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Abstract 25 

 Exposure to PFOS (perfluorooctanesulfonate) has been related to toxic effects 26 

on lipid metabolism, immunological response, and different endocrine systems. We 27 

present here a transcriptomic analysis of zebrafish embryos exposed to different 28 

concentrations of PFOS (0.03-1.0 mg/L) from 48 to 120 hpf. No major survival or 29 

morphological alterations (swimming bladder inflation, kyphosis, eye separation and 30 

size...) were observed below the 1.0 mg/L mark. Conversely, we observed significant 31 

increase in transcripts related to lipid transport and metabolism even at the lowest 32 

used concentration. In addition, we observed a general decrease on transcripts related 33 

to natural immunity and defense again infections, which adds to the recent concerns 34 

about PFOS as immunotoxicant, particularly in humans. Derived PoD (Point of 35 

Departure) values for transcriptional changes (0.011 mg/L) were about 200-fold lower 36 

than the corresponding PoD values for morphometric effects (2.53 mg/L), and close to 37 

levels observed in human blood serum or bird eggs. Our data suggest that currently 38 

applicable tolerable levels of PFOS in commercial goods should be re-evaluated, taking 39 

into account its potential effects on lipid metabolism and the immune system.  40 

 41 

 42 

Keywords: endocrine disrupting chemicals, high-throughput sequencing, differentially 43 

expressed genes (DEGs), ANOVA-PLS, immune system, lipid disruption, benchmark 44 

doses.  45 
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1. Introduction 46 

Polyfluoroalkyl and perfluoroalkyl substances (PFASs) consist of fully fluorinated 47 

hydrophobic alkyl chains attached to different hydrophilic ending groups. Their unique 48 

thermal stability and oxidation resistance have fueled their use for more than 50 years 49 

in different industrial and domestic applications, as surfactants, surface treatment, fire 50 

retardants, and coating materials (OECD, 2002). However, these same properties make 51 

PFAS very bioaccumulative and persistent in the environment, with the capability for 52 

long range transport through the atmosphere and water (Ahrens and Bundschuh, 53 

2014). Perfluorooctane sulfonate (PFOS) is one of the most frequently detected PFASs 54 

in the environment, and the first one to be added to Annex B of the Stockholm 55 

Convention on Persistent Organic Pollutants list, which resulted in a global restriction, 56 

but not a ban, on its production and use (Paul et al., 2009). Like other PFAS, exposure 57 

to PFOS is known to induce adverse effects on growth, birth weight, fertility, 58 

carcinogenesis, immunity, lipid metabolism, and the thyroid system (Chaparro-Ortega 59 

et al., 2018; Du et al., 2013; Jensen and Leffers; Lau, 2015). Nevertheless, neither PFOS 60 

nor any other PFAS has been yet categorized as endocrine disrupting chemical (EDC) by 61 

the European Commission (European Commission, 2000) or by other regulatory 62 

agencies. PFOS is found at relatively high levels (ng/L, µg/g and mg/L) in wastewaters, 63 

wastewater treatment plants' sludge, and exposed aquatic biota, respectively, showing 64 

an extremely high bioaccumulation potential (Ahrens and Bundschuh, 2014; Arvaniti 65 

and Stasinakis, 2015; Loos et al., 2013). In humans, blood serum levels of PFOS and 66 

other PFAS ranged from 1 to 10 µg/L in multiple surveys of general populations, and 67 

from 100 to 1000 µg/L for highly exposed populations (Kato et al., 2015; Olsen, 2015). 68 

Toxicological studies revealed potential toxic effects of these substances ranging from 69 

growth and reproductive functions to lipid metabolism and oxidative stress (Ankley et 70 

al., 2005; Lau et al., 2007; Rodriguez-Jorquera et al., 2019). The effect of the exposure 71 

to PFOS and other related compounds on the immunologic system is a matter of 72 

increasing concern, as it has been observed both in fish and in mammals, but its 73 

significance for human health is largely unknown (Corsini et al., 2011; DeWitt et al., 74 

2009; DeWitt et al., 2016). Moreover, a recent report on the effect of PFOS on mice 75 

gut microbiome suggests an until now unexplored potentially harmful interactions 76 

between PFOS and microbial and animal metabolisms (Lai et al., 2018). 77 
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 78 

 In the present study, we aimed to characterize and to describe the mechanisms 79 

of PFOS toxicity using zebrafish embryos as a model. Zebrafish characteristics (easy 80 

maintenance, small size, short life cycle, embryo transparency, large offspring, etc.) 81 

made it a preferred animal model for toxicity studies during the last decades (Hill et al., 82 

2005; Scholz and Mayer, 2008; Stegeman et al., 2010). The study of zebrafish at least 83 

at genomic, transcriptomic, proteomic and metabolomic levels (Mushtaq et al., 2013) 84 

and its recognition as an acceptable vertebrate model for human and environmental 85 

toxicology (Raldúa and Piña, 2014; Strahle et al., 2012), make it an excellent election 86 

for ecotoxicological studies. During the last years, high-throughput next generation 87 

sequencing (HT-NGS) technologies facilitated the improvement and achievements of 88 

the transcriptomic studies (Mortazavi et al., 2008; Reuter et al., 2015), and showed its 89 

usefulness in the study of transcriptomic effects of several toxicants (Baker and 90 

Hardiman, 2014; Caballero-Gallardo et al., 2016). Although transcriptomics effects of 91 

PFOS over zebrafish larvae have been previously assessed, these studies were 92 

centered in a targeted dataset of transcripts (Jantzen et al., 2016; Shi et al., 2008) or 93 

based in a single PFOS dose (Chen et al., 2014; Fai Tse et al., 2016). The aim of this 94 

work was to analyze the toxic effects of PFOS in zebrafish embryos at sub-lethal 95 

concentrations, using a combination of morphometric and transcriptomic techniques. 96 

For that reason, we have designed dose-response assays using different PFOS 97 

concentrations to unravel the different mechanisms underlying the different toxic 98 

effects and to contribute to the risk assessment analysis of these currently ubiquitous 99 

pollutants. 100 

 101 

2. Materials and methods 102 

2.1. Zebrafish maintenance and rearing conditions 103 

 Adult wild-type zebrafish (Danio rerio, 12–18 months old) were maintained 104 

under controlled standard conditions (28 ± 1 °C, 12L:12D photoperiod, ≤ 5 fish/L) in 105 

fish water. Fish water was composed of 90 μg/ml of Instant Ocean (Aquarium Systems, 106 

Sarrebourg, France) and 0.58 mM of CaSO4·2H2O, dissolved in reverse osmosis purified 107 

water. Zebrafish were fed twice a day with dry flakes (TetraMin, Tetra, Germany). Eggs 108 

were obtained by natural mating of the adults, placing in breeding tanks males and 109 
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females in a 2:1 proportion, respectively. A mesh was placed in each breeding tank to 110 

avoid zebrafish access to eggs, which were collected and rinsed at 2 hpf (hours post 111 

fertilization). Fertilization rate was assessed to be at least 70 % (OECD, 2013) and 112 

fertilized eggs were randomly placed in 6 well plates with fish water (under standard 113 

conditions) at a density of 3 embryos/mL. Fish water was changed daily until the start 114 

of the PFOS exposure at 48 hpf (sections 2.2.2. and 2.2.3.). All procedures were 115 

performed accordingly with the institutional guidelines under a license from the local 116 

government (DAMM 7669, 7964) and were approved by the Institutional Animal Care 117 

and Use Committees at the Research and Development Centre of the Spanish National 118 

Research Council (CID-CSIC). 119 

 120 

2.2. Zebrafish eleutheroembryo exposure to PFOS 121 

2.2.1. PFOS solutions preparation. 122 

 PFOS (perfluorooctanesulfonate (PFOS, CAS-RN: 2795-39-3) potassium salt) was 123 

purchased from Sigma-Aldrich (St. Louis, MO, USA, ≥98% purity). Five hundred-fold 124 

stock solutions (50-5000 mg/L, depending on the experiment, see sections 2.2.2. and 125 

2.3.3.) were prepared in dimethyl sulfoxide (DMSO) and stored at -20 °C. Experimental 126 

solutions were prepared every day by dilution of the stock with fish water, with a final 127 

DMSO concentration of 0.2% (v/v) in all exposed and control groups. The pH of the 128 

working solutions was in the recommended range (6.8 - 7.5) (Avdesh et al., 2012). 129 

Concentrations are given as nominal values. Since the stability of PFOS in water 130 

solutions for at least 24h have been previously assessed (Kato et al., 2013; Lyu et al., 131 

2015), daily water changes were considered sufficient to ensure constant PFOS 132 

concentrations. 133 

 134 

2.2.2. Exposures for morphometric tests 135 

 Zebrafish eleutheroembryos were exposed from 2 dpf to 5 dpf to a wide range 136 

of PFOS concentrations to stablish a suitable LOAEC (Lowest Observed Adverse Effect 137 

Concentration) below which transcriptomics studies should take place. We did not 138 

expose embryos during the first 48 hpf to avoid confounding factors due to the 139 

interference of PFOS with the early embryonic processes and to focus in the effect of 140 

PFOS in the already differentiated tissues of the larvae. PFOS concentrations ranged 141 
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from 0 (control, 0.2% of DMSO) to PFOS solutions containing 0.10, 0.25, 0.50, 1.0, 2.5, 142 

5.0, 7.5, 10 and 100 mg/L of PFOS (all of them in the presence of 0.2% of DMSO). 143 

