2016; Polidoro et al., 2017; Triassi et al., 2019). Agricultural 
runoff has been pinpointed as a significant source of pollutants — 
including of a wide range of pesticides (fungicides, herbicides, in
secticides, and antifoulants) — within marine ecosystems (Haynes and 
Johnson, 2000; Carvalho et al., 2002; Shaw et al., 2010; Bartley et al., 

2017; Islam and Tanaka, 2004; Ponce-Vélez and de la Lanza-Espino, 
2019; Sabdono et al., 2019), including reefs throughout the globe 
(Bocquené and Franco, 2005; Kitada et al., 2008; Sheikh et al., 2009; 
Roche et al., 2011; King et al., 2013; Ponce-Vélez and de la 
Lanza-Espino, 2019). One of the most extensively used families of in
secticides worldwide is the organophosphate family. Despite their effi
cacy in pest management, organophosphates have also been found to 
have adverse off-target effects as endocrine disrupting compounds and 
to lead to mortality, neurotoxicity, and physiological imbalance in both 
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humans and wildlife (Abreu-Villaça and Levin, 2017; Wong et al., 2018; 
Ubaid Ur Rahman et al., 2021).

Among these endocrine disrupting organophosphates is chlorpyrifos 
(CPF), an insecticide widely used in agriculture for the past five decades 
(Juberg et al., 2013a; Kumar et al., 2016; Trasande, 2017). Annually, 
around 2 million tonnes of CPF are used worldwide (Bosu et al., 2024). 
The proportion of pesticides that persist in the environment has been 
estimated at 90–99 % due to low degradability, eventually leaching into 
soil and freshwater before reaching coastal waters over extended periods 
(Govarthanan et al., 2020). Studies on CPF contamination in water 
report a “pulsatile” pattern, with acute episodes in rivers and coastal 
waters followed by rapid dissipation due to sediment transfer and 
degradation. These pulses reflect seasonal variations in coastal agricul
tural CPF applications (Leong et al., 2007). Flash sediment floods, often 
linked to monsoons, are major drivers of CPF contamination in marine 
environments. Consequently, CPF’s ecotoxicological impact on fish is 
most relevant during these acute events, yet data on CPF concentrations 
during such peaks remain scarce. While typical water column mea
surements report low CPF levels (pg/l to μg/l), they may underestimate 
actual exposure (Kapernick et al., 2006; Shaw et al., 2010). Rare reports 
on CPF spills suggest fish could encounter concentrations of 30 μg/L or 
higher in such cases (Cowgill et al., 1991). Within coral reef ecosystems, 
comprehensive analyses of pesticides in sediments, water, and biota 
have revealed the presence of CPF across all compartments, with notably 
higher occurrences in sediments (Botté et al., 2012; Carvalho et al., 
2002; Ponce-Vélez and de la Lanza-Espino, 2019). Occurrences of 
endocrine disrupting compounds such as CPF in coastal waters could 
particularly affect coral reef fish whose life cycle includes an oceanic 
dispersal phase followed by a settled reef phase, during which larvae or 
young juveniles return to the reef ecosystem (Leis and Fisher, 2006; Leis 
et al., 2011). The arrival in the coastal ecosystem is a crucial period 
involving numerous changes under the control of hormonal processes, 
known as metamorphosis (Laudet, 2011; McMenamin and Parichy, 
2013; Holzer et al., 2017; Besson et al., 2020, Roux et al., 2022).

Metamorphosis in coral reef fishes is a prolonged developmental 
milestone involving numerous hormonal and physiological changes that 
can begin during the pelagic larval phase and, in some species, continue 
several weeks after settlement onto the reef(Bishop et al., 2006; Xu et al., 
2016; Salis et al., 2018; Campinho, 2019; Nguyen et al., 2022; Roux 
et al., 2022). Thyroid hormones (TH) are the main hormones triggering 
metamorphosis in vertebrates, including in coral reef fish (Laudet, 2011; 
McMenamin and Parichy, 2013; Holzer et al., 2017). For example, 
during zebrafish metamorphosis, TH promote and regulate skin 
morphogenesis, adult pigment pattern, visual system, nervous system, 
skeleton development, and shape craniofacial bones during zebrafish 
metamorphosis (Baumann et al., 2016; Guillot et al., 2016; Xu et al., 
2016; Galindo et al., 2019; Saunders et al., 2019; Aman et al., 2021; 
Farías-Serratos et al., 2021; Keer et al., 2022). In flatfish, TH control the 
symmetrical-to-asymmetrical transformation of larvae, including eye 
migration from one side to the other, and the change from a pelagic to a 
bottom swimmer (Bao et al., 2011; Xu et al., 2016; Shaw et al., 2010). 
Additionally, functional experiments using compounds impairing TH 
signalling (called goitrogens) result in limiting cell proliferation, 
delaying lateral flattening, and decreasing body height during flatfish 
metamorphosis, demonstrating that TH are necessary for body shape 
changes (Xu et al., 2016). TH have also been demonstrated to be 
involved in coral reef fish metamorphosis, such as that of the convict 
surgeonfish (Acanthurus triostegus; Holzer et al., 2017) and of the false 
clownfish (Amphiprion ocellaris; Roux et al., 2023), which they trigger 
and coordinate at multiple levels.

CPF is mostly known to cause nervous damage in insects through its 
action as an inhibitor of its main target acetylcholinesterase. Crucially 
however, it has also been shown to impair the TH signalling pathway in 
vertebrates (Wołejko et al., 2022; Fortenberry et al., 2012) such as mice 
(Otênio et al., 2022), zebrafish (Qiao et al., 2021) and convict sur
geonfish (Holzer et al., 2017; Besson et al., 2020). To date, the 

mechanisms of action of CPF on TH signalling is far from being under
stood, especially given that CPF also affects other hormonal and meta
bolic pathways (reviewed in Ubaid Ur Rahman et al., 2021). A better 
understanding of the broad impact of CPF on metamorphosing fish 
would therefore be needed. In this study, we aim to explore the impact of 
CPF on metabolic pathways, fish development, and its role as an endo
crine disruptor, highlighting its intersection with environmental pollu
tion and life history transitions. To test the effects of CPF, we used the 
anemonefish Amphiprion ocellaris, a model organism with 
well-characterised metamorphic processes (Roux et al., 2019, Roux 
et al., 2023; Laudet and Ravasi, 2022). To characterize and compare TH 
disruption induced by CPF exposure, we use two positive controls of 
TH-axis action, T3 as an activator and goitrogen mix as a repressor, 
against which we compare the unknown effects of CPF.

CPF levels in coastal and reef ecosystems range from <3.6 to 83 ng/L 
(Carvalho et al., 2002) to up to 0.5 μg/L, occasionally exceeding 10 
μg/L, in Australian surface waters (NRA, 2000). Effects on fish larvae 
have been observed at 0.5–1 μg/L (Jarvinen and Tanner, 1982; Besson 
et al., 2017; Botté et al., 2012; Besson et al., 2020; Bertucci et al., 2018). 
We expose clownfish larvae to the higher end of this range, with nominal 
concentrations of 10–30 μg/L and transcriptional responses measured at 
20 μg/L. We show that CPF effectively impairs metamorphosis pro
gression, exemplified in clownfish by white band formation, and does 
this by decreasing TH hormone levels. We also show that this effect of 
CPF can be rescued by TH treatment, showing that this effect on meta
morphosis progression is effectively linked to the decrease in TH levels. 
To gain a better insight on the complexity of CPF effect and its rela
tionship with TH, we further perform transcriptomic analysis after 
treatment of whole clownfish larvae and show that CPF alters the TH 
signalling pathway. Interestingly, we also uncover systemic 
CPF-specific, TH-independent effects on cholesterol and vitamin D 
metabolism, as well as signatures of genotoxicity and inflammation, 
suggesting that CPF simultaneously hits several unrelated targets.

2. Materials and methods

2.1. Animal rearing methods

2.1.1. Licences/ethics approval
A.ocellaris reproductive couples and larvae were reared under licence 

number 21-12-1769 issued from Academia Sinica’s Institutional Animal 
Care and Use Committee to the Marine Eco-Evo-Devo Unit at the LinHai 
Marine Research Station; or from approval number A6601601 issued 
from the C2EA-36 Ethics Committee for Animal Experiment Languedoc- 
Roussillon (CEEA-LR). All experiments were performed within the pro
visions of the same licences.

2.1.2. Experimental animals
Experiments were performed on larvae from A.ocellaris raised in 

rearing structures located in Banyuls sur mer (France) and at the LinHai 
Marine Research Station (Taiwan), maintained as previously detailed in 
Roux et al. (2021), and as in Roux et al., 2023, with minimal develop
mental differences observed between the two locations. To minimize 
these differences, treatments were initiated before metamorphosis, at 5 
dph at the Observatoire Océanologique of Banyuls-sur-Mer and 8 dph at 
the LinHai Marine Research Station. A more detailed description is 
provided in supplementary Materials and methods (1.1 and 1.2).

2.2. Pharmacological treatments, experimental design and sample 
collection

2.2.1. Chemicals
Larvae were treated with one of the following: 0.1 % v/v DMSO 

(Merck/Sigma-Aldrich, CAT#D5879), MPI (10− 5 M Methimazole, 
Merck/Supelco CAT#M8506; 10− 6 M Potassium perchlorate KClO4, 
Merck/Sigma-Aldrich CAT#460494; 10− 7 M Iopanoic Acid, Merck/ 
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Sigma-Aldrich CAT#14131; in DMSO), T3+IOP (10− 7 M 3,3′,5-Triiodo- 
L-thyronine, Merck/Sigma-Aldrich CAT#T2877; 10− 7 M Iopanoic Acid, 
Merck/Sigma-Aldrich CAT#14131; in DMSO), 10–30 μg/L CPF (Merck/ 
Sigma-Aldrich CAT#45395; in DMSO), or the combination treatment 
CPF + T3+IOP. All final concentrations reported above were obtained 
by dilution of 1000X stocks (i.e. applying stocks at 0.1 % v/v). Note that 
to simplify the presentation of the results we refer to the “T3+IOP” and 
“CPF + T3+IOP” treatments as “T3” and “CPF + T3”, respectively, 
throughout the main text of the paper (i.e. they both contain 10− 7 M 
IOP, to suppress background endogenous T3 metabolism). MPI is a mix 
of goitrogens long used in endocrinology to block TH synthesis. The 
actions of both MPI and T3 have been extensively characterized in 
clownfish larvae, with their effects on metamorphosis and TH signaling 
documented in previous work (Roux et al., 2023).

