
 

Supplemental Figure S1. RNA sequencing and computational analysis pipeline. Flowchart 
depicting RNA extraction, sequencing, and computational analysis steps. Total RNA was 
extracted from 48 hours post-fertilization (hpf) zebrafish embryos using a TRIzol/chloroform 
protocol adapted from Peterson and Freeman [158], followed by ethanol washes, DNase I 
treatment, and affinity column purification. RNA quality was assessed using both a 
NanoDrop spectrophotometer and an Agilent 2100 Bioanalyzer. cDNA synthesis was 
performed by the University of Montana Genomics Core (UMGC) using Zymo-Seq RiboFree 
Total RNA Library Kit. Raw sequencing data was obtained from Novogene after sequencing 
on the Illumina NovaSeq X Plus platform. Subsequent computational analysis included 
quality trimming with Trimmomatic (v0.39), error correction with rCorrector (v.1.0.7), 
transcript quantification and mapping with Salmon (v1.10.1), and differential expression 
analysis using DESeq2 through the TrinityRNA pipeline (v2.15.2). 

 



 

 

 

Supplemental Figure S2. Principal component analysis (PCA) plots comparing control vs 
opioid exposure groups. Controls are compared (C; N=8) to (A) Oxycodone effluent (OE; 
N=5), (B) Oxycodone therapeutic (OT; N=5), (C) Fentanyl effluent (FE; N=4), and (D) 
Fentanyl therapeutic (FT; N=4) exposure groups, resulted in principal components (PC1 vs 
PC2) for OE, OT, FE, and FT of 25.85% + 14.45%,  21.7% + 13.22%, 21.96% + 12.26%, and 
28.24% + 13.85%, respectively. 

 



 

Supplemental Table S1. Differential expression of collagen and crystallin genes in 
response to opioid exposure. (A) Differentially expressed collagen genes were detected in 
all opioid exposure conditions except for OT (Oxycodone therapeutic). FE (Fentanyl 
effluent) led to widespread differential expression of 27 collagen genes, while FT (Fentanyl 
therapeutic) affected 3, and OE (Oxycodone effluent) affected 5. These genes span 16 
collagen types, each with roles in developmental processes. (B) Differentially expressed 
crystallin genes were observed in all four conditions. FE again showed widespread 
expression changes, affecting 14 crystallin genes, followed by FT with 7, OT with 5, and OE 
with 4. The genes shown belong to the crystallin gamma 2d family (crygm2d). Only FE 
induced differential expression of a non-crygm2d gene, cryba2a, part of the beta crystallin 
family. 

 



 

Supplemental Table S2. WebGestalt over-representation analysis (ORA) of KEGG and 
Gene Ontology (GO) terms for control vs. opioid exposure conditions. Opioid exposure 
groups include Oxycodone effluent (OE), Oxycodone therapeutic (OT), Fentanyl effluent 



(FE), and Fentanyl therapeutic (FT). Functional pathway categories shown are KEGG, GO: 
Biological Process (BP), GO: Cellular Component (CC), and GO: Molecular Function (MF). 
For each enriched term, the ‘Size’ column indicates the total number of genes in the 
corresponding gene set, ‘Expect’ represents the expected number of overlapping genes 
due to chance, and ‘Ratio’ (Observed/Expected number of genes) denotes the enrichment 
score. Statistical significance is shown by p-value and false discovery rate (FDR). 

 

 

 

 



Supplemental Figure S3. Transcript per million (TPM) expression of endogenous opioid 
system genes. For control and each opioid exposure condition (Oxycodone effluent, OE; 
Oxycodone therapeutic, OT; Fentanyl effluent, FE; Fentanyl therapeutic, FT) (A) TPM values 
for opioid receptor genes: ogfr-201(opioid growth factor receptor), ogfrl1-201/202 (opioid 
growth factor like 1), oprk1-201 (opioid receptor kappa), oprd1a-201 and oprd1b-201 
(opioid growth factors delta 1 and 2), oprm1-201 (opioid receptor mu), and ogfr2-201 
(opioid growth factor receptor 2). (B) TPM values for endogenous opioid ligand genes: 
pnoca (prepronociceptin), penka (proenkephalin), pdyn-201/202 (prodynorphin), and 
pomca-201 (proopiomelanocortin).  

 