Anatomical development of embryos was followed daily during the exposure as 144 

described (Kimmel et al., 1995) . Survival (3, 4 and 5 dpf), hatching (3, 4 and 5 dpf) and 145 

swim bladder inflation rates (4 and 5 dpf) were assessed in at least 50 larvae per each 146 

experimental group. 147 

 148 

2.2.3. Exposure for transcriptome analysis 149 

 Using the morphometric data, a second round of PFOS exposure was 150 

performed, avoiding PFOS concentrations that could affect embryo viability. Therefore, 151 

the highest used concentration was 1.0 mg/L of PFOS, as determined as LOAEC for 152 

morphometric effects (see section 3.2.). Zebrafish eleutheroembryos were exposed to 153 

control (0.2% DMSO), 0.03, 0.3 and 1.0 mg/L of PFOS during 72h from 2 to 5 dpf. The 154 

experimental design was selected to minimize all possible covariates. All animals 155 

belonged to the same batch and were simultaneously incubated in 6-well plates, each 156 

one containing control and exposed groups for each concentration (no batch- or plate-157 

bias). Fresh working solutions were daily prepared from the stocks and renewed as 158 

previously described. For each experimental group, anatomical development of 159 

embryos (Kimmel et al., 1995), sub-lethal and developmental efects, survival and 160 

hatching rates at 3, 4 and 5 dpf, and swim bladder inflation rates at 4 and 5 dpf were 161 

reported, according to the OECD 236 guidelines (OECD, 2013). Replicates of 10 162 

eleutheroembryos per experimental condition were collected, snap-frozen in dry ice 163 

and stored at -80 °C until further analysis (RNA extraction for high-throughput 164 

sequencing and RT-qPCR confirmation purposes). 165 

 166 

2. 3. Eleutheroembryo fixation, morphological and immunochemical measurements 167 

 Zebrafish eleutheroembryos were collected and fixed overnight at 4 °C in a 168 

phosphate buffered saline 1X solution (PBS) with 4% PFA (paraformaldehyde) as 169 

previously described (Martínez et al., 2018; Raldua et al., 2008). For morphological 170 

measurements, fixed eleutheroembryos were then washed several times with PBS and 171 

gradually transferred to 90% glycerol (10% PBS 1X) for long-term preservation and 172 

positioning facilitation under the microscope. A stereomicroscope Nikon SMZ1500 173 
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equipped with a Nikon digital Sight DS-Ri1 camera was used to acquire lateral and 174 

dorsoventral images of the fixed embryos (Figure 1A). Afterwards the following 175 

morphological parameters were measured using the free graphical image analysis 176 

software ImageJ (National Institutes of Health, Bethesda, MD, USA): Body length (BL), 177 

head-trunk angle (HTA), yolk sac area (YSA), swim bladder area (SBA), eye length (EL), 178 

eye width (EW), head width (HW), inter-ocular distance (IOD) and eye-snout distance 179 

(ESD) (Figure 1C). For immunochemical determinations, fixed eleutheroembryos were 180 

washed several times with PBS, gradually transferred to methanol 100 %, and stored at 181 

-80 °C for at least 24h. After rehydration of the larvae, a 50 min depigmentation step 182 

(3% H2O2 and 1% KOH in water) was included before the permeabilization steps. 183 

Whole mount immunohistochemistry was performed as previously described with 184 

minor modifications (Thienpont et al., 2011). Larvae were then incubated overnight at 185 

4 °C in either anti-parvalbumin monoclonal antibody (Sigma-Aldrich, St. Louis, MO) at 186 

1:2000 and anti-acetylated alpha-tubulin monoclonal antibody (Sigma-Aldrich, St. 187 

Louis, MO) at 1:1000. The above primary antibodies were used to detect ciliated and 188 

microvillous olfactory sensory neurons (anti-parvalbumin, Parv) and cilia from 189 

olfactory epithelium and neuromast hair cells (acetylated alpha-tubulin, α-AT), 190 

respectively. The secondary antibodies used were Alexa Fluor 488 and 555 goat anti-191 

rabbit IgG and goat anti-mouse IgG (1:300; Molecular Probes). 192 

 193 

2.4. RNA extraction, library construction and high-throughput sequencing 194 

 Total RNA was isolated from independent pools of 10 eleutheroembryos (three 195 

pools for each condition, separately exposed and treated) using AllPrep DNA/RNA Mini 196 

Kit (Qiagen, CA, USA) as described by the manufacturer. Extracted RNA was 197 

reconstituted in RNAse-free water and its quantity and quality were determined by a 198 

Qubit® RNA BR Assay kit (Thermo Fisher Scientific) and RNA 6000 Nano Assay on a 199 

Bioanalyzer 2100 (Agilent Technologies), respectively. RNA preparations were sent to 200 

the National Center for Genomic Analysis (CNAG, Barcelona, Spain) for high-201 

throughput sequencing (RNA-Seq). All replicates showed RNA concentrations between 202 

50 and 200 ng/µL, were free of genomic DNA and had an RNA integrity number (RIN) > 203 

8. The RNA-Seq libraries were prepared using KAPA Stranded mRNA-Seq Kit Illumina® 204 

Platforms (Kapa Biosystems) with minor modifications. A poly-A based mRNA 205 
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enrichment with oligo-dT magnetic beads was performed over 500 ng of total RNA as 206 

input material. The mRNA was fragmented (resulting RNA fragment size: 80-250nt; 207 

major peak: 130nt). The second strand cDNA synthesis was carried out in the presence 208 

of dUTP instead of dTTP, to enhance strand specificity. The blunt-ended double-209 

stranded cDNA was 3´ adenylated and Illumina indexed adapters (Illumina) were 210 

ligated. Ligation product was enriched with 15 PCR cycles and validated on an Agilent 211 

2100 Bioanalyzer with the DNA 7500 kit. Each final library was sequenced using TruSeq 212 

SBS Kit v3-HS (paired-end mode; 2x76bp as read length). An average of 39 million 213 

paired-end reads for each sample was generated in a fraction of a sequencing lane on 214 

HiSeq 2000 (Illumina). Image analysis, base calling and quality scoring of the run were 215 

processed using the manufacturer’s software Real Time Analysis (RTA 1.13.48) and 216 

FASTQ sequence files were generated by the sequencing analysis software CASAVA. 217 

Obtained reads mapped properly to the reference genome in more than a 95%. The 218 

majority mapped to exonic regions and to protein-coding genes, with a total of 24,425 219 

genes detected. The transcriptomic data discussed in this publication have been 220 

deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible 221 

through GEO Series accession number GSE125072 222 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125072). A full description 223 

of mapping quality statistics can be found in Supplementary Table ST1. 224 

 225 

2.5. Data analysis 226 

2.5.1. Morphometric statistical analysis 227 

Differences between experimental groups in survival, hatching and swim bladder 228 

inflation rates (sections 2.2.2. and 2.2.3.) and morphological measurements (section 229 

2.3.) were analyzed by non-parametric Kruskal-Wallis tests plus Dunn’s pairwise 230 

multiple comparisons (significance level at p < 0.05, Bonferroni correction). SPSS 24.0 231 

(Armonk, NY: IBM Corp., 2016) was used to carry out statistical tests whereas 232 

GraphPad Prism (v. 6.07, GraphPad Software, La Jolla, CA, USA) was used to perform 233 

the graphs (Figure 1C and Supplementary Figures SF1, SF2, SF3). 234 

 235 

2.5.2. RNA-Seq data analysis 236 
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 RNA-Seq reads were aligned to the D. rerio reference genome (GRCz10) using 237 

the STAR software version 2.5.1b (Dobin et al., 2013). The quantification of the genes 238 

annotated in GRCz10.84 were performed using RSEM version 1.2.28 (Li and Dewey, 239 

2011) with default parameters. Data normalization was carried out using the DESeq2 240 

(v.1.10.1) R package (Li and Dewey, 2011; Love et al., 2014), which uses a variant of 241 

scaling factor normalization based on the assumption that most genes are not 242 

differentially expressed. Differential expression analysis between all experimental 243 

conditions was analyzed using the ANOVA-PLS (Analysis of Variance-Partial Least 244 

Square) analysis using the lmdme package in R v. 1.0.136, R Core Team (Fresno et al., 245 

2014). First, ANOVA decomposed the transcriptomic data matrix of all samples 246 

(normalized and scaled) through a linear model that considers the experimental design 247 

(PFOS treatment). Secondly, a PLS regression model was built between the matrices 248 

obtained in this linear decomposition (X) and a vector (y) that defined the class 249 

membership of the samples (control, 0.03, 0.3 and 1.0 mg/L). The analysis identified 250 

the features (variables) that described best the differences between groups and it 251 

determined if the experimental groups were different from each other. ANOVA-PLS 252 

was performed on the normalized data scaled to the control set and log2 transformed, 253 

considering each one of the PFOS concentrations (including controls) as a class. Genes 254 

showing significant variations among the classes (p ≤ 0.05; 1434 transcripts in total) 255 

were selected as DEGs (differentially expressed genes) for further analysis. Hierarchical 256 

and PAM (partition around medoids) clustering analysis were performed using the 257 

packages gplots, fpc, and cluster in R. The PAM implementation in these packages 258 

allowed performing a principal components analysis (PCA) to analyze the covariance 259 

matrix of the entered variables and to produce a 2D plot showing the goodness of 260 

separation of the defined clusters 261 

(https://www.rdocumentation.org/packages/cluster/versions/2.0.6/topics/pam). 262 

Statistically significant differences between genes included in each cluster were 263 

assessed by one-way ANOVA followed by post hoc Tukey’s B tests (p < 0.05) using the 264 

foreign and agricolae packages in R. Further graphs were carried out using the gplots 265 

package, also in R environment. DAVID Bioinformatic Resources 6.8 was used for the 266 

functional analysis of DEGs. Gene enrichment analysis was estimated in DAVID using 267 

the default zebrafish background setting the enrichment significances to a false 268 

https://www.rdocumentation.org/packages/cluster/versions/2.0.6/topics/pam
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discovery ratio (FDR) ≤ 5%. Identified modules with at least four hits were included in 269 

the network analysis, using the reshape2 and igraph packages in R 270 

(R_Development_Core_Team, 2008). Graphs were elaborated from an incidence table 271 

of genes (represented by their official gene names, ZFIN.org) using the igraph package. 272 