2.2.2. Experimental design
To investigate the effects of CPF on clownfish metamorphosis and 

compare it to the artificial reduction of TH signaling, we conducted four 
different experiments. All experiments were performed with Dimethyl 
sulfoxide (DMSO; 0.1 % V/V) as group control. In the first experiment 
(Experiment 1), three batches of larvae were exposed to following 
concentrations of CPF: 10, 20, or 30 μg/L, for 3 and 5 days. These larvae 
were used to study the effect of CPF on white band formation and TH 
levels. In our conditions, these 5 days post-treatment (dpt) correspond to 
the time window of formation of the first 2 white bands in the control 
condition. In the second experiment (Experiment 2), we tested whether 
T3 treatment could rescue the CPF-induced phenotype by co-exposing 
pre-metamorphic larvae to CPF alone (20 μg/L), T3 alone (10− 7 mol/ 
L), or a combination of CPF and T3 (20 μg/L and 10− 7 mol/L, respec
tively) for 5 days. To investigate the effects of modulating (increasing or 
decreasing) TH signaling on shape changes during metamorphosis, we 
conducted a third experiment (Experiment 3). Additional T3, which 
boosts TH signaling, was used as a positive control. All these chemical 
compounds were then compared with the CPF condition to test our 
hypothesis that this pesticide acts as an endocrine disruptor of TH 
signaling and impacts the body shape changes occurring during meta
morphosis. Three batches of larvae were exposed to control conditions 
(DMSO was used as a control as it is the solvent of T3, CPF, and MPI 
chemicals used for treatment), CPF (20 μg/L), MPI (10− 7 mol/L), and T3 
alone (10− 7 mol/L) for up to 19 days. Fish were sampled at 0, 5, 7, 12, 
and 19dpt to investigate body shape changes and obtain a complete 
developmental frame. Finally, a fourth experiment focused on tran
scriptomic changes in metamorphosing larvae exposed to CPF or phar
macological treatments affecting TH signaling. Larvae were exposed to 
CPF (20 μg/L), MPI (10− 7 mol/L), or a combination of CPF and T3 (20 
μg/L and 10− 7 mol/L, respectively) for 5 days2.2.3 Sample collection.

On the day of collection, all surviving larvae were collected, imme
diately euthanised in a petri-dish filled with overdosed tricaine meth
anesulfonate (MS-222, ethyl 3-aminobenzoate methanesulfonate salt; 
Merck/Supelco CAT#A5040, 200 mg/L), and quickly imaged (see 2.4. 
Imaging of treated larvae). Each larva was then transferred to a dedi
cated sterile 2 mL microcentrifuge tube filled with 750 mL ice-cold 
Trizol (TRI Reagent; Merck/Sigma-Aldrich CAT#T9424) containing 
three autoclaved stainless steel beads (EBL Biotechnology 
CAT#SB2006). Samples were disrupted and homogenised by mechani
cal agitation in a vibrating bead mill (TissueLyser II, Qiagen 
CAT#85300, RRID:SCR_018623; 3 min, 30Hz, room temperature). 
Homogenised sample lysates were stored at − 20 ◦C for TH quantifica
tion or at − 80 ◦C overnight for RNA extraction. RNA extraction was 
resumed the following day for 10 selected samples per condition (i.e. 50 
samples total: maximum sample number to maintain sufficient per- 
sample data output (≥25 million reads/sample) from a single Illumina 
P3 flow cell). The 10 larvae actually selected for sequencing were chosen 
based on homogeneity of end of treatment phenotype. Specifically, for 
treatments with homogeneous outcomes (DMSO, T3), larvae were 
selected randomly, while for treatments with heterogeneous outcomes 

(MPI, CPF, CPF + T3), the most extreme phenotypes were discarded. 
Specifically, MPI-treated larvae with the most noticeable head-bar were 
discarded (inferred to be least responsive to MPI). In the CPF treatment, 
the two larvae looking most- and least-affected were discarded, and all 
other larvae were sequenced. In the CPF + T3 treatment, larvae looking 
the least advanced in their metamorphosis were discarded (based on 
trunk bar development).

2.3. Quantification of TH levels

TH were extracted from pools of 5 larvae. Following the protocol 
developed by Holzer et al. (2017), larvae were weighed, crushed in 500 
μl of Methanol with a high-speed benchtop homogeniser (FastPrep 24, 
MP Biochemicals; RRID:SCR_018599), and centrifuged at 4 ◦C for 10 
min. Centrifugation was repeated twice, and supernatants from each 
step were collected and pooled. Then, the pellets were resuspended in a 
mix of methanol (300 μl), chloroform (100 μl) and barbital buffer (150 
μl), crushed, and centrifuged at 4 ◦C. Supernatants were collected and 
preserved with the previous supernatants. Pooled supernatants were 
then dried at 65 ◦C. Hormones were re-extracted twice from the dried 
extracts with a mix of methanol, chloroform and barbital buffer, 
centrifuged. Supernatants were pooled and dried at 65 ◦C. Final extracts 
were re-suspended in 250 μl of Phosphate Buffer Saline (PBS) and kept at 
− 20 ◦C until quantification. TH concentrations were measured by a 
medical laboratory of Perpignan (Médipole) using an ELISA kit (Access 
Free T3, Access Free T4, Beckman Coulter). TH quantification experi
ments were replicated three times, from three different clutches.

2.4. Imaging of treated larvae

Larvae were imaged in a transparent Petri dish of overdosed MS-222, 
just before further processing for RNA extraction (see 2.6.1. RNA 
extraction and sequencing). Pictures were taken on a SC180 digital 
camera mounted to a SZ61 Zoom Stereomicroscope (RRID:SCR_018950) 
with a Plan achromatic 0.5x auxiliary objective (110ALK-0.5X-2, 
CAT#N2165500), transmitted LED illumination, and an external LG- 
LSLED light source (all Olympus/Evident), using Olympus cellSens 
Software (RRID:SCR_014551). Scale bars (1 mm) were added to all 
pictures using Fiji/ImageJ (Schindelin et al., 2012; RRID:SCR_002285) 
Analyze > Tools > Scale Bar. Montages, for each condition, were made 
using Fiji/ImageJ function Image > Stacks > Stack to Images, on a 
cropped portion of the image containing the fish.

2.5. Morpho-phenotypic markers of metamorphosis

2.5.1. White band formation
White band formation is one of the most salient features of clownfish 

metamorphosis and has been shown to be regulated by TH (Salis et al., 
2018). The adult color pattern of A. ocellaris is characterized by three 
white bands on an orange body background (Salis et al., 2018, 2019). 
Using the developmental timing of the white bands formation, specif
ically at 10 dph under control conditions (DMSO and at the Observatoire 
Océanologique of Banyuls-sur-Mer), when the fish typically exhibit 
nearly one full white band, we compared the number of white bands 
across different experimental conditions with increasing concentrations 
of CPF (10, 20, or 30 μg/L), T3 (10− 7 M), or MPI (10− 7 M).

2.5.2. Allometric relation and body shape analyses
To assess the impact of treatments related to TH on body 

morphology, we studied allometric relations and body shape changes. 
To do so, the standard length (SL, distance from the anteriormost point 
of the snout or upper lip to the base of the caudal fin, posterior limit of 
the hypural plate; mm) of each fish was measured using Fiji/ImageJ 
from fish photographs. Variation in body shape during metamorphosis 
was investigated by using landmark-based geometric morphometric 
methods (Rohlf and Marcus, 1993). To study allometric body variation, 
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the x and y coordinates of 13 homologous landmarks and 10 
semi-landmarks (Fig. S2) were digitised using the software TpsDIG2 
v2.31 (© 2017, Rohlf). Semi-landmarks were used to capture the shape 
curvature changes of the head. No specific anatomical points could be 
consistently identified on each individual due to the curvature. For this 
reason, semi-landmarks were placed between two true anatomical 
landmarks to standardize the method and resample at equal distances. 
Finally, using TPSUtil v2.31 (© 2017, Rohlf), the semi-landmarks were 
converted into true landmarks with the same height as true landmarks in 
the analysis. Generalised Procrustes Analysis (GPA) was conducted to 
align specimens (gpagen function from the R-package geomorph 
(version 4.0.6); Adams and Otárola-Castillo, 2013; Baken et al., 2021), 
resulting in a shape dataset. Differences in the pattern of shape variation 
among treatments were examined through various comparative ana
lyses. Initially, principal component analysis (PCA) was performed on 
shape variables to explore and visually compare the trajectory of body 
shape variation among and within treatments along the first two prin
cipal component axes. Deformation grids generated by tpsRelw32 V1.70 
(© 2017, Rohlf) were used to illustrate and describe shape changes 
associated with PC axes. Furthermore, we assessed the variation in the 
pattern of shape transformation among treatments by fitting linear 
models with all shape variables using geomorph’s procD.lm function, 
followed by an analysis of variance (ANOVA) conducted with geo
morph’s LM.RRPP function (Collyer and Adams, 2018). Subsequently, 
ontogenetic trajectories defined by days post treatment (0dpt, 5dpt, 
7dpt, 12dpt, and 19dpt) in morphospace were compared by using the 
function trajectory.analysis from geomorph. Pairwise comparisons were 
then used to assess differences in the amount of body shape changes (i.e. 
the length of the ontogenetic trajectory in morphospace) among 
treatments.

2.6. Analysis after RNA extraction and sequencing

2.6.1. RNA extraction and sequencing
RNA was extracted and sequenced from whole A. ocellaris larvae. The 

methods are comprehensively described in the Supplementary Materials 
and Methods (Section 2), including RNA extraction (Section 2.1), library 
preparation and sequencing (Section 2.3), and the analysis of bulk RNA- 
seq data (Section 2.4).

2.6.2. Analysis
Trimmed reads were quantified at the transcript-level using the 

pseudo-aligner salmon v1.10.1 (RRID:SCR_017036; Patro et al., 2017) 
against the clownfish Amphiprion ocellaris reference transcriptome, using 
the genome as a decoy (decoy-aware pseudo-alignment; assembly 
ASM2253959v1; Ryu et al., 2022), as per documentation, and using 
flags –validateMappings –seqBias –gcBias. The average mapping rate 
was 85.12 % of total reads.

Salmon output transcript-based quantification files (quant.sf) were 
imported in RStudio (RRID:SCR_000432; Posit team, 2023) and sum
marised at the gene level using the tximport function from the tximport 
package (RRID:SCR_016752; Soneson et al., 2015), referencing the gene 
models of the Amphiprion ocellaris reference genome assembly 
ASM2253959v1. The counts matrix was obtained by re-calculating 
counts through the flag countsFromAbundance = "lengthScaledTPM". 
Gene metadata (names, descriptions) were loaded from a 
custom-curated reference file based on the integration of Ensembl (still 
based on assembly AmpOce1.0) and NCBI annotations. This metadata 
reference is available at the code repository associated with this publi
cation. Counts were processed as a DGEobject (edgeR package, RRID:
SCR_012802; Robinson et al., 2010; McCarthy et al., 2012; Chen et al., 
2016; Chen et al., 2024) and differences in library size were taken into 
account by obtaining counts per million (CPM) values (edgeR’s function 
cpm) to allow a comparable threshold to filter out of lowly expressed 
genes. Here, we only maintained genes for which at least 10 counts 
could be detected (arbitrary) in at least 10 samples (our smallest 

experimental unit being n = 10 per treatment). This corresponded to a 
threshold of 1.226291 CPM based on the sample with lowest library size, 
resulting in a filtering out of 5351 out of 26889 genes (19.9 %).

PCA, sample correlation plots, and heatmap visualisations were 
computed on the filtered count data, taking into account library size 
differences and correcting against compositional bias through the Me
dian of ratios method internal to the DeSeq2 pipeline (DESeq2 package, 
RRID:SCR_015687; Love et al., 2014). Counts were then further variance 
stabilised (DESeq2’s varianceStabilizingTransformation function). PCA 
and correlation plots were calculated on the most variant genes of the 
dataset, with a variance threshold set based on the knee of the variance 
distribution of all genes (kneedle function from kneedle package; Tam 
etam4260.github.io/kneedle/). Here, this corresponded to a sample 
variance (s2) threshold of 0.21, leading to selecting the top 3418 (15.87 
%) genes as being “most variant”. Pearson correlation matrix: pairwise 
Spearman’s rank correlation coefficients between samples were calcu
lated using the “cor” function (base R). PCA plot: PCA was computed on 
centered, unscaled counts (prcomp function, base R) and the samples’ 
PC scores were plotted using ggplot2 (RRID:SCR_014601; Wickham, 
2016), using ggalt’s geom_encircle function (Rudis et al., 2017) to 
enclose samples from the same treatment within polygons. Heatmaps: 
all heatmaps were plotted using the function Heatmap from the Com
plexHeatmap package (Gu et al., 2016; Gu, 2022) reporting z-scores 
((counts − mean)/sample standard deviation; base R’s “scale” function 
with default parameters). Similarity: the similarity categorisation was 
computed for each differentially expressed gene — by calculating the 
average z-score value under each treatment, and calculating z-score 
differences between treatments (i.e. distances in standard deviation 
units). If the closest value was more than one standard deviation away, 
the treatment response was categorised as unique to that treatment 
(similar to neither). If the values in both other treatments were within 1 
standard deviation from the one of the treatment of interest, the treat
ment response was not adjudicated to either (similar to both). Other
wise, similarity was adjudicated to the treatment with the closest 
distance.

Differential Expression analysis was computed on the filtered count 
data, normalised using the trimmed mean of M values (TMM) method 
with reference to the sample with smallest library size to remove 
compositional bias (Robinson et al., 2010; through edgeR’s calcNorm
Factors function), and then processed through the limma-voom pipeline 
(voom function from limma package, RRID:SCR_010943; Ritchie et al., 
2015) feeding the model matrix − 1+treatment given that no dominant 
batch effect was apparent by PCA exploratory analysis (i.e. no effect 
stronger than the treatment effect). Differential Expression: Linear 
regression models were fit to the counts data, using voom’s 
mean-variance precision weights (limma’s lmFit). Pairwise treat
ment− DMSO contrast matrices were built (limma’s makeContrasts), and 
computed coefficients (limma’s contrasts.fit) were moderated by 
Empirical Bayes smoothing of standard errors (limma’s eBayes). A gene 
was categorised as differentially expressed if showing a log2FC < − 1 or 
> +1 (i.e. two folds or more), and associated with a 
Benjamini-Hochberg-corrected (adjusted) p value < 0.05 (limma’s 
topTable adjust.method = "BH"). Gene-enrichment and 
over-representation analysis: was performed based on the Ensembl 
"biological_process" Gene Ontology annotation for A. ocellaris (“aocel
laris_gene_ensembl” dataset; useMart and getBM functions from bio
maRt package, RRID:SCR_019214; Durinck et al., 2005; Durinck et al., 
2009). Given that Ensembl annotations are based on a different (earlier) 
genome assembly (AmpOce1.0), genes with no matching Ensembl ID 
could not be taken into account. Enrichment analysis was performed 
using the enricher function from the clusterProfiler package (RRID:
SCR_016884; Yu et al., 2012; Wu et al., 2021) with default parameters 
(minGSSize = 10, maxGSSize = 500, universe = all Ensembl genes) and 
qvalueCutoff = 0.05. Highlighted pathways were consistent across 
alternative enrichment and over-representation tests (see notebook). 
Each set of differentially-expressed genes was also parsed and annotated 

M. Reynaud et al.                                                                                                                                                                                                                               Molecular and Cellular Endocrinology 603 (2025) 112535 

4 

rridsoftware:SCR_017036
rridsoftware:SCR_000432
rridsoftware:SCR_016752
rridsoftware:SCR_012802
rridsoftware:SCR_015687
rridsoftware:SCR_014601
rridsoftware:SCR_010943
rridsoftware:SCR_019214
rridsoftware:SCR_016884


manually to complement GO-based approaches. Venn plots were plotted 
with the ggVennDiagram function from the ggVennDiagram package 
(Gao et al., 2021), or venneuler from the venneuler package (preserving 
relative scale). Alluvial plots: were plotted using functions from the 
ggalluvial package (Brunson, 2020). Of genes with a 
statistically-significant change in expression in both of the treatments 
compared, expression was classified as “increased” if the change in 
expression (compared to control) in the second treatment was stronger 
than the one in the first treatment (higher for genes with positive 
change, or lower for genes with negative change), “attenuated” if the 
change in expression was weaker, and “reversed” if the change in 
expression was of opposite sign across the two treatments.

3. Results

3.1. CPF impairs white band formation in clownfish in a TH-dependent 
manner (Experiment 1)

To determine CPF effects during metamorphosis in clownfish, we 

exposed larvae for 5 days (from 5dph, i.e. before metamorphosis), to 
different concentrations of CPF (10 μg/L, 20 μg/L or 30 μg/L). We 
observed that fish exposed to CPF show a delay in the appearance of 
white bands when compared to DMSO vehicle controls (Fig. 1A–D). This 
effect is dose-dependent with 100 % of the fish exhibiting one or two 
bands in controls, 60 % at 10 μg/L, 52 % at 20 μg/L, and 25 % at 30 μg/L 
of CPF (Fig. 1E). Fish in the control conditions have significantly more 
white bands than fish exposed to CPF, at all pesticide concentrations 
(Control vs CPF-10 μg/L, p-value = 0.0007559; Control vs CPF-20 μg/L, 
p-value = 0.0006033; Control vs CPF-10 μg/L, p-value = 5.29E-06; χ2 
test). These results demonstrate that CPF alters the timing formation of 
white bands during clownfish metamorphosis. We indeed observed that 
white bands eventually appear, but at much later time points (after 19 
days of treatment, Fig. S1).

As white band formation has been shown to be dependent on TH 
(Salis et al., 2021) we next evaluated whether CPF was effectively able 
to decrease TH levels during clownfish metamorphosis. Accordingly, we 
again exposed pre-metamorphosis larvae to increasing concentrations of 
CPF (10, 20 or 30 μg/L CPF) and we quantified T3 and T4 levels at 3dpt 

Fig. 1. Chlorpyrifos treatment leads to a delay in white band formation and induces TH levels disruption. (A–D) Stereomicroscope images of larvae at 5 dpt in control 
(A) or CPF at 10 μg/L (B), 20 μg/L (C), and 30 μg/L (D). White arrows indicate the presence of white bands. Scale bar = 1000 μm. (E) Percentage of larvae having 
0 (white), 1 (yellow) or 2 (orange) white bands. (nDMSO = 21, nCPF 10 μg/l = 25, nCPF 20 μg/l = 22, nCPF 30 μg/l = 19 individuals). Chi2 tests are significant 
between DMSO and CPF 10 μg/L, CPF 20 μg/L or CPF 30 μg/L (p-value <0.001). Significant differences are indicated by a star (***; p-value<0.001). (F–G) TH levels 
(F) T3, (G) T4, at 3 and 5dpt. Data are indicated as mean (coloured circles) ± SD (error bars), and grey circles indicate each data point. Significant differences are 
indicated by a star (*, p-value <0.5, Dunn tests, Holm method). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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and 5dpt. At 3dpt, T3 levels were significantly reduced in larvae exposed 
to 10 and 30 μg/L of CPF compared to the control (Fig. 1F–P-value 
<0.05), and they were reduced, albeit non significantly, after treatment 
at 20 μg/L CPF. T4 3dpt levels remained instead stable for all CPF 
concentrations (Fig. 1G–P-value >0.05). At the end of the exposure 
period (5dpt), no significant differences in T3 and T4 were observed 
between the control and CPF conditions. These results, showing a 
transient effect on T3 but not on T4, are strikingly similar to those 
observed in surgeonfish larvae (Holzer et al., 2017).