Any two given genes were considered linked if they shared at least one common KEGG 273 

or GO (Gene Ontology) module. Metabolic pathways were obtained from the KEGG 274 

(Kyoto Encyclopedia of Genes and Genomes) database. 275 

 276 

2.5.3. Benchmark dose and point of departure determination 277 

Benchmark doses (BMD) for both morphometric and RNAseq data were 278 

calculated using the BMDExpress 2.2 sofware 279 

(https://www.sciome.com/bmdexpress/)(Phillips et al., 2018; Yang et al., 2007). 280 

Benchmark dose lower confidence limits (BMDLs) were calculated to stablish a 281 

reference dose or point of departure (PoD) for both datasets (Bhat et al., 2013; EPA, 282 

2012; Farmahin et al., 2017; Webster et al., 2015). 283 

 284 

3. Results and Discussion 285 

3.1 Survival and morphometric analyses 286 

 No statistically significant differences (non-parametric Kruskal-Wallis test, p > 287 

0.05) were observed in hatching rates at PFOS concentrations up to 100 mg/L 288 

(Supplementary Figure SF1A). On the other hand, we observed a significant increase in 289 

mortality rates at 5 dpf when embryos were exposed to 7.5, 10 and 100 mg/L and 290 

estimated LC50 at 9.1 mg/L. Swim bladder inflation was reduced at PFOS 291 

concentrations equal or higher than 2.5 mg/L, at both 4 and 5 dpf. Other lethal 292 

endpoints such as lack of heartbeat, coagulated embryos, lack of somite formation, or 293 

non-detachment of the tail, were not observed. 294 

 Several sublethal morphological changes, like appearance of spinal deformities 295 

(bent spine) and scoliosis, reduction of body length (BL), reduction of eye-snout 296 

distance (ESD), decrease in swim bladder area (SBA) or increases in yolk sac area (YSA) 297 

were observed at 5 dpf at PFOs concentrations equal or higher than 5 mg/L (Figures 1 298 

A-C, Supplementary Table ST2). This result was in concordance with previous reports 299 

of skeletal deformations (scoliosis and kyphosis) induced by PFOS and other 300 
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perfluorinated compounds in zebrafish embryos (Hagenaars et al., 2014). Other 301 

quantitative morphological parameters, like eye and head width (EW and HW, 302 

respectively) and inter-ocular distance (IOD), were reduced respect to the controls at 303 

concentrations equal or higher than 2.5 mg/L of PFOS (6-15%, 9-20% and 15-35% 304 

respectively, Figures 1 B, C), whereas reductions of the head-trunk angle (HTA) and eye 305 

length (EL) showed some significant variations at the 1 mg/L of PFOS concentration 306 

(Figures 1 B, C). Note that morphological parameters could not be determined at the 307 

highest concentrations (10 and 100 mg/L) due to their high rates of mortality (82 and 308 

100 %, respectively). Using the BMDExpress software we calculated PFOS BMDLs for all 309 

measured morphological features and found HTA and YSA as the most and less 310 

affected parameters, respectively (BMDLHTA = 1.27 mg/L, BMDLYSA = 5.78 mg/L). Taking 311 

this into account, we used the median BMDL of all morphological features to estimate 312 

2.53 mg/L of PFOS as the morphologic point of departure (PoD) for our study. These 313 

results were consistent with previously reported LOAEC values of 1.0 mg/L for 314 

activity/behavior (Spulber et al., 2014), 1.0-2.0 mg/L for morphometric alterations 315 

(Hagenaars et al., 2014; Shi et al., 2008) or 1.66 mg/L for PFOS ototoxicity (Stengel et 316 

al., 2017). We also tested effects on olfactory epithelium and lateral line neuromasts, 317 

since they are considered as sensitive markers for neurotoxic or cytotoxic effects of 318 

PFOS and other toxicants in zebrafish (Chen and Reese, 2013; de Esch et al., 2012; EPA, 319 

2018; Hirose et al., 2011; Sato et al., 2009). Using immunochemical techniques, we 320 

observed no evident effects on the olfactory epithelium or on lateral line neuromasts 321 

at PFOS concentrations up to 1.0 mg/L, indicating lack of neurotoxicity at this PFOS 322 

concentration range (Figure 1D). Taking into consideration all the above exposed 323 

reasons, we selected 1.0 mg/L as the maximum PFOS concentration used for the 324 

exposures in the transcriptomic study. 325 

 326 

3.2 Transcriptome analyses 327 

 The ANOVA-PLS analysis identified 1434 transcripts as DEGs in at least one of 328 

the exposure groups with respect to the others. Hierarchical clustering of DEGs 329 

showed that the expression profiles of the selected DEGs closely reflected the 330 

experimental setup, as the different biological replicates for all treatment groups fell 331 

into the same hierarchical cluster (Figure 2A, note that the white cells corresponds to 332 
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the averaged control levels and red and blue cells, correspond to over- and under-333 

expressed transcripts, respectively). Unexposed control samples appeared as a clearly 334 

differentiated group from the exposed ones. PAM clustering confirmed this rather 335 

gradual dose-response pattern by defining two clusters, A and B, corresponding to 336 

genes whose abundances decreased (767 genes) or increased (667 genes) upon PFOS 337 

exposure, respectively (Figure 2 B-D). Note that the samples of each exposure group 338 

clustered together in both clusters. Cluster A showed a clear separation between 339 

control and exposed samples, whereas the two highest doses (0.30 and 1.0 mg/L) 340 

separated from the 0.03 mg/L group. Cluster B shows a slightly different grouping of 341 

samples, as controls and the low dose (0.03 mg/L) clustered separately from the 0.30 342 

and 1.0 mg/L groups. Figure 2D shows the distribution of normalized expression values 343 

(mean = 0, standard deviation = 1) for all genes in both clusters and reflects the higher 344 

difference in the under-expression of the genes (cluster A) between non-treated 345 

(control) and treated samples than those among the different dose groups. The dose-346 

response pattern is less evident in cluster B. We thus conclude that the LOAEC for 347 

transcriptomic effects of PFOS (at least, for the major part of it) is likely below 0.03 348 

mg/L (30 ppb), as these samples separated themselves from controls. Moreover, we 349 

estimated 0.011 mg/L of PFOS (11 ppb) as PFOS transcriptomic PoD, about a third of 350 

the lowest concentration used in the transcriptomic study (Supplementary Figure 351 

SF1B). This is more than 200 fold lower than the estimated PoD value for 352 

morphometric changes (Supplementary Figure SF1B), and lower than the reported 353 

limit of detection for transcriptomic effects of PFOS by targeted analyses (0.10 mg/L, 354 

(Jantzen et al., 2016; Shi et al., 2008). RNA-seq transcriptomic data exposed in this 355 

study was confirmed by RT-qPCR (Supplementary Methods, Supplementary Figure 356 

SF2, Supplementary Table ST3) showing a strong correlation between both techniques 357 

in several selected genes (r2 = 0.814, p < 10-4). 358 

 359 

3.3 Functional analysis 360 

 DAVID functional analysis showed a relatively small subset of functional classes 361 

significantly enriched either in any of the two clusters or in the whole DEGs subset 362 

(Table 1, see also Figure 3A and supplementary Table ST4). Particularly notable is the 363 

case for over-represented transcripts (Cluster B), in which all significantly enriched 364 
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functional classes were related to lipid transport and/or metabolism (Table 1). This is 365 

consistent with the known disruption of lipid homeostasis by PFOS and other 366 

structurally-related compounds in vertebrates (Das et al., 2017; Huang et al., 2016), 367 

and it shows a similar pattern as the lipid metabolism/transport transcriptomic effects 368 

induced by other EDCs like Bisphenol A (Martínez et al., 2018) (Supplementary Figure 369 

SF3, r2 = 0.678, p < 10-4). The presence of yolk sac remains observed in the present 370 

study (section 3.2.) is also in agreement with the alterations in the lipid homeostasis 371 

shown at the transcriptomic level.  372 

 Several functional modules associated to Cluster A were identified by DAVID 373 

analysis, although most of them corresponded to structural, rather than functional 374 

categories (Table 1, Figure 3A). For example, the observed transcriptomic 375 

dysregulations in myosin, actin and tropomyosin transcripts (Supplementary figure 376 

SF4) are in agreement with the observed spinal deformities (section 3.2.), which have 377 

been in turn related to alterations in myosin and other muscle fibers (Huang et al., 378 

2010). As it can be observed in Supplementary figure SF4, genes in cluster A exhibited 379 

a classic dose-response pattern, increasing their expression according to the PFOS 380 

exposure. Nevertheless, the relationship between the dysregulation of these genes 381 

and the effects on the spinal cord and tail structure need to be confirmed by a further 382 

specific research.  383 

 Most enriched functional categories in Cluster A (KEGG or GO_BP terms) 384 

appeared related to the immunological system and/or pathogen response, including 385 

several cytokines, cytokine signaling-related proteins, proteases implicated to antigen 386 

presentation, or the JAK-STAT signaling pathway (Table 1). This is consistent with the 387 

known dysregulation of the immune system caused by PFOS and other perfluorinated 388 

substances, which includes changes in cytokines production (DeWitt et al., 2009; Lau et 389 

al., 2007; Peden-Adams et al., 2008; Suo et al., 2017). Structurally-defined modules 390 

(INTERPRO or GO_MF terms in Table 1) included a relatively large group of genes 391 

associated to the structural domain B30.2/SPRY and Zn-ion binding proteins, among 392 

others. While the structural domain B30.2/SPRY have been reported to be involved in 393 

immunity and immunoglobulins (D'Cruz et al., 2013; Howe et al., 2016; Woo et al., 394 

2006), zinc fingers (structural motif of the proteins which Zn binds to) have an 395 

extraordinary diversity of both structures and functions (Kluska et al., 2018; Laity et al., 396 
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2001).  397 

 Considering the whole DEG dataset, more general functions appear, including 398 

signaling, extracellular space and transmembrane receptor activity. Inspection of the 399 

genes identified by their structural, rather than functional characteristics, revealed the 400 

biological processes potentially affected by their de-regulation. These 401 

interdependences can be visualized in the network shown in Figure 3B. For example, 402 

the structural class "IPR001507: Zona pellucida domain" shares some genes with the 403 

functional class "cell-matrix adhesion" (both in cluster A), suggesting alterations in cell-404 

cell interactions. Similarly, the structural class "IPR011029: Death-like domain" may be 405 

related to programmed cell-death pathways, as most of the 13 genes identified as 406 

DEGs are also related to caspase recruitment, apoptosis, or TNF (tumor necrosis factor) 407 

activation (Table 1). This is consistent with previous studies in cells (Cui et al., 2017; Shi 408 

et al., 2008; Zhang et al., 2013) and zebrafish (Shi et al., 2008). Particularly noticeable is 409 

the structural-based module "IPR001870:B30.2/SPRY domain" that, together with 410 

closely-related structural terms (IPR003879 and IPR013320, among others), includes 411 

many components of the so-called TRIM protein family, a group of E3-ligase proteins 412 

functionally related to the innate immunity development (Versteeg et al., 2013) (Table 413 

1). Most detected members of this family corresponded to the fish-specific finTRIM 414 

subfamily (FTR genes, Table 1), also putatively related to different aspects of the fish 415 

immune response (van der Aa et al., 2012). Also members of the TRIM family are the 416 

bloodthirsty (btr) genes, orthologous to the human TRIM39 protein and also 417 

potentially related with the above mentioned immune response (Luo et al., 2017; van 418 

der Aa et al., 2012; Zhang et al., 2015). All these genes appeared as down-regulated by 419 

the exposure to PFOS (Figure 3, note that they are placed in cluster A).  420 

 Cell adhesion, another of the affected pathways in our study, is mediated by 421 

four major protein superfamilies (immunoglobulins, selectins, cadherins and integrins; 422 

a.k.a. CAMs). Immunoglobulins and selectins are involved in the immune response 423 

(Mashoof and Criscitiello, 2016; Roca et al., 2008; Sun et al., 2015); cadherins in the 424 

actin fibers linkeage through catenins (Li-Villarreal et al., 2016); and integrins facilitate 425 

the extracellular matrix adhesion, also activating the signaling transduction pathways 426 

including the apoptosis signals, among others (Mould et al., 2006). We observed that 427 

all those pathways were transcriptionally affected by PFOS (Table1, Figure 3). Although 428 
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the data suggests the existence of a PFOS-induced initial toxic event related to cell 429 

adhesion and/or the signaling pathways, further studies are required in order to 430 

achieve a deeper comprehension about its mode of action. 431 

 It is remarkable how interweaved were the observed transcriptomics effects 432 

with themselves and with the phenotypic alterations, suggesting a common initial 433 

triggering point. For example, the structural and functional diversity of lectins (the 434 

above mentioned IPR013320 structural term is a subgroup of them) have been 435 

previously studied in teleost fish, showing their involvement not only in the immune 436 

response (Vasta et al., 2011), but also in lipid regulation (Cambi et al., 2005; Ng et al., 437 

1989), and that lectin malfunction may result in bent tails and other skeletal muscle 438 

problems in zebrafish (Ahmed et al., 2009), which are similar to the ones observed in 439 

our exposed animals.  440 

 441 

3.4 Toxicological relevance 442 

 443 

Many animal and in vitro human systems indicate that exposure to PFOS may result in  444 

neurotoxicity, immunotoxicity, thyroid disruption, reproductive, cardiovascular and 445 

pulmonary toxicity,  and diverse toxic effects in liver and kidneys (Das et al., 2017; 446 

DeWitt et al., 2009; Lau et al., 2007; Suo et al., 2017; Zeng et al., 2019). These studies 447 

suggest that PFOS represent a significant hazard for human health. This has been at 448 

least partially confirmed by the still scarce epidemiological studies, being water and 449 

food the two main sources of exposure  (Zeng et al., 2019).  In addition to their 450 

implication for human health, the wide use, high persistence, and bioaccumulative 451 

properties of PFOS and other PFAS implicate that they are ubiquitous in the 452 

environment, and in particular, in aquatic bodies. PFOS and other PFAS has been 453 

detected in fish and marine mammal and bird tissues at ng-µg/g ww levels (Ahrens and 454 

Bundschuh, 2014; Giesy and Kannan, 2001; Houde et al., 2011; Lau et al., 2007; 455 

Rodriguez-Jorquera et al., 2016). Both molecular and macroscopic effects have been 456 

reported for PFOS and other perfluoroorganic compounds in zebrafish embryos and 457 

adults (Chen et al., 2013; Cui et al., 2017; Fai Tse et al., 2016; Hagenaars et al., 2014; 458 

Lau et al., 2007; Shi et al., 2009). Similar effects have been reported in fathead 459 

minnows (Pimephales promelas) exposed to urban wastewaters presenting from ng to 460 
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µg/L levels of different PFAS (Rodriguez-Jorquera et al., 2015). In addition, there is a 461 

growing evidence of toxic effects of perflouroorganic compounds in invertebrates and 462 

plants (Giesy et al., 2010; Li, 2009; Stylianou et al., 2019).Therefore, we consider that 463 

our findings reflect toxic effects relevant not only for human health, but also for the 464 

environment. 465 

 Lipid metabolism, immunological response and transmembrane/intracellular 466 

signaling appeared as the main cellular functions affected by PFOS exposure at the 467 

molecular level (Das et al., 2017; DeWitt et al., 2009; Lau et al., 2007; Suo et al., 2017).  468 

The favorite mechanism of action (MoA) proposed for PFOS toxicity involves its 469 

interaction with nuclear receptors intimately involved in metabolic regulation and 470 

immunological functions, like PPARD (peroxisome proliferator activating receptor), 471 

CAR (constitutive androstane receptor), PXR (pregnane X receptor) or FXR (farnesoid X 472 

receptor) (Lau et al., 2007; White et al., 2011). While our experimental approach does 473 

not allow the characterization of the molecular mechanisms underlying the observed 474 

changes, they are essentially consistent with this MoA, which explain the simultaneous 475 

deregulation of genes involved in lipid metabolism and immuno response, among 476 

others.  The effect of PFOS on lipid metabolism (including glycerophospholipids) of 477 

zebrafish embryos was also observed at the metabolic level (Ortiz-Villanueva et al., 478 

2018), and it is likely related to the observed changes in yolk sac absorption. Therefore, 479 

our data show essentially the same kind of responses at gene expression, metabolism 480 

and morphological level.  481 

 PFOS is usually found at low levels (in the range of ng/L) in surface waters 482 

(Kunacheva et al., 2011; Vedagiri et al., 2018), particularly those under the influence of 483 

sewage treatment plants (Rodriguez-Jorquera et al., 2015; Rodriguez-Jorquera et al., 484 

2016). However, PFOS is considered a persistent pollutant and its high 485 

bioaccumulation and low elimination rates (Huang et al., 2010; Kannan et al., 2005) 486 

cause PFOS to be found at very high levels (0.05-5.0 mg/kg) in wildlife (Hoff et al., 487 

2005). It has been reported a 10-fold bioaccumulation between the water and 488 

exposed-whole zebrafish larvae tissues in only 5 days of PFOS exposure (Huang et al., 489 

2010). Our PoD values for PFOS estimated from either morphometric (2.53 mg/L) or 490 

transcriptional data (0.011 mg/L) were higher than the environmental limits 491 

established for drinking water (10-5-10-4 mg/L) according to both EPA and EFSA, as well 492 
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as other regulatory agencies (EC, 2004; Grandjean, 2018). Nevertheless, exposure 493 

routes for PFOS are diverse, and there are considerably higher legal limits for some 494 

purposes, like the 10 mg/kg limit for substances and preparations in the EU (EC, 2004). 495 

Regarding internal exposure levels, several studies have observed concentrations from 496 