Having observed a concomitant effect of CPF on white band forma
tion and T3 levels, we next tested whether a causal relationship exists 
between the two. We therefore tested whether T3 treatment was able to 
rescue the CPF-induced phenotype. For this, we conducted co-exposure 
treatment of pre-metamorphic larvae (at 5dph) with CPF alone (20 μg/ 
L), T3 alone (10− 7 mol/L) and a mix of CPF + T3 (20 μg/L, 10− 7 mol/L, 
respectively) for 5 days. Again, the effect on white bands caused by CPF 
was significant compared to the control (Fig. 2; P-value: 0.005) and T3 
treatment accelerated white band formation as observed in Salis et al., 
2021). Interestingly, co-exposure of T3 and CPF rescued the phenotype 
induced by CPF alone: co-treated larvae are similar to the control group 
(Fig. 2; P-value: 0.855). This result clearly shows that the CPF effect on 
white band formation is causally linked to the observed decrease of T3.

3.2. CPF alters the pattern of ontogenetic shape changes in clownfish 
larvae (Experiment 3)

Although white band formation is the most noticeable phenotypic 
effect of TH in clownfish, it is not the only readout of metamorphosis. 
We therefore explored the effect of CPF exposure on the known changes 
in larval body shape that occur during clownfish metamorphosis (Roux 
et al., 2023). To this aim, we used a geometric morphometric approach 
based on 13 anatomical landmarks and 10 semi landmarks (Fig. S2) 
comparing larvae exposed to CPF (20 μg/L) to control larvae treated 
with DMSO, as well as to larvae treated with T3 (10− 7 mol/L) or with a 
cocktail of goitrogens that impair TH production (Methimazole, Potas
sium Perchlorate, Iopanoic Acid: MPI, 10− 7 mol/L), as described in Roux 
et al. (2023). Larvae were treated at 8 dph, for 19 days (0dpt to 19dpt) to 
fully capture the temporality of the developmental trajectory affected by 
CPF.

Developmental trajectories are clearly discernible in the shape space 
defined by the two first principal components (Fig. 3A). The main shape 
changes revealed by PC1 (45.3 % of total shape variation), clearly 
associated with fish development, concerned modification of relative 
body depth (Fig. 3D and E). PC2 (9.15 % of total shape variation) 
captured changes associated with head shape (Fig. 3B and C). Samples 
from Control treatment draw a clear developmental trajectory along PC1 

from 0dpt to 19dpt. Small variation along PC2 is also observed between 
5dpt and 7dpt, revealing transient head shape transformation during 
clownfish metamorphosis. Globally, during metamorphosis, clownfish 
larvae lose their elongated body shape and transform into miniature 
ovoid-shaped adults. In CPF-exposed larvae, the separation of sampling 
periods along PC1 is far less pronounced than in control. Notably, 5dpt 
individuals remain mixed with 0dpt, 7dpt, and 12dpt fish, suggesting a 
profound alteration of the pattern of shape changes. Overall, shape 
changes are less advanced in CPF-treated fish than in control. Similarly, 
fish exposed to MPI are less advanced than the control condition, and 
less regularly distributed along PC1 as a function of age. Larvae exposed 
to T3 are, in contrast, clearly distributed according to age along the PC1 
axis. In particular, 5dpt larvae are totally separated from 0dpt ones, and 
only marginally mixed with 7dpt fish, reflecting an acceleration of the 
shape changes in this treatment. Moreover, we noticed that the PC2 
values of T3-treated fish have a stronger increase at 5dpt compared to 
the control, an effect we do not see in CPF or MPI-treated fish.

Multivariate linear models reinforce our visual exploration of mor
phospace occupation. The models confirm that body shape varies across 
time and treatment (Table S1). Treatment significantly affects the rate of 
shape changes during the studied period of development (F = 10.40, Z =
8.41 p-value = 0.001; Table S1). Developmental trajectories within the 
morphospace were delineated by connecting four linear segments rep
resenting the five sampling periods (0dpt, 5dpt, 7dpt, 12dpt, and 19dpt). 
Comparative analysis of these time-segmented developmental trajec
tories revealed differences in terms of distance (Fig. 3F). Larvae exposed 
to CPF exhibited the shortest trajectory (0.055), followed by MPI larvae 
(0.062), indicating that the amount of shape variation observed at 19dpt 
is lower than the shape transformation observed under the control 
condition during the same period of time (0.067). The longest trajectory 
was observed in T3-treated larvae (0.070). Significant differences were 
observed between CPF and T3 treatment (d = 0.0148, Z = 1.7385, p- 
value = 0.033). Taken together, these results highlight the similarity of 
CPF and MPI treatment on shape transformation, reinforcing the notion 
that CPF acts here too by decreasing T3 levels.

3.3. CPF triggers unique transcriptomic changes in metamorphosing 
larvae, with mixed features of both TH-activation and TH-blockade 
(Experiment 2)

The effects described above, highlight a strong similarity between 
CPF- and MPI treatments (decreased TH levels, impaired meta
morphosis). Still, we do not expect these readouts to capture the full 
complexity of the mode of action of the pesticide. Accordingly, we 
performed bulk transcriptomic analysis of whole CPF-, T3-, and MPI- 
treated larvae, as well as CPF + T3 (rescued treatment; same 

Fig. 2. Additional T3 treatment rescues the white band phenotype disrupted by Chlorpyrifos treatment. (A–D) Stereomicroscope images of larvae at 5 dpt in control 
(A), (B) CPF 20 μg/L, (C) CPF 20 μg/L and T3 10− 7 mol/L or (D) T3 at 10− 7 mol/L. (E) Percentage of larvae having 0 (yellow), 1 (blue) or 2 (orange) white bands. 
(nDMSO = 21, nCPF 20 μg/L = 14, nCPF + T3 = 15, nT3 = 34 individuals). Letters refer to significant differences among treatments calculated by a chi2 test. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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concentrations as used throughout, see materials and methods). These 
analyses are likely able to provide a more global view of the effects of 
CPF on clownfish larvae and on the metamorphic process. An overview 
of the main features of the bulk RNAseq dataset is presented in Fig. 4, 
and the phenotype of treated larvae (similar to those observed in the 
corresponding treatments in Roux et al., 2023) is shown in Fig. S3. 
Summary data relating to the technical aspects of library preparation 
(library size, mapping rates, etc.) is provided in the materials and 
methods, and in the documents associated with this publication.

We observe that, unlike T3 and MPI treatment, exposure to 20 μg/L 
of CPF results in a rather heterogeneous transcriptomic response in 
clownfish juveniles. Indeed, the transcriptomes of CPF-treated larvae 

show the most variable within-treatment correlation coefficients, as well 
as amongst the lowest ones (section framed in yellow in Fig. 4A). Such a 
high heterogeneity in the response to CPF treatment is similarly re
flected by the wider spread of CPF samples across the main principal 
components plane (Fig. 4B), though each treatment condition clusters 
distinctly. To our surprise, we also notice that, within such heteroge
neity, transcriptomic changes resulting from CPF exposure not only 
correlate to MPI but also to T3, and to similar degrees (Fig. 4A). In 
summary, even though the pesticide clearly results in an impaired- 
metamorphosis phenotype at the phenotypic level (see previously, 
Fig. 1 and Fig. S3), the effects of the pesticide may not be correctly 
described as being MPI-like or TH-like at the transcriptome level. 

Fig. 3. CPF alters body shape changes associated with metamorphosis. (A) plots of the first two principal components (PC1 and PC2) defining the shape space. Larvae 
of each treatment are separated into different scatter plots (grey = Control DMSO, light blue = CPF (20 μg/l), red = MPI (10− 7 mol/L)(Methymazole + Potassium 
Perchlorate + Iopanoic acid, green = T3 (10− 7 mol/L). The shape of the point illustrates the time in dpt (filled squares: 0dpt, empty squares: 5dpt, triangles: 7dpt, 
stars: 12dpt, circles: 19dpt). The percentage of shape variation explained by each PC is provided on the y and x-axes of the plot. Deformation grids illustrate shape 
changes associated with each PC: (B) PC2 max, (C) PC2 min, (D) PC1 min, (E) PC1 max. (F) Length of the ontogenetic trajectories translating the amount of shape 
variation observed after 19dpt. Letters show significant differences among treatments. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.)
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Rather, CPF appears to induce unique transcriptomic changes involving 
— among others — TH-sensitive genes (i.e. genes also modulated by T3 
or MPI).

While T3 has mostly an activating action on gene expression (70 % of 
differentially expressed (DE) genes are upregulated) and MPI a repres
sive action on gene expression (59 % of DE genes are downregulated), 
CPF is seen to have a more mixed action (48 % DE genes upregulated, 52 

% downregulated) (Fig. 4C). Notably, it shares almost equal proportions 
of DE genes with either of the two opposite treatments (16.7 % and 17.7 
% of its DE shared with T3 and MPI DE genes, respectively), suggesting 
that CPF acts mimicking both MPI, and paradoxically T3 (Fig. 4C). 
Accordingly, the pattern of expression of differentially expressed genes 
under CPF treatment is mostly unique to the CPF condition. Yet 
expression levels can at times be seen to be similar to those of T3-treated 

Fig. 4. CPF triggers unique transcriptomic changes in metamorphosing larvae, with mixed features of both TH-activation and TH-blockade. A) left: schematic of the 
experimental treatment of samples processed for bulkRNAseq analysis; right: correlation matrix showing pairwise Spearman’s rank correlation coefficients, 
calculated on the top most variable genes across all conditions. Area framed in yellow: correlation coefficient values among CPF-treated larvae. B) PCA plot showing 
the distribution of samples across PC1 and PC2, based on the top most variable genes across all conditions. Technical replicates: data from the two lanes of the same 
chip. C) Venn diagrams of the number of differentially expressed (DE) genes under each treatment (compared to vehicle controls), and their overlaps between 
treatments. Genes that changed in the same direction in treatments with expected opposite effects (MPI and T3) are shaded out. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)
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samples, at times instead to those in MPI-treated samples. In this, CPF 
thus correlates to the effects of both treatments, though globally 
remaining distinct (Fig. S4).

Overall, we thus find that CPF triggers a distinct transcriptomic 
response in metamorphosing clownfish larvae (which respond hetero
geneously to the pesticide), and though MPI-like effects may be seen at 
the phenotypic level, at the transcriptome level these also involve re
sponses normally caused by increased TH levels.