0.002 mg/L to 0.080 mg/L of PFOS in human serum of individuals from Asia, North 497 

America and Europe (Alexander et al., 2008; Jin et al., 2007; Vedagiri et al., 2018; Zeng 498 

et al., 2015) and even higher concentrations (0.145-0.381 mg/kg) in fish eggs (Kannan 499 

et al., 2005). This indicates that both humans and wildlife may be exposed to PFOS 500 

concentrations similar to or even higher than our calculated transcriptomic PoD value. 501 

Barring the need for dose-conversion and pharmacokinetics modeling to extrapolate 502 

the effects in zebrafish to humans, our results supported a very low safety margin, as 503 

they could imply that the immune system of exposed individuals, among others 504 

systems, could be affected at least at the transcriptomic level. In this regard, the 505 

suppression of immunological responses by different pollutants has been largely 506 

neglected until very recently, partially because the lack of an appropriate animal or cell 507 

models for its toxicological assessment (Möller et al., 2014; Rehberger et al., 2017; 508 

Segner et al., 2017). However, there is an increasing amount of evidence that some 509 

pollutants may indeed decrease the ability of fish and other vertebrates to fend off 510 

challenging infections (Fang et al., 2013; Quesada-Garcia et al., 2016). In the same 511 

direction, a report from the USA National Toxicology program also identified 512 

immunotoxicity as an emerging adverse effect of perfluorinated substances in humans 513 

(NPT, 2016). For all those reasons, we propose the inclusion of immunotoxicity tests in 514 

the existing zebrafish embryo testing schemes, which currently cover cardiovascular, 515 

nervous, neuromuscular, gastrointestinal and thyroid systems (Raldúa and Piña, 2014), 516 

to assess toxic effects of different substances in humans and other vertebrates. 517 

 518 

4. Conclusions 519 

Our results suggest a complex, multiple endocrine disruption-like toxic effects at 520 

concentrations well below the LOAEC/NOAEC for many of the macroscopic effects 521 

traditionally linked to PFOS toxicity in zebrafish embryos. While our results confirm the 522 

known effect of PFOS in the spinal cord, and its potential role as lipid disruptor, we 523 

found a significant decrease in the expression of many genes related to natural 524 
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immunity and defense against infections, previously reported in other organisms. 525 

Therefore, we suggest that a common initial key event may trigger all observed 526 

adverse effects elicited by exposure to PFOS. We propose that the transcriptional 527 

pattern may be a marker for the immunotoxic effects of PFOS and other related 528 

substances in fish and other vertebrates, including humans. As the estimated PoD 529 

values for transcriptional changes occurred at concentrations already found in living 530 

organisms, including humans, our data suggest that current maximal tolerable levels 531 

may not protect adequately environmental and human health and might need to be 532 

revised. 533 
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Figure Legends 897 

Figure 1. Morphometric measurements of zebrafish embryos treated with different 898 

concentrations of PFOS from 2 to 5 dpf. A) Representative pictures of 899 

eleutheroembryos at 5 dpf exposed to different concentrations of PFOS. B) Description 900 

of morphological traits measured from lateral (I) and dorsoventral (II) images. 901 

Measured traits were the following: body length (BL), head-trunk angle (HTA), yolk sac 902 

area (YSA), swim bladder area (SBA), eye length (EL), eye width (EW), head width (HW), 903 

inter-ocular distance (IOD) and eye-snout distance (ESD). Scale bar: 1.0 mm. C) 904 

Quantitative analyses of the effects of PFOS on the morphological parameters shown 905 

in Figure 1C (n=50 larvae/group). All measures are expressed in mm except YSA and 906 

SBA (expressed in mm2), and HTA (expressed in arc degrees). Different low-case letters 907 

in each graph indicate statistically differences between experimental groups (Kruskal-908 

Wallis tests plus Dunn’s pairwise multiple comparisons with Bonferroni correction p < 909 

0.05). Means and SEM (standard error of the mean) are represented. Morphological 910 

parameters were not determined at the highest concentrations in the exposure (10 911 

and 100 mg/L) due to their high rates of mortality (82 and 100 %, respectively). D) 912 

Immunofluorescent analyses of olfactory epithelium (A’, B’) and neuromasts (C’, D’) 913 

structures in 5 dpf eleutheroembryos after exposure to 1 mg/L PFOS. A’-B’: Dorsal view 914 

of the head of a representative control (A’) and 1 mg/L PFOS-exposed (B’) 915 

eleutheroembryo immunolabeled with a double whole-mount immunofluorescence 916 

using anti-parvalbumin (Parv) and anti-acetylated alpha tubulin (a-AT) primary 917 

antibodies. The former antibody labels ciliated and microvillous neurons in the sensory 918 

olfactory epithelium, whereas the later labels kinocilia of ciliated nonsensory cells and 919 

the cilia of the ciliated sensory neurons. The region encircled by a dashed line 920 

correspond with the olfactory pits. C’-D’: Lateral view (head on the left side) of a 921 

representative control (C’) and PFOS-exposed (D’) eleutheroembryo immunolabeled 922 

with anti-acetylated alpha tubulin primary antibody, labeling the neuromasts (nm). 923 

Scale bars: 100 µm. 924 

 925 

Figure 2. Effects of PFOS on zebrafish embryo transcriptome. A) Heatmap showing 926 

concentration changes corresponding to the 1434 transcripts identified by ANOVA-PLS 927 

as differentially expressed genes (DEGs) in at least one of the experimental groups. 928 
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Values were centered to the average of control samples and log2 transformed. Color 929 

scale ranges from blue (strongly underexpressed relative to control) to red (strongly 930 

overexpressed); white cells correspond to control values (fold change = 0). Both rows 931 

(genes) and columns (samples) were grouped by hierarchical clustering; the 932 

corresponding dendrograms are shown at the left and the top of the panel, 933 

respectively. B) Results from medoid PAM clustering of DEGs by PCA analysis showing 934 

the two defined clusters labeled in blue and red (clusters A and B, respectively). The 935 

two first components (PC1 and PC2) of the PCA explained 49.07% of total variability. C) 936 

Heatmaps of the genes classified in cluster A (left) and B (right) by the medoid PAM 937 

clustering of DEGs; legend as in Figure 2A. D) Normalized abundance values for all the 938 

genes included in each of the two clusters (cluster A at left, which contains the 939 

underexpressed genes due to PFOS exposure, and cluster B at right, where the genes 940 

that enhance their abundance among the exposure are placed). Low-case letters at the 941 

top of each graph indicate statistical differences (parametric ANOVA + Tukey's B post-942 

hoc test with all pairwise comparisons, p ≤ 0.05). Boxes include values between the 1st 943 

and 3rd quartiles, thick bars indicate average values and whiskers cover the total 944 

distribution, except for outliers (circles). 945 

 946 

Figure 3. Functional analyses of the genes categorized as DEGs, distributed in clusters 947 

as previously shown in Figure 2. A) Distribution of DEGs among the two defined 948 

clusters (columns) and the different functional modules (rows). Only clusters with at 949 

least four hits in at least one of the clusters are shown. For simplicity, the "Signal" 950 

keyword module included in Table 1 was not considered in the figure. Numbers 951 

indicate the number of DEGs for each functional module classified in cluster A (left) or 952 

B (right). Cell colors represent the relative importance of transcripts associated to each 953 

pathway for each cluster (as a heat code: from red -less importance- to white -more 954 

importance-). Two cells with the same color correspond to identical fraction of DEGs 955 

(i.e. the same importance). Complete David Functional Analysis can be found at Table 956 

1. B) Network representation of DEGs, which are represented by dots and colored as 957 

before (cluster A in blue and cluster B in red). Networking was carry out according to 958 

the adscription of the DEGs to functional modules (GO:biological process and KEGG 959 

databases were used, codes for each module are given as nodes). Color ellipses 960 
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encircle groups of functional modules with particular interest and relevance (see 961 

section 3.4.).  962 

 963 



Category Term # of DEGs Fold 
Enrichment p  value FDR

INTERPRO IPR001870:B30.2/SPRY domain 24 3.5 4.32E-07 6.66E-04

INTERPRO IPR006574:SPRY-associated 20 3.4 9.36E-06 0.014

KEGG_PATHWAY dre04630:Jak-STAT signaling pathway 12 5.2 1.59E-05 0.017

INTERPRO IPR003877:SPla/RYanodine receptor SPRY 20 3.2 1.48E-05 0.023

INTERPRO IPR001507:Zona pellucida domain 9 6.4 7.75E-05 0.120

GOTERM_BP_DIRECT GO:0016567~protein ubiquitination 16 3.4 9.09E-05 0.133

INTERPRO IPR003879:Butyrophylin-like 18 3.0 1.10E-04 0.169

GOTERM_BP_DIRECT GO:0019885~antigen processing and presentation of endogenous 
peptide antigen via MHC class I

4 25.7 3.52E-04 0.515

INTERPRO IPR013320:Concanavalin A-like lectin/glucanase 25 2.2 4.27E-04 0.656

GOTERM_MF_DIRECT GO:0008270~zinc ion binding 47 1.6 0.002 2.160

KEGG_PATHWAY dre04060:Cytokine-cytokine receptor interaction 11 3.2 0.002 2.341

INTERPRO IPR011029:Death-like domain 9 3.7 0.003 4.393

GOTERM_BP_DIRECT GO:0007160~cell-matrix adhesion 6 5.9 0.003 4.807

GOTERM_MF_DIRECT GO:0008374~O-acyltransferase activity 5 11.5 7.98E-04 1.149

UP_KEYWORDS Lipid transport 6 7.6 0.001 1.335

GOTERM_BP_DIRECT GO:0006869~lipid transport 8 5.1 9.50E-04 1.408

KEGG_PATHWAY dre00564:Glycerophospholipid metabolism 9 4.0 0.002 1.748

KEGG_PATHWAY dre04060:Cytokine-cytokine receptor interaction 19 2.6 2.48E-04 0.285

KEGG_PATHWAY dre04630:Jak-STAT signaling pathway 15 3.1 2.67E-04 0.307

GOTERM_MF_DIRECT GO:0008374~O-acyltransferase activity 7 7.6 2.13E-04 0.324

UP_KEYWORDS Signal 218 1.2 9.33E-04 1.178

GOTERM_CC_DIRECT GO:0005615~extracellular space 40 1.7 0.001 1.531

GOTERM_MF_DIRECT GO:0004888~transmembrane signaling receptor activity 24 2.1 0.001 2.160

GOTERM_BP_DIRECT GO:0051607~defense response to virus 8 4.6 0.002 2.354

INTERPRO IPR011029:Death-like domain 13 2.9 0.002 2.611

a) https://david.ncifcrf.gov

Cluster 1 (underrepresented in treated samples relative to controls)

Clusters 1 + 2

Table 1. David Functional Analysisa) results for both gene clusters, individual and combined (only results with FDR≤5%)

Cluster 2 (overrepresented in treated samples relative to controls)
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Supplementary methods 

 

Supp. method 1: RT-qPCR analysis 

Total RNA from 9 replicates (10 larvae per replicate) was extracted using the Trizol 

method following the manufacturer protocol (Ambion, Thermo Fisher Scientific). 

Extracted concentrations were assessed with a NanoDrop® 8000 UV-Vis 

Spectrophotometer (Thermo Scientific) and genomic undesirable DNA was removed 

with Ambion™ DNase I (Thermo Fisher Scientific). RNA was reverse-transcribed to cDNA 

using Transcriptor First Strand cDNa Sythesis Kit (Roche Diagnostics) following 

manufacturer's protocols. A no-RT negative controls were also prepared by replacing 

the RT enzyme with water. To measure the relative mRNA abundances of target genes, 

quantitative real-time polymerase chain reactions (qRT-PCR) were carry out, using a 

LightCycler® 480 Real-Time PCR System (Roche Diagnostics, Mannheim, Germany). The 

amplification program consisted of 10 min at 95 °C, followed by 45 cycles (10 s at 95 °C, 

30 s at 60 °C). After the amplification, a dissociation analysis was also programmed 

(obtaining a melting curve) to evaluate the specificity of the reaction. The amplification 

reaction efficiency for each gene was assessed (Supplementary Table ST3). Relative 

transcript abundance were calculated from maximum of the second derivative (Cp, 

calculated by technical duplicates) of their respective amplification curves. PPIAa was 

used as a reference gene. Cp values for target genes (Cptg) were normalized to the 

average Cp values of reference gene, following the equation: ΔCptg = CpPPIAa – Cptg. 

Transcript abundance changes in samples were calculated by the ΔΔCp method [1]: 

ΔΔCptg = ΔCptg (control group) − ΔCptg (exposed group). From those ΔΔCptg values, fold-

change ratios were obtained. 

 

 

[1] M. W. Pfaffl, “A new mathematical model for relative quantification in real-time 

RT-PCR,” Nucleic Acids Res., 2001. 

 
  



Supplementary Table ST1. RNA-Seq readings and mapping quality statistics.

Sample Barcode Sample Name Number of 
FLIs

Million read-pairs 
(or reads)

Yield (Gb) Trimmed 
yield (Gb)

Avg PhiX 
error r1

Avg PhiX 
error r2

Organism Reference Avg % 
unique

Avg % 
unmapped

Avg % 
duplicate

Avg % 
difference r1

Avg % 
difference r2

Avg alignment 
insert size

AB3131 PFOS (2-5) Ctl R1 2 32.569 4.950 4.949 0.25 0.36 Danio rerio drerio.GRCz10 80.60 2.06 18.38 1.31 1.33 144.00
AB3132 PFOS (2-5) 0,03ppm R1 1 41.359 6.287 6.286 0.17 0.31 Danio rerio drerio.GRCz10 81.07 1.16 31.63 1.17 1.16 137.00
AB3133 PFOS (2-5) 0,3ppm R1 2 36.463 5.542 5.541 0.16 0.33 Danio rerio drerio.GRCz10 79.42 1.82 21.92 1.26 1.26 141.00
AB3134 PFOS (2-5) 1ppm R1 2 42.264 6.424 6.422 0.17 0.34 Danio rerio drerio.GRCz10 82.04 1.45 21.12 1.15 1.17 153.00
AB3139 PFOS (2-5) Ctl R3 2 39.487 6.002 6.000 0.17 0.34 Danio rerio drerio.GRCz10 81.91 1.64 22.30 1.17 1.18 142.00
AB3140 PFOS (2-5) 0,03ppm R3 2 35.693 5.426 5.424 0.17 0.34 Danio rerio drerio.GRCz10 83.27 1.52 22.27 1.18 1.20 148.00
AB3141 PFOS (2-5) 0,3ppm R3 1 37.656 5.724 5.717 0.14 0.28 Danio rerio drerio.GRCz10 82.20 1.44 30.26 1.17 1.29 138.00
AB3142 PFOS (2-5) 1ppm R3 1 48.043 7.303 7.302 0.17 0.31 Danio rerio drerio.GRCz10 83.20 1.16 30.91 1.24 1.23 137.00
AB3143 PFOS (2-5) Ctl R2 1 36.218 5.505 5.501 NA NA Danio rerio drerio.GRCz10 82.41 1.53 31.48 1.13 1.15 151.00
AB3144 PFOS (2-5) 0,03ppm R2 1 38.790 5.896 5.892 NA NA Danio rerio drerio.GRCz10 81.79 1.25 30.09 1.13 1.15 148.00
AB3145 PFOS (2-5) 0,3ppm R2 1 40.419 6.144 6.139 NA NA Danio rerio drerio.GRCz10 85.39 1.33 32.59 1.16 1.20 153.00
AB3146 PFOS (2-5) 1ppm R2 2 36.776 5.590 5.589 0.16 0.33 Danio rerio drerio.GRCz10 86.33 1.69 27.59 1.21 1.26 148.50

Column description
Sample Barcode Unique internal CNAG identifier of the sample
Sample Name Sample name provided by the collaborator
Number of FLIs Number of sequencing Flowcell Lane Index units for this sample (equivalent to the number of times the sample has been sequenced)
Million read-pairs (or reads) Total million read-pairs (or reads for single-end runs) that passed Illumina filter
Yield (Gb) Total yield in Gigabases from the read-pairs (or reads for single-end runs) that passed Illumina filter
Trimmed yield (Gb) Trimmed yield in Gigabases from the read-pairs (or reads for single-end runs) that passed Illumina filter
Avg PhiX error r1 Average % mismatches between the spiked-in PhiX read 1 and the PhiX reference
Avg PhiX error r2 Average % mismatches between the spiked-in PhiX read 2 and the PhiX reference
Organism Sample's organism according to submitter
Reference Reference sequence (genome, transcriptome, contigs...) to which the reads have been mapped
Avg % unique Average % of reads aligning to a single location in the reference
Avg % unmapped Average % of reads not aligning  to any location in the reference
Avg % duplicate Average % of read-pairs (or reads, for single-end runs) that map exactly at the same location in the reference as another read-pair
Avg % difference r1 Average % mismatches between read 1 and the reference
Avg % difference r2 Average % mismatches between read 2 and the reference
Avg alignment insert size Average mapping distance between read 1 and read 2



Group (mg/L of 
PFOS) n/total

Statistical 
significancea) n/total

Statistical 
significance

Control 0/50 n/a 4/100 n/a
0.10 0/50 n/a 4/100 n/a
0.25 0/49 n/a 5/98 n/a
0.50 0/50 n/a 6/100 n/a
1.0 0/50 n/a 11/100 n/a
2.5 1/50 n/a 17/100 **
5.0 1/50 ** 42/100 ***
7.5 18/48 *** 45/96 ***

a)Fisher exact probability test: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

Scoliosis
Tail mal-formation 

(dorsoventral and lateral)

Supplementary Table ST2. Categorical morphological measurements in 
5 dpf eleutheroembryos. 