3.4. CPF has TH-axis depression effects on the larval, though also shares 
systemic effects with T3 (Experiment 2)

Given the role played by TH in driving vertebrate metamorphosis, a 
role we have previously extensively documented in clownfish (Roux 
et al., 2023), and knowing the link between CPF and TH action in a 
number of experimental settings (Holzer et al., 2017; Besson et al., 
2020), we first sought to fully characterize the points of overlap between 
the genes affected by CPF treatment, and those regulated by TH or MPI. 
That is, within the unique transcriptomic signature induced by CPF, we 
isolate the most likely candidates that could explain the effects of CPF on 
metamorphosis progression. For this, we focused on genes involved in 
the TH-signalling pathway itself, as well as on the genes responsive to 
this pathway, such as iridophore genes (Salis et al., 2019; Libin et al., 
2022), and on the genes involved in the upstream control of TH pro
duction (Hypothalamo-Pituitary-Thyroid axis, HPT; see Blanton and 
Specker, 2007). In vertebrates, particularly in amphibians, a connection 
also exists between TH and the Adrenocorticotropic hormone/corticoid 
(Hypothalamo-Pituitary-Interrenal axis, HPI) axes. Indeed, the 
Corticotropin-Releasing Hormone (CRH; the hypothalamic peptide 
controlling the HPI axis) has also been found to control 
thyroid-stimulating hormone (TSH) and TH production (Larsen et al., 
1998; De Groef et al., 2006; de Jesus et al., 1990) (Fig. 5A). Though the 
presence or activity of this link in fish is still debated (Huerlimann et al., 
2024), we nonetheless analysed the effect of CPF on both axes.

At the level of the expression of TH-signalling pathway components 
we critically find that CPF mimics the effects of goitrogens (MPI), 
especially in the downregulation of genes involved in TH synthesis and 
conversion (Fig. 5B, middle panel). Specifically, the observed down
regulation of the iodothyronine deiodinase dio1, of the two dual oxi
dases duox1 and duox2, as well as the decrease in expression of the 
sodium-iodide symporter slc5a5 suggests that CPF, like MPI, impairs 
T3 production, as observed in Fig. 1. Consistently, we observe a signif
icant increase of expression of embryonic development genes normally 
associated with thyroid growth and differentiation (nkx2.1, pax8, 
pax2a), likely reflecting compensatory changes to hypothyroidism. 
Similar changes have been recently described in zebrafish in response to 
2-ethylhexyl diphenyl phosphate (EHDPP) another organophosphate 
pesticide (Shu et al., 2024). Furthermore, we see that the TH-axis 
depression effect of CPF can be completely rescued by T3 supplemen
tation: CPF + T3 samples show a reversed TH pathway signature anal
ogous to that of T3-only samples (Fig. 5B, middle panel). This latter 
observation therefore suggests that CPF does not directly damage thy
roid follicular cells, but rather only impairs their ability to produce 
active TH.

Interestingly, these data are also sufficient to explain the effect of 
CPF treatment (and T3 rescue) on white band formation described in 
previous sections (Fig. 2). Indeed, duox1, a gene found to mediate band 
patterning dynamics during clownfish metamorphosis (Salis et al., 
2019), and which is a known regulator of iridophore development in 
zebrafish (Chopra et al., 2019; Salis et al., 2019), is downregulated by 
CPF in a T3-dependent fashion. In addition, we observe that all irido
phore development genes downregulated by MPI, and therefore corre
lated to the observed failure of white band development (fhl1b, alkal2b, 
pnp4a, slc2a15a, gpnmb, apod1a, saiyan/si:ch211-256m1.8), are similarly 
downregulated by CPF, again in a T3-dependent manner (Fig. 5B, bot
tom panel). The relative level of expression of these genes within the 

CPF condition qualitatively correlates with the actual band phenotype of 
the larvae themselves, since the larvae with the lowest level of expres
sion are also the ones with the faintest bands (larvae 1,5,6; highlighted 
in yellow in Fig. S3).

It is less clear whether the effect of CPF on TH production derives 
from upstream disruption of the HPT or HPI axes. Indeed, of the hypo
thalamic peptides controlling TSH production, TRH and CRH expression 
levels do not have significant change compared to control. A significant 
CPF-treatment-specific increase in expression, though heterogeneous 
and of low magnitude, is however detected for the receptors of TRH and 
CRH on pituitary cells, and for the TRH-degrading ectoenzyme (Fig. 5B, 
top panels). Still, the expression of TSH itself is undetectable, as well as 
that of the receptor that would transduce this signal to thyroid follicles 
(thsr). Accordingly, and though we see clear TH-axis depression effects 
at the level of the TH-synthesis and signalling pathway, we believe that 
our data is unable to address whether such effect may (also) derive from 
disruption of the hypothalamic/pituitary control of TH-production.

Having found that CPF effectively has TH-axis depression effects on 
the larval TH-pathway genes, we note that comparison between differ
entially expressed gene sets across treatments had shown that CPF only 
partially recapitulates the transcriptomic signature of the MPI goitrogen 
mix: that is, only 36 % of MPI regulated genes are also regulated by CPF 
(Fig. 4C). Based on the available clownfish Gene Ontology reference, no 
pathway appears to be significantly enriched within this conserved 
transcriptional response (not shown; see code associated with this 
publication). Literature-based manual imputation of function (for the 
genes where this was possible at the time of writing) highlights disparate 
functions that, to the best of our knowledge about teleost meta
morphosis, we are unable to summarise or to link to specific modes of 
action of MPI. We do however identify genes with clear developmental 
or metamorphic roles, as also based on our previous work on the topic 
(Roux et al., 2023; Salis et al., 2019). Accordingly, we highlight that 
amongst CPF’s MPI-like effects — in addition to those on white band 
pigmentation mentioned above — are effects indicating an impaired 
switch to post-metamorphosis haemoglobins (also discussed later), as 
well as downregulation of genes involved in intestinal development 
(anterior gradient 2 agr2), intestinal/digestive function (aquaporin 8a 
aqp8.2; acidic mammalian chitinase 3/4-like; two trypsinogen1-like; 
elastase 2a-like), and ion regulation (sodium-phosphate symporter 
slc34a2b) (Fig. 5C). A complete list of all genes in each treatment 
intersection is provided as a Supplementary File.

The observation that CPF has TH-axis depression effects on the larval 
TH-signalling pathway yet sharing transcriptomic effects with T3 
treatment (i.e. TH activation; 30 % of T3 upregulated and down
regulated genes combined) may appear paradoxical. Yet this suggests 
that some of the transcriptional effects observed in the T3 condition can 
be triggered by T3-independent processes (i.e. are not necessarily caused 
by increased TH levels). Again, we focus on genes we know to be inti
mately associated with clownfish metamorphosis, or with clear function 
during clownfish development. As shown in Fig. 5C, both CPF and T3 
lead to downregulation of lipid metabolism genes (specifically, the fatty 
acid synthase gene fasn, and the fatty acid elongases elovl5 and elovl6 
mediating short- and long-chain unsaturated fatty acid synthesis, but 
also of the lipid precursor generating enzymes acetoacetyl-CoA syn
thetase and acetyl-CoA carboxylase). We have previously described how 
the T3-regulated natural metamorphosis of clownfish larvae is charac
terised by a major metabolic shift in energy production involving 
divestment from lipogenesis/fatty acid elongation (Roux et al., 2023). 
This is what we also recover here. Accordingly, the apparent incon
gruence between the CPF-treated larvae and a T3-like transcriptomic 
responses simply appear to represent the overlap between — on one 
hand — the natural switching-off of specific metabolic functions 
(dependent on an active TH signalling pathway) and — on the other 
hand — CPF-specific transcriptional response (TH signalling indepen
dent). The shared upregulation of immune genes (Fig. 5C) may similarly 
reflect the overlap between the T3-regulated natural development of 
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immunity during metamorphosis, and the damage-induced upregulation 
of these components in larvae exposed to CPF.

Another T3-like effect of CPF, yet decoupled from accompanying 
systemic changes that would however happen during TH-regulated 
metamorphosis, is seen in its downregulation of pre-metamorphosis 
haemoglobins. Fish metamorphosis is characterised by a switch of the 
haemoglobin gene sets expressed, endowing the larva with a specialised 
post-metamorphosis (haemo)globin complement that, in clownfish, has 
been suggested to be tailored to the hypoxic environment of coral reefs 
(Downie et al., 2023). Here, though CPF leads to the downregulation of 
pre-metamorphosis globins just like T3, it also leads, unlike T3, to the 
downregulation of post-metamorphosis ones (as noted in the MPI-like 
effects; Fig. 5C). Just as what we see for lipogenesis genes, it again ap
pears that at least some of the (unexpected) similarities between T3 and 
CPF treatments may stem from the partial overlap between i) the 
switching-off phase of T3-induced physiological transitions, and ii) the 
widespread switching off of gene functions under CPF. Of interest, 
comparing the transcriptional response of CPF vs CPF + T3 (and vice 
versa) shows that exogenous T3 carries a strong attenuating power on 
the transcriptional responses induced by CPF (Fig. 5D, left), especially 
on the genes downregulated by the pesticide. Still, and though T3 sup
plementation to CPF can recover a T3-like TH signalling pathway status 
(Fig. 5B), it does not fully recapitulate the T3-only status (Fig. 5D, right), 
and only recovers around 68 % of the differentially expressed genes of 
the T3 condition.

In conclusion, we find that CPF has TH-axis depression effects on the 
TH signalling pathway of clownfish larvae, impairing normal T3- 
mediated processes such a white band formation, intestinal develop
ment, and blood oxygen transport, in an analogous fashion to the 
reference compound mix MPI. The TH-axis depression effect on the 
larval TH signalling pathway can be fully rescued by the addition of 
exogenous T3: all pathway components are expressed at T3-like levels 
even in the presence of CPF. Still, T3 addition and the recovery of an 
active TH-signalling status is not sufficient to contrast all CPF-induced 
responses. Conversely, we also find that while CPF may appear to 
recapitulate T3-regulated changes that normally accompany meta
morphosis (e.g. lipogenesis switch off, haemoglobin switch), in contrast 
to T3 effects, this clearly occurs in a way that is not coordinated at the 
organism level. Still, it is evident that CPF triggers effects that cannot be 
attributable to TH signalling pathway modulation as they are unaffected 
by either T3 or MPI (Fig. 5C). In fact, these are the majority of the 
differentially expressed genes detected in our study.

3.5. CPF affects cholesterol and vitamin D synthesis pathways, DNA 
repair, and immunity (Experiment 2)

Regardless of the effect of CPF on the larval TH signalling pathway 
and TH levels, GO-driven analysis of differentially expressed genes be
tween CPF-treated and DMSO-control juveniles highlights three major 
effects of the organophosphate pesticide, which in fact dominate the 
transcriptional response of the larvae. These involve: i) cholesterol and 
vitamin D synthesis, ii) DNA damage/repair, and iii) immunity/antiviral 
responses (Fig. 6A). The prevalence of these three main areas of effect 

was also independently highlighted by manual literature-based catego
risation of gene functions.

Accordingly, we find that CPF-treated juveniles display a unique, 
coordinated, downregulation of nearly all genes involved in cholesterol 
synthesis (Fig. 6B). Specifically, and with few exceptions, all enzymatic 
functions leading from acetyl-CoA to the cholesterol final product are 
downregulated under CPF. Genes involved in cholesterol storage/export 
are upregulated (e.g. esterifying enzymes sterol O-acyltransferases) 
despite an overall downregulation of all genes encoding for apolipo
proteins (see Fig. S5C). Our interpretation is that cells may be 
attempting to export as much as they can of the little cholesterol they 
have in the face of depressed cholesterol synthesis and cholesterol 
transport status. Notably, none of these metabolic changes can be 
rescued by T3 supplementation, and these pathways are not regulated 
by T3 or MPI alone. Moreover, the downregulation of the cholesterol 
synthesis pathway is accompanied by downregulation of the genes 
involved in vitamin D synthesis (liver vitamin D 25-hydroxylase cyp2r1 
and kidney 25-Hydroxyvitamin D 1-alpha-hydroxylase cyp27b1), 
matched by upregulation of vitamin D degradation (kidney vitamin D 
24-hydroxylase cyp24a1). Notably, no other cholesterol-utilising 
pathway, notably steroidogenesis and bile acid conversion, undergoes 
analogous coordinated changes in expression (Fig. S5).

Another important set of targets downregulated by CPF, picked up by 
GO-driven analysis, involves DNA damage repair genes (Fig. 6C), 
consistent with the genotoxic effect of this pesticide observed in other 
contexts (e.g. Li et al., 2015). Of these, we specifically note the down
regulation of multiple genes involved in the detection and repair of 
double-strand DNA breaks: most of the core Fanconi Anemia complex 
genes, the gene coding for the downstream FancI/KIAA1794 protein, 
both BRCA genes (Breast cancer 1 and 2 brca1/2) and their associated 
proteins (Retinoblastoma-binding protein 8 rbbp8/CtIP, 
BRCA1-associated RING domain protein 1 bard1, Partner and localizer 
of BRCA2 palb2), as well as the repair protein RAD52 homolog rad52. 
We also note that CPF exposure leads to downregulation of many base 
excision repair pathway components, including notably the Apur
inic/apyrimidinic endodeoxyribonuclease 1 apex1/ape1 (the major AP 
endonuclease of this pathway) and downstream repair enzymes DNA 
ligase I lig1 and Flap structure-specific endonuclease 1 fen1, as well as 
the two DNA glycosylases Nei endonuclease VIII-like 3 neil3 and 
Uracil-DNA glycosylase unga, detecting oxidised and deaminated bases 
respectively. Finally, we also detect downregulation of ssDNA damage 
detection proteins (Replication protein A 1 and 2, rpa1/2) as well as key 
ssDNA damage checkpoint components Serine/threonine-protein kinase 
ATR atr and Checkpoint kinase 1 chek1. Incidentally, CPF also leads to 
the downregulation of most of the major cyclins and cyclin-dependent 
kinases (cyclinB2; wee1, cdk2, cyclinA2/E1/E2; Fig. 6C), which are 
also key components of cell cycle checkpoint mechanisms. Again, none 
of these genes are differentially expressed by T3 or MPI alone. In sum
mary, we detect transcriptomic responses suggesting that clownfish 
larvae exposed to CPF, or at least specific subpopulations of cells within 
them, are left extremely vulnerable to genomic instability (given the 
depressed repair capabilities) if not cell-cycle impaired. Downregulation 
of DNA repair genes in the absence of cell proliferation has been linked 

Fig. 5. CPF has goitrogenic effects on the larval HPT, though also shares systemic effects with T3. A) schematic of the main components of the HPT (light blue) and 
HPI (magenta) axis in clownfish, and of the TH signalling pathway (dark blue). The role of CRH as an activator of the HPT axis is still debated in teleosts. Genes not 
detected in the dataset are shaded light-grey B) expression pattern (z-scores) of genes involved in TH signalling (all members of the pathway), and in white band 
formation, HPT axis, and HPI axis (only genes showing significant change in CPF with respect to vehicle controls. Genes highlighted in blue have abs(logFC) > 1 (i.e. 
they pass threshold of differential expression) C) Left: Venn diagrams showing the overlap (to scale) between genes differentially expressed in CPF and in either T3 or 
MPI. Right: expression pattern (z-scores) of selected metamorphosis-related genes at different treatment intersections. D) Left: scatterplot comparing the magnitude 
and direction of change of each gene to CPF, and to CPF + T3. Genes changing in opposite directions to the two treatments are indicated in dark blue (“reverse 
direction”). For genes with coherent direction of change, genes whose response is magnified by the addition of T3 are indicated in purple (“increased”, above the 
diagonal), genes whose response is dampened by the addition of T3 are indicated in light blue (“attenuated”, below the diagonal). Middle: alluvial plots linking DE 
genes upon CPF treatment, to their response when T3 is also present (i.e. rescue treatment); and vice versa. Right: Venn diagrams showing the overlap (to scale) 
between the genes changing under T3 treatment, green, and those changing when T3 is supplied on a CPF background. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. CPF affects DNA repair, immunity, as well as the cholesterol and vitaminD synthesis pathways. A) Left: MA plot of the log2 change in gene expression 
between CPF-treated larvae and vehicle-controls (DMSO), against the average expression level of each gene. Differentially expressed genes (abs(log2FC) ≥ 1; adj.p.val 
<0.05) are coloured in red (upregulated) or blue (downregulated). Right: results from GO-enrichment analysis for CPF differentially expressed genes. B) expression 
pattern (z-scores) of DE genes involved in cholesterol and vitamin D metabolism. C) expression pattern of DE genes involved in DNA repair. D) expression pattern of 
DE genes involved interferon and dsRNA response. E) expression pattern of DE genes involved at the neuromuscular junction. For all heatmaps, each column within 
each treatment condition represents a different larva (with technical replicates). Gene rows in B) are ordered by metabolic pathway sequence; genes in C), D) are 
grouped by category; genes in E) are clustered based on pattern of expression. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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in other contexts to the activation of programmes of cellular senescence 
in response to genotoxic stress (Collin et al., 2018).

Among upregulated genes, a striking unique signature of CPF treat
ment consists in the upregulation of genes normally associated with 
antiviral response, or response to intracellular nucleic acids, and 
therefore also associated with a proinflammatory status (Fig. 6D). Apart 
from the upregulation of multiple cytokine and chemokine genes, 
pathway components of the type II interferon response (Interferon 
gamma 1 ifng1, Signal transducer and activator of transcription 1a and 2 
stat1a, stat2), and a multitude of interferon response genes; we were 
surprised to see upregulation of pathways normally responsive to cyto
solic viral RNAs and DNA. Specifically, we detect upregulation of both 
RIG (DEXH (Asp-Glu-X-His) box polypeptide 58 dhx58) and MAD5 sig
nalling pathways (interferon induced with helicase C domain 1 ifih1) 
detecting ssRNA, short dsRNA, and long dsRNA; downstream tran
scriptional interferon regulatory factors, as well as multiple genes 
involved in the innate antiviral response or viral RNA translation 
termination. The dsRNA sensor zinc finger, NFX1-type containing 1 
znfx1 (Wang et al., 2019) is also strongly upregulated. Moreover, all 
components of the pathway detecting cytosolic dsDNA, cGAs-STING, are 
also uniquely upregulated in response to CPF treatment. Interestingly, 
these effects seem to specifically affect Nk-κB components involved in 
the non-canonical signalling pathway (relB + NfkB2). These tran
scriptomic responses would normally be indicative of viral infection. We 
postulate that these pathways may be activated by the cell’s own nucleic 
acids, possibly in relation to the genomic instability detected above. In 
this case again, the transcriptomic response cannot be rescued by T3 
supplementation and in fact appears to become more consistent across 
T3-treated juveniles.

Finally, because one of CPF’s main mechanism of action is the in
hibition of neuromuscular junction cholinesterases (see e.g. Reiss et al., 
2012), demonstrated at equivalent concentrations in juveniles of other 
reef species (Botté et al., 2012), we also tested whether we could recover 
such an effect in clownfish larvae, based on the pattern of expression of 
neuromuscular junction components (Fig. 6E). Accordingly, we observe 
transcriptomic changes consistent with cholinergic overstimulation and 
muscle damage, as also observed histologically in other CPF-treated fish 
(Sudhakaran and Sreeja, 2023). Clownfish larvae exposed to CPF 
downregulate a number of choline transporters (slc5a7-like) as well as 
the alpha subunit characteristic of the mature nicotinic acetylcholine 
receptor (chrna1). Similarly, the upregulation of the ColQ subunit of the 
acetylcholinesterase itself (colq) may suggest a compensatory attempt to 
increase recruitment of the enzyme at the neuromuscular junction due to 
its effective loss of activity under CPF. Interestingly, the neuromuscular 
damage experienced by larvae exposed to organophosphate is translated 
into the upregulation of the gamma subunit of the acetylcholine receptor 
(chrng), establishing channels with lower conductance typical of the 
receptors on foetal and denervated muscles (Mishina et al., 1986).

Overall, and in addition to the expected dysfunctionalisation of 
neuromuscular junction signalling, we find that CPF has major disrup
tive effects on the biology of metamorphosing larvae, mostly affecting 
the cholesterol synthesis pathway (and intermediate products), precur
sor of vitamin D. CPF also appears to induce a surprising immunological 
response, and drastic depression of the larval genomic repair machinery.