Supplementary Table ST3. Efficiency and accession numbers of qPCR primers used in this study 
Gene Name Accesion nº Description Forward-primer Reverse primer Efficiency R2

ppiaa NM_212758.1 peptidylprolyl isomerase Aa (cyclophilin A) GGGTGGTAATGGAGCTGAGA AATGGACTTGCCACCAGTTC 92.8% >0.999
apoa4b.3 XM_001338001.6 apolipoprotein A-IV b, tandem duplicate 3 ACCAAATTAACTCTTCACAAACTTCG ATGGCATGATAGGATGAATCGAT 92.3% 0.997
btr31 XM_005170606.2 bloodthirsty-related gene family, member 31 CATCATGCCTGCTCCTCACA GCCGTGTCATGATCCAGAGTC 102.3% 0.982
ccl20b NM_001113595.1 chemokine (C-C motif) ligand 20b TGCAATCATTTTCCACACCG CATAAGACCCGTTCTTGCGTC 98.5% 0.994
erap1a XM_009305074.3 endoplasmic reticulum aminopeptidase 1a CTCCGGGCTCCGCAGTAT AGCAGTGGGACGTTCCTGTC 95.0% 0.996
erap2 NM_001123052.1 endoplasmic reticulum aminopeptidase 2 TCAGACCGGAGATTGCGTG CCGTTCAGCCTTTTCCAAAC 103.7% 0.994
sps3b XM_021470242.1 splA/ryanodine receptor domain and SOCS box containing 3b ATATGATGGTTGGCATCGGG CATCTGTGCCCAGCAGACTG 100.2% 0.993
stat1b NM_200091.2 signal transducer and activator of transcription 1b AGTGAAAGCTGTCGAGACGGA CACCGAATGGATCTTGGGTT 103.2% 0.991



Table ST4. David Functional Analysisa) results for both gene clusters, individual and combined (only results with FDR≤5%)

Category Term Genes Count Fold 
Enrichment

PValue FDR

Cluster 1 (down-
regulation)
INTERPRO IPR001870:B30.2/SPRY domain SI:CH211-133H13.1, SPSB1, SI:DKEY-84H14.2, BTR26, BTR29, 

SI:CH211-247L8.8, SI:DKEY-3H2.3, SI:CH211-120G10.1, 
ZGC:174180, SI:CH211-76M11.8, TRIM109, SI:DKEY-222H21.8, 
BTR20, SI:CH211-255G12.8, RSPRY1, ZGC:194906, FTR37, 
SI:DKEY-61P9.9, FTR53, FTR35, FTR56, SPSB3B, FTR30, BTR31

24 3.5 4.32E-07 6.66E-04

INTERPRO IPR006574:SPRY-associated SI:CH211-133H13.1, SI:DKEY-84H14.2, BTR26, BTR29, SI:CH211-
247L8.8, SI:DKEY-3H2.3, SI:CH211-120G10.1, ZGC:174180, 
SI:CH211-76M11.8, SI:DKEY-222H21.8, BTR20, SI:CH211-
255G12.8, ZGC:194906, FTR37, SI:DKEY-61P9.9, FTR53, FTR35, 
FTR56, FTR30, BTR31

20 3.4 9.36E-06 0.014

KEGG_PATHWAY dre04630:Jak-STAT signaling 
pathway

IRF9, SI:RP71-17I16.5, IFNPHI1, STAT1B, IL6ST, IL10RB, IL20RA, 
LEPA, IL19L, PIK3CD, SOCS3B, IL22RA2

12 5.2 1.59E-05 0.017

INTERPRO IPR003877:SPla/RYanodine 
receptor SPRY

SI:CH211-133H13.1, SPSB1, SI:DKEY-84H14.2, BTR26, BTR29, 
SI:CH211-247L8.8, SI:DKEY-3H2.3, SI:CH211-120G10.1, 
ZGC:174180, SI:CH211-76M11.8, SI:DKEY-222H21.8, BTR20, 
SI:CH211-255G12.8, RSPRY1, ZGC:194906, SI:DKEY-61P9.9, 
FTR53, FTR56, BTR31, SPSB3B

20 3.2 1.48E-05 0.023

INTERPRO IPR001507:Zona pellucida domain ZP3C, SI:CH211-39F2.3, ZGC:66449, SI:CH73-181M17.1, SI:DKEY-
239B22.1, SI:CH211-226H7.8, ZGC:153932, SI:CH211-226H7.5, 
SI:CH211-226H7.6

9 6.4 7.75E-05 0.120

GOTERM_BP_DIRECT GO:0016567~protein ubiquitination MKRN1, TRAF1, BTR26, CCNF, HACE1, UBOX5, ASB12A, ASB18, 
BTR20, UVSSA, KLHL26, CAND2, KLHL38B, FBXO32, SOCS3B, 
BTR31

16 3.4 9.09E-05 0.133

INTERPRO IPR003879:Butyrophylin-like SI:CH211-133H13.1, SI:DKEY-84H14.2, BTR26, BTR29, SI:CH211-
247L8.8, SI:DKEY-3H2.3, SI:CH211-120G10.1, ZGC:174180, 
SI:CH211-76M11.8, TRIM109, SI:DKEY-222H21.8, BTR20, SI:CH211-
255G12.8, ZGC:194906, SI:DKEY-61P9.9, FTR53, BTR31, FTR56

18 3.0 1.10E-04 0.169

GOTERM_BP_DIRECT GO:0019885~antigen processing 
and presentation of endogenous 
peptide antigen via MHC class I

ERAP1A, ERAP1B, ERAP2, TAPBPL 4 25.7 3.52E-04 0.515

INTERPRO IPR013320:Concanavalin A-like 
lectin/glucanase, subgroup

SI:CH211-133H13.1, SPSB1, SI:DKEY-84H14.2, BTR26, BTR29, 
SI:CH211-247L8.8, SI:DKEY-3H2.3, SI:CH211-120G10.1, 
ZGC:174180, SI:CH211-76M11.8, TRIM109, SI:DKEY-222H21.8, 
BTR20, SI:CH211-255G12.8, RSPRY1, ZGC:194906, FTR37, 
SI:DKEY-61P9.9, FTR53, FTR35, PROS1, FTR56, SPSB3B, FTR30, 
BTR31

25 2.2 4.27E-04 0.656

GOTERM_MF_DIRECT GO:0008270~zinc ion binding MKRN1, TRAF1, ZNFX1, ZRANB1B, ZMAT2, RORC, ISL1L, ADA, 
FANCL, BTR20, ZFAND5B, RSPRY1, CECR1A, SETMAR, SI:CH211-
244B2.2, CCS, ERAP2, XAF1, ZGC:77880, TRIM63A, FTR79, 
NPLOC4, THRAA, ERAP1A, ERAP1B, BTR26, BTR29, SI:CH211-
247L8.8, POLE, ESR1, SIRT5, PHF11, CXXC1A, UBOX5, RNF11A, 
CA4B, CSRP1B, TRIM109, BHMT, FTR37, RNF25, FTR35, FTR53, 
RNF26, BTR31, FTR30, FTR56

47 1.6 0.002 2.160

KEGG_PATHWAY dre04060:Cytokine-cytokine 
receptor interaction

TNFB, IFNPHI1, CCL20B, CCL20A.3, IL6ST, IL10RB, IL20RA, LEPA, 
CCR6A, TNFRSF18, IL22RA2

11 3.2 0.002 2.341

INTERPRO IPR011029:Death-like domain IRAK3, SI:CH211-114L13.9, CARD9, CASP9, SI:DKEY-103E21.5, 
SI:DKEY-61P9.9, SI:DKEY-29H14.10, SI:CH211-171L17.4, ADGRG1

9 3.7 0.003 4.393

GOTERM_BP_DIRECT GO:0007160~cell-matrix adhesion SI:CH211-39F2.3, HPSE, SI:CH73-181M17.1, SI:DKEY-239B22.1, 
SI:CH73-329N5.6, EPDL1

6 5.9 0.003 4.807

Cluster 2 (up-regulation)
GOTERM_MF_DIRECT GO:0008374~O-acyltransferase 

activity
SOAT2, LCAT, GPAT2, YKT6, GPAM 5 11.5 7.98E-04 1.149

UP_KEYWORDS Lipid transport APOA4B.3, OSBPL2B, APOA4B.2, APOA4B.1, OSBPL10, OSBPL11 6 7.6 0.001 1.335

GOTERM_BP_DIRECT GO:0006869~lipid transport APOA4B.3, OSBPL2B, APOA4B.2, APOA4B.1, OSBPL10, APOBB.1, 
OSBPL11, VTG6

8 5.1 9.50E-04 1.408

KEGG_PATHWAY dre00564:Glycerophospholipid 
metabolism

GPD2, PMT, PLA2G12A, LCAT, PTDSS1B, PLA2G12B, GPAT2, 
GPAT3, GPAM

9 4.0 0.002 1.748



Table ST4 (continued). David Functional Analysisa) results for both gene clusters, individual and combined (only results with FDR≤5%)

Clusters 1 + 2
KEGG_PATHWAY dre04060:Cytokine-cytokine 

receptor interaction
CCL20B, IL6ST, CCR6A, MET, IL2RGA, TNFB, IL12RB2, IFNPHI1, 
VEGFC, IL20RA, CCL20A.3, IL10RB, LEPA, TNFRSF18, 
TNFRSF19, TGFB1A, NGFRB, IL22RA2, THPO

19 2.6 2.48E-04 0.285

KEGG_PATHWAY dre04630:Jak-STAT signaling 
pathway

STAT1B, IL6ST, PIK3CD, IL2RGA, IRF9, IL12RB2, SI:RP71-17I16.5, 
IFNPHI1, IL20RA, IL10RB, LEPA, IL19L, SOCS3B, THPO, IL22RA2