4. Discussion

Previous efforts in larval rearing development by our lab have suc
ceeded in establishing low-volume rearing conditions for pre- and post- 
metamorphosis clownfish stages (Roux et al., 2021). These modified 
rearing conditions allow us to perform routine pharmacological 
perturbation of clownfish larvae and early juveniles. By coupling such 
treatments with i) photographic documentation of the end-phenotype of 
each treated larva, and ii) end-of-treatment whole-larva RNA extraction 
+ bulk RNA sequencing, we were able to systematically obtain 
peri-metamorphosis “treatment → phenotype → transcriptome” 

integrated datasets across a variety of pharmacological perturbations. 
We have adopted this approach to outline the response of Amphiprion 
ocellaris larvae to CPF during metamorphosis, and further use this 
transformation as a readout of TH axis activity to focus on the inter
section between CPF and the TH-signalling pathway. We show that CPF 
exposure, by reducing TH levels, impairs the formation of white bands in 
clownfish larvae in a dose-dependent way, and alters the trajectory of 
larval growth, both readouts of metamorphosis progression. Interest
ingly these effects can be rescued by TH treatment, establishing a direct 
causal link between CPF effects and TH disruption. By transcriptomic 
analysis, we fully detail the effects of the pesticide (and T3 rescue) on the 
larval TH signalling pathway and find that CPF acts on this pathway as 
the reference goitrogen mix MPI. Still, we find that CPF also induces 
systemic, TH-independent, effects on cholesterol and vitamin D meta
bolism, DNA repair, and immunity, highlighting broader impacts on 
metamorphic larvae that may not be immediately discernible from 
phenotypic analysis alone. Our findings thus explore two major areas of 
interest: 1) the extent- and the nature of the intersection between 
exposure to CPF, a potential endocrine disrupting compound, and the 
TH axis, with potential applications on human and animal health; and 2) 
the general effects of CPF, as pesticide polluting many reef environ
ments, on clownfish larvae undergoing a key transition period in their 
life, with implication on conservation, ecosystem management, and on 
studies of metamorphosis itself that in fact also extend to species that 
cannot be studied in a laboratory setting (e.g. surgeonfish; Holzer et al., 
2017; Besson et al., 2020).

4.1. Endocrine disrupting effects of CPF on the TH-signalling axis

By profiling the response to CPF of all major- and accessory com
ponents of the TH-signalling pathway, we show that this pesticide de 
facto mimics the action of MPI on metamorphosing clownfish larvae, 
which we see translated in decreased measured T3 hormone levels. In 
addition to the observed downregulation of duox1/2 and dio1, our re
sults also highlight gene expression changes suggestive of hypothy
roidism, as observed zebrafish larvae exposed to the organophosphate 
pesticide EHDPP (Shu et al., 2024). Though CPF has been described as 
being able to damage thyroid follicle cells (De Angelis et al., 2009), our 
CPF + T3 rescue experiments suggests that this is not the case in 
metamorphosing larvae (or is reversible), as normal function can be 
fully restored even in the presence of CPF. We were however unable to 
recover expression of some of the components of the HPT axis (tsh, tshR), 
likely also due to the minimal proportion of pituitary tissue in our 
samples. Consequently, we are unable to ascertain whether the sup
pressive action that we see on the TH signalling axis and on measured T3 
levels may come from upstream disruption of hypothalamic or pituitary 
function (as suggested for CPF in zebrafish, and for other organophos
phate pesticides in rat; Qiao et al. (2021); Xiong et al. (2018)) Inter
estingly, Shu et al., 2024 show that the organophosphate pesticide 
EHDPP exerts its mechanism of action by competitively binding trans
thyretin (ttr) as a T4 mimic, such that the exact mode of action of CPF 
remains unclear. Our data suggests that the functional intersection be
tween CPF and TH signalling lies upstream to T3 production, given our 
rescue experiment results and hormone measurement levels. In addition, 
these results suggest that the action of the pesticide does not disrupt Th 
signalling at the cellular or molecular levels, given that a T3-like 
TH-signalling signature can be re-established in the CPF-T3 condition 
even though CPF is still present.

Though we find that CPF has MPI-like effects at both the phenotypic, 
hormonal, and TH-signalling levels, we also note that only 36 % of MPI 
regulated genes are also regulated by CPF. Given that MPI specifically 
targets the TH-signalling pathway, other compounds that have an MPI- 
like effect on this pathway would be expected to recover the full 
response signature of the goitrogen mix. The TH-signalling inhibitory 
effects of CPF instead do not entirely extend to all expected responsive 
genes. As summarised in Fig. 7, we expect any downstream effects of 
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CPF’s TH-axis depression action on the TH-signalling axis to have to 
occur within a widely dysfunctional, CPF-toxified context (i.e. a context 
of promiscuous acetylcholinesterase inhibition), which as such may only 
allow those TH-axis depression effects possible in such a broadly altered 
context. Accordingly, our results may not be as unexpected: an under
lying toxic effect of CPF on specific cell types or tissues of the clownfish 
larva may explain differences in the sets of responding TH target genes 
despite the same TH-signalling context.

As discussed in the main body of the paper, our observation that CPF 
also shares 30 % of the transcriptomics signatures of T3 treatment (i.e. 
TH–signalling stimulation) appears counterintuitive. Yet, by analysing 
these shared signatures we find clear examples illustrating that these 
may generally represent genes that, under T3, are downregulated as part 
of coordinated metabolic and physiological switches preparing the larva 
to its new post-metamorphic environment, and, under CPF, are down
regulated though clearly not as part of global compensatory changes in 

other gene sets. Taking the example of haemoglobin genes mentioned 
previously, a toxic effect of CPF on blood cells (e.g. tissue ’’a’’ in Fig. 7), 
would lead to observed downregulation of haemoglobin genes 
compared to control, and as such overlap with the coordinated down
regulation of pre-metamorphic haemoglobins in T3-treated larvae. In 
CPF however, post-metamorphosis haemoglobins are also down
regulated, a signature that would instead be recovered in MPI-treated 
larvae. With the examples of the lipogenesis to beta-oxidation switch 
and of the haemoglobin complement switch, our results also incidentally 
underscore a key role of TH in the control of metamorphosis. That is, the 
importance of TH is not necessarily to be found in the specific genes 
downregulated or upregulated as these same effects will also be reca
pitulated e.g. by pesticides but in the fact that these effects are coordi
nated in time and at the system level to other changes in complementary 
sets of genes. Simply recapitulating either, without coordination, will 
not work.

Fig. 7. summary diagram of the intersection between CPF and TH-driven metamorphic changes, and the expected overlaps between post-metamorphosis gene 
expression profiles. The status of the TH axis (active or inactive, green or red light) determines T3 levels and its peripheral signalling effects on different larval tissues 
(“a”, “b”, “c”), through direct activation or repression, or in cooperation with intermediate co-effectors (“X”, “Y”, “Z”). During T3-coordinated metamorphosis, this 
leads to a switch between the expression of pre-metamorphosis genes (top row) to post-metamorphosis genes (bottom row), which would include, for example, the 
genes responsible for band pattern formation. The known and postulated actions of MPI and CPF, respectively, are illustrated. Notably, the incomplete overlap 
between MPI and CPF responses, despite both treatments leading to the same TH-signalling status, suggests that CPF affects either intermediary effectors, or prevents 
gene expression changes e.g. by toxic effects on specific tissues (here, tissue “a”). Note, secondary TH-control effectors repressed by T3, which normally block the 
expression of post-metamorphosis genes (and possibly activate the expression of pre-metamorphosis genes), are not shown for the sake of simplicity. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.2. Systemic effects of CPF on clownfish larvae

Beyond the TH-suppressive role of CPF, we further highlight three 
main domains of effect of the pesticide on clownfish larvae: down
regulation of cholesterol and vitamin D synthesis genes, downregulation 
of DNA damage/repair genes, and activation of immunity/antiviral 
genes.

The liver is the main site of cholesterol synthesis and CPF is known to 
have hepatotoxic effects in several organisms (Das et al., 2008; He et al., 
2015; Akhtar et al., 2009) as it is a major site of bioactivation of the 
pesticide into its more dangerous derivative oxon (Sultatos, 1991). Yet, 
the absence of change we detect in liver functions other than cholesterol 
synthesis, and the continued detected expression of other liver function 
genes, suggests that the downregulation of cholesterol synthesis genes 
we here describe is the result of a regulatory change rather than that of 
tissue cytotoxicity. Where investigated, CPF has been found in fact to 
increase cholesterol and triglyceride levels (He et al., 2015; Akhtar et al., 
2009; Tanvir et al., 2016; Djekkoun e tal. 2022) through mechanisms 
opposite to the changes we detect here. Less is known for fish, though 
available data critically highlights the reverse effect: CPF often tends to 
result in lower measured cholesterol levels (Hatami et al., 2019; 
Ghayyur et al., 2019; Sanden et al., 2018), though contrasting reports 
exist (Abdel-Daim et al., 2020; Prakash, 2020; Velmurugan et al., 2022). 
The response we see in clownfish larvae thus appears to represent a 
fish-specific response to CPF, with widespread implications given the 
central role played by cholesterol and its derivatives in animal biology. 
In terms of lipid metabolism, the selective downregulation of fatty acid 
desaturases under CPF matches quantitative analyses performed in 
CPF-exposed salmons, showing relative accumulation of saturated in
termediates and a decrease in polyunsaturated fatty acids (Olsvik et al., 
2015; Sanden et al., 2018). More literature at the CPF-cholesterol 
intersection focuses instead on cholesterol as precursor of corticoste
roids, signalling components of another key endocrine pathway. Effects 
of CPF on the hypothalamic-pituitary-gonadal axis and on steroidogenic 
pathways indeed abound (Oruç, 2010; see Ubaid Ur Rahman et al., 
2021). In our study however, CPF did not seem to affect 
cholesterols-utilising pathways other than vitamin D metabolism. We 
note that the gonadal system in clownfish larvae is not developed, and in 
fact clownfish do not possess a differentiated gonad until much later in 
development (Miura et al., 2008), warning against extrapolating these 
data as a support to the absence of endocrine disrupting effects of CPF on 
steroidogenic and sexual differentiation endocrine systems. We also note 
that it is believed that vitamin D synthesis from endogenous cholesterol 
does not take place in fish (skin) due to this requiring a light-mediated 
step that may not be possible given the low penetrance of light 
through water (Lock et al., 2010). Yet, the coordinated shift we observe 
in both pathways (and not in other cholesterol branches), combined 
with experimental evidence of endogenous vitamin D synthesis in other 
fish species (Pierens and Fraser, 2015), would suggest that clownfish 
larvae may in fact be capable of endogenous vitamin D synthesis, and 
that such a process is strongly impaired/downregulated following CPF 
exposure. Demonstration of effective vitamin D synthesis in clownfish 
larvae and quantification of vitamin D levels in response to CPF expo
sure will be needed to verify our inferences based on the transcriptomic 
response we detected.

The second major CPF effect we find signatures of genotoxicity has 
been described in several contexts and though contrasting results exist 
on the ability of the pesticide to actually bind DNA and create adducts 
(Cui et al., 2006; Ubaid Ur Rahman et al., 2021), it has been shown to 
induce both single-stranded and double-stranded DNA breaks in a va
riety of species and experimental contexts (Li et al., 2015; Yin et al., 
2009; Ali et al., 2008, Mehta et al., 2008; Soum et al., 2022; see also ur 
Ubaid Ur Rahman et al., 2021), likely through the associated generation 
of reactive oxygen species (Gupta et al., 2010). In fact, Wang et al. 
(2024) reported transgenerational effects of CPF exposure, which they 
link to the genotoxifying action of the pesticide. Critically, studies have 

suggested that CPF-exposure can cause not only damage of DNA, but 
also damage of its repair enzymes by reactive oxygen species and impair 
DNA metabolic functions (including repair) due to the induction of 
DNA-protein cross-links (Ojha and Gupta, 2015). We find a similar 
response, at the transcriptional level, in clownfish larvae: many of the 
larvae exposed to CPF undergo a strong downregulation of components 
involved at all levels of the DNA-repair apparatus, from DNA damage 
sensing to single strand and double strand break repair, to nucleotide 
excision repair. Clownfish larvae thus appear to become extremely 
sensitised to genomic instability (given the depressed repair capabil
ities) and these changes seem to be further coupled to the down
regulation of cyclins and to the suppression of major cell cycle 
checkpoint effectors, suggesting cell cycle arrest. In fact, the signature 
we recover has been defined as a hallmark of cellular senescence (Collin 
et al., 2018). The question remains on whether this is a systemic 
response of the whole clownfish larva, or only of specific tissues and cell 
populations. The fact that the genotoxic effects of CPF have often been 
observed in blood populations (e.g. Samajdar and Mandal, 2015), and 
that we find CPF to be strongly toxifying to clownfish blood cells or to 
their precursors (downregulation of all haemoglobin genes), may sug
gest that it is blood populations that are the ones damaged the most. In 
fact, acetylcholinesterase is an important membrane component of red 
blood cells and erythropoietic cells (Lawson and Barr, 1987; Basirun 
et al., 2019) and, at least in humans, has been found to be a more sen
sitive readout of organophosphate exposure than other isoforms (Chen 
et al., 1999).

Finally, while the general immune stimulation triggered by CPF in 
clownfish larvae is not surprising given the oxidative damage expected 
from the pesticide and has indeed been observed across exposed fish 
species (e.g. Chen et al., 2014; Jin et al., 2015; reviewed in Día
z-Resendiz et al., 2015), the specific upregulation of innate immune 
response genes responsive to cytosolic nucleic acid, including dsDNA, is 
puzzling. To our knowledge, this response has not been described before 
and would be expected from viral infection. We note that this possibility 
is unlikely in our experimental setup, given that the antiviral response is 
specific to CPF-treated larvae, and all larvae in all treatments shared the 
same water source and the same air. It is however possible that CPF 
weakens clownfish larvae making them more susceptible to ambient 
viruses (natural sea water). Larvae in other treatment conditions would 
instead remain resistant to these viruses. Immunosuppressive roles of 
CPF are known (El-Bouhy et al., 2016), and the cytokine imbalance 
created by ongoing inflammatory processes (Chen et al., 2014) may it
self be a source of sensitisation. A likely alternative explanation would 
be that the activation of viral-response-like pathways we observe is 
triggered not by viruses but by DNA leaking from damaged mitochon
dria. Oxidative damage (a key consequence of CPF biotransformation) 
has indeed been found to trigger pyroptosis, cause extracellular leakage 
of mitochondrial DNA and evoke cGAS-STING responses in other con
texts (Miao et al., 2024).

4.3. Pesticides and larval metamorphosis (TH as a tuning dial)

We have recently elaborated an Eco-Evo-Devo model of the role of 
TH across the animal kingdom, whereby TH help animals on the one 
hand to match their ontogenetic transitions with environmental condi
tions, and on the other hand to compensate adverse environmental 
conditions in order to nonetheless guarantee the successful completion 
of such transitions (see Zwahlen et al., 2024). In the context of this 
model, the results we describe in this paper highlight criticalities on the 
ecological consequences of organophosphate and pesticide pollution 
which we find of fundamental importance.

Specifically, the rescue experiments are particularly informative as 
they suggest that clownfish larvae could, for the most part, counter the 
effects of environmental pesticides (at least, of CPF) by a compensatory 
increase of T3 levels. Accordingly, supplementation of T3 to CPF leads to 
the recovery at the scale of the whole transcriptome of almost 70 % of 
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the T3-only signature, including those expression programmes that 
drive key transformations such as body shape changes and white band 
formation. This is a striking recovery effect, that highlights the consid
erable compensatory power held by TH as guardians of larval quality in 
the face of environmental challenge. Critically however, CPF also affects 
the very larval ability to synthesise T3, and thus nullifies any possibility 
for such compensatory changes to occur (that is, outside of a laboratory 
setting where such hormone could be supplied exogenously). We 
therefore propose that pesticides capable of modulating the HPT axis 
and TH signaling, such as CPF, represent a qualitatively different kind of 
threat to marine larvae, and one of much bigger importance: aside from 
their systemic effects on larval physiology, these pesticides also critically 
block a major mechanism through which larvae could compensate such 
changes, as we reveal by supplying T3 exogenously.

Still, we note that were larvae able to produce more T3 and recover a 
T3-like gene expression signature, and thus were they able to meta
morphose (CPF + T3, or the case of a non-thyromodulatory pesticide), 
they would be left with all the additional pesticide effects we have found 
to be TH-independent (for CPF: cholesterol repression, inflammation, 
genomic instability, neuromuscular toxicity). Pesticide pollution, 
regardless of its thyromodulatory effects, thus profoundly alters the 
fitness landscape of exposed larvae, such that visual readouts of suc
cessful metamorphosis may not be sufficient to assess the true extent of 
such alterations.

4.4. Technical, and limitations

CPF levels in coastal environments and reef ecosystems have been 
found to range from <3.6 to 83 ng/L (Carvalho et al., 2002), to up to 0.5 
μg/L, sometimes exceeding 10 μg/L, in Australian surface waters (NRA, 
2000), with effects on fish larvae already at 0.5–1 μg/L (Jarvinen and 
Tanner, 1982; Besson et al., 2017; Botté et al., 2012; Besson et al., 2020; 
Bertucci et al., 2018). In this study we expose clownfish larvae to the 
higher end of such pesticide concentrations, with nominal concentra
tions ranging from 10 μg/L to 30 μg/L, measuring transcriptional re
sponses at 20 μg/L. These concentrations remain below those inducing 
behavioural abnormalities in metamorphic or juvenile stages of other 
reef fish (Besson et al., 2017; Botté et al., 2012) and fall within the range 
of what typically applied for CPF studies on these species (Besson et al., 
2017, Besson et al., 2020; Botté et al., 2012; Holzer et al., 2017). We use 
relatively high and sublethal CPF concentrations to ensure we magnify 
effects that may be otherwise too weak to detect, and to be sure to 
capture the potential effects of the pesticide on the TH signalling axis, 
one of the primary aims of our investigation. Indeed, reports do not 
consider CPF as an endocrine disruptor at the concentrations that 
already cause acetylcholinesterase inhibition (Juberg et al., 2013), 
underscoring the fact that such effects may only become apparent at 
higher concentrations. Our lowest treatment concentration matches 
CPF’s IC50 (9.7 μg/L) for the inhibition of acetylcholinesterase activity in 
spiny damselfish juveniles (Botté et al., 2012), as well as the minimal 
concentrations required to see changes in TH levels in surgeonfish 
(Holzer et al., 2017; Besson et al., 2020). Although analogous studies at 
environmental concentrations will determine whether these levels are 
already sufficient to disrupt larval development in wild clownfish, the 
clear TH-disrupting, metamorphosis-impairing, and TH-independent 
systemic effects we describe here serve as a clear warning about the 
environmental risks posed by this pollutant, underscoring the impor
tance of its management. At the same time, it should also be noted that 
exposure to high-concentrations of CPF is a present reality for e.g. 
frontline agricultural workers using this pesticide (Liem et al., 2021), 
that TH-disrupting effects are noted across these demographics (Liem 
et al., 2023), and that concentrations of chlorpyrifos of 10–30 μg/L are 
already detected in waterways across the globe (Marino and Ronco, 
2005; Leong et al., 2007, Alvarez et al., 2019).

From a strictly Eco-Devo point of view, exposing clownfish larvae to 
high CPF levels also allows us to stress-test the buffering role we believe 

TH plays during post-embryonic larval development (as discussed 
above), and to assess the limits to which TH-mediated changes can 
effectively compensate changes in ecological conditions. Incidentally, 
even at these high CPF levels, we see that larval transcriptomic and 
hormonal responses are highly heterogeneous, hinting at the fact that 
such a heterogeneity may be a feature of the response to pesticide 
exposure, rather than a sign of underdosing. The observed heterogeneity 
in response is similarly reflected in our TH-level measurements, though 
this may be exacerbated by the limited number of replicates we had 
available for hormone assays and confounded by the need to use pools of 
larvae, obscuring individual responses to CPF exposure. Still, the larval 
heterogeneity we observe (genetic or other) may itself be an adaptive 
strategy of marine species, favouring resilience to pollutant challenge 
just as it is starting to be recognised in the context of fish climate change 
resilience strategies (Schunter et al., 2022). Overall, our results enhance 
understanding of the intricate interplay between CPF exposure, TH 
signalling and metamorphosis, emphasising the urgent need for miti
gating the detrimental consequences of chemical pollutants on marine 
ecosystems.
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