15 3.1 2.67E-04 0.307

GOTERM_MF_DIRECT GO:0008374~O-acyltransferase 
activity

SOAT2, LCAT, NAA40, MBOAT4, GPAT2, YKT6, GPAM 7 7.6 2.13E-04 0.324

UP_KEYWORDS Signal LTBP1, IL6ST, SI:CH73-181M17.1, LHCGR, PDGFBA, EPDL1, B2M, 
SI:CH211-222K6.3, OGN, DEFBL1, LCAT, CFH, ZGC:153932, 
ERAP2, SERPINH1A, LAMB1A, SOSTDC1B, SI:DKEY-4C23.5, 
CCL34A.3, PKHD1L1, SI:CH211-145B13.6, ALPI.2, ZGC:100868, 
VEGFC, NPC2, ZGC:162608, SI:CH211-125E6.11, TGFB1A, 
ADAMTS5, UGT5G2, ZGC:77929, SI:RP71-1G18.7, IL17C, GNAIA, 
TMEM123, SI:CH1073-155H21.1, SI:CH1073-126C3.2, ZGC:163079, 
FREM2A, ZGC:123297, ADGRE14, APOBB.1, CYP2R1, HSPA13, 
MHC1ZBA, SI:CH211-134A4.3, SI:DKEY-112E17.1, LXN, NITR1B, 
LY86, NPNT, ZGC:171509, TAS1R3, SI:DKEY-84K17.2, CCL20A.3, 
PDPK1A, SCPP8, USP11, PRSS35, MBLAC1, SI:CH211-39F2.3, 
AVP, GIP, JKAMP, CNPY2, P4HA1B, SI:DKEY-162H11.3, CA4B, 
IL20RA, NITR13, FKBP14, TOR1L1, WNT9A, GPHA2, SI:CH73-
334D15.1, ZGC:172053, HYAL2A, SEMA3GA, TFA, IL10RB, 
PLA2G12A, PLA2G12B, SEMA3GB, LY75, SI:DKEY-193C22.2, IGF3, 
STAB2, CLEC11A, ZGC:55621, KHK, CRFB15, FBLN2, SI:CH73-
380L10.2, PCMTL, IGFBP1B, SEMA3FB, SI:CH211-207N23.2, 
SI:CH211-132G1.1, CCL20B, SI:CH211-132G1.4, IL2RGA, DICP2.2, 
VIPR2, MMP2, LYGL1, PRF1.1, CCL39.6, SI:CH211-125E6.5, 
SI:CH73-256J6.4, SI:CH211-133H13.1, SPARCL2, FZD7B, SI:DKEY-
192K22.2, EPHB4B, ZGC:111983, SI:DKEY-88N24.8, MFAP5, 
PLXNC1, IGFBP5B, CTSS2.2, CTSS2.1, ITGB5, SI:CH211-145C1.1, 
SI:DKEY-247K7.2, IFNPHI1, SI:CH73-330K17.3, ANGPTL3, 
LOXL3A, HAVCR1, GNRH2, MPEG1.2, SI:CH73-329N5.6, SI:DKEY-
239B22.1, MET, ADGRG1, SI:CH73-196I15.3, SI:CH211-76M11.8, 
SI:DKEY-37G12.1, CXCL19, ADGRF8, ITGA8, SI:DKEY-21E2.8, 
SLC8A2A, PCOLCE2B, IL22RA2, ANTXR1D, GM2A, HEXA, HDR, 
CRP, BCAM, ASB12A, SEMA3AB, PIGK, CTU1, RSPRY1, HPSE, 

218 1.2 9.33E-04 1.178

GOTERM_CC_DIRECT GO:0005615~extracellular space SERPINB1L1, SI:DKEY-23A13.6, CCL20B, IGFBP5B, LUM, 
CTSS2.2, ZGC:154142, CTSS2.1, ZGC:171509, SEMA3AB, 
PDGFBA, IGF2A, IL17C, TNFB, OGN, IFNPHI1, SEMA3GA, TFA, 
WNT3, SI:CH211-113A14.19, CCL20A.3, LEPA, CECR1A, 
C18H3ORF33, SEMA3GB, DIA1B, SERPINH1A, SOSTDC1B, 
SAAL1, INHA, IGF3, VEGFC, SI:CH73-36P18.5, CPAMD8, CTSD, 
CTSC, SI:CH73-380L10.2, TGFB1A, IGFBP1B, SEMA3FB

40 1.7 0.001 1.531

GOTERM_MF_DIRECT GO:0004888~transmembrane 
signaling receptor activity

LY75, OR132-4, ADGRF6, SI:CH211-282J17.8, OR111-11, OR104-
2, FZD7B, VIPR2, ADGRG1, OR103-2, SI:CH211-218M3.18, 
SI:DKEY-83F18.7, SI:CH211-225K7.3, ADGRE16, ADGRF8, OR105-
1, ADGRE14, SI:CH211-225K7.5, ADGRE5B.2, SI:DKEY-23C22.5, 
SI:DKEY-88N24.8, PLA2R1, SI:CH211-282J17.1, OR126-3

24 2.1 0.001 2.160

GOTERM_BP_DIRECT GO:0051607~defense response 
to virus

MXF, IFNPHI1, BNIP3LA, IFIT14, MXC, SI:CH73-236C18.8, LY86, 
MXA

8 4.6 0.002 2.354

INTERPRO IPR011029:Death-like domain DLG5B.1, SI:CH211-114L13.9, IRAK3, CARD9, CASP9, SI:DKEY-
103E21.5, HDR, SI:DKEY-61P9.9, SI:CH211-66K16.2, SI:DKEY-
29H14.10, SI:CH211-171L17.4, ADGRG1, NGFRB

13 2.9 0.002 2.611

GOTERM_BP_DIRECT GO:0019885~antigen processing 
and presentation of endogenous 
peptide antigen via MHC class I

ERAP1A, ERAP1B, ERAP2, TAPBPL 4 12.8 0.003 4.194

a) https://david.ncifcrf.gov
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Supplementary Figure 1. Quantitative analysis of survival, morphometric and 

transcriptional data. A) Survival, hatching and swim bladder (SB) inflation rates of 

zebrafish embryos exposed to PFOS in the morphometric test. Measurements were 

taken at 3, 4 and 5 dpf. Bars represent the mean value ± SEM (standard error of the 

mean) for each group. Non-parametric test (Kruskal-Wallis with pairwise multiple 

comparisons, p < 0.05) was performed. Colored asterisks indicated statistical differences 

between exposed embryos and the corresponding control group for each age. B). 

Benchmark dose (BMD) analysis for morphometric and transcriptional changes. The 

graph shows accumulation plots of the best calculated BMD for each gene and 

morphological trait. BMD was calculated for each parameter by the BMDExpress 

software (https://www.sciome.com/bmdexpress/), using a combination third-order 

polynomial, third-order exponential and Hill equations, and choosing the best fitted 

model for each case separately. In case of the genes, only those with more than 100 

counts between all the 12 replicates and a fold change > 1.5 or <0.75 were used. The 

median values of BMD and BMDL were calculated as 0.027 and 0.011 mg/L for the 

transcriptomic effects and 2.83 and 2.53 mg/L for the morphological effects, 

respectively. BMDL values were considered as PoD (Point of Departure) levels, doses at 

which negative effects started being significant). Dotted lines indicate the range 

coincidence of transcriptomic and morphological effects (in terms of % of affected 

genes/traits) between the most and less sensitive parameters. 

 

  



 
 

Supplementary Figure 2. Correlation between RNAs-Seq and RT-qPCR relative 

expression of some selected genes (apoa4b.3, btr31, ccl20b, erap1a, erap2, spsb3b and 

stat1b). Fold change expression data were used and a linear regression performed. 

Colored points represent the mean fold change ± SEM (standard error of the mean) of 

the three treatment groups (0.03, 0.3 and 1.0 mg/L of PFOS) per each gene. Three and 

nine replicates were used for RNA-Seq and RT-qPCR, respectively. 

 

  



Supplementary Figure 3. Correlation of the relative expression (measured with RNA-

Seq) of the differentially expressed genes (DEGs) related with lipid 

transport/metabolism between our PFOS exposure and a previous BPA exposure done 

in the same developmental timing and conditions [33]. For comparison, the most similar 

groups between exposures were linked with each other (controls between them -not 

used for the regression-, 1/40 LOAEC of BPA with 1/30 LOAEC of PFOS, 1/4 LOAEC of BPA 

with 1/3 LOAEC of PFOS and LOAEC of BPA with LOAEC of PFOS). Fold change expression 

data were used and a linear regression performed. Each point represents the mean 

value ± SEM (standard error of the mean) of the 3 transcriptomic replicates used in each 

exposure. 

 

  



 
 

Supplementary Figure 4. Analyses of the myosines, tropomyosins and actins categorized 

as DEGs in the general transcriptomic analyses. A) Heatmap showing concentration 

changes corresponding to the 12 transcripts (only considering myosines, tropomyosins 

and actins) identified by ANOVA-PLS as differentially expressed genes (DEGs) in at least 



one of the experimental groups. Values were centered to the average of control samples 

and log2 transformed. The mean value of the 3 replicates is shown for each group. Color 

scale ranges from blue (strongly underexpressed relative to control) to red (strongly 

overexpressed); white cells correspond to control values (fold change = 0). Rows (genes) 

were grouped by hierarchical clustering and its corresponding dendrogram is shown at 

the top of the panel. The two clusters (A and B) determined in a posterior medoids PAM 

clustering analysis are indicated. B) Normalized abundance values for all the genes 

included in each of the two clusters (cluster A at left, which contains the overexpressed 

genes due to PFOS exposure, and cluster B at right, which contains the underexpressed 

genes). Low-case letters at the top of each graph indicate statistically different 

distributions (parametric ANOVA + Tukey's B post-hoc test with all pairwise 

comparisons, p ≤ 0.05). Boxes include values between the 1st and 3rd quartiles, thick 

bars indicate average values and whiskers cover the total distribution, except for outliers 

(circles). 

 

 

 


