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A B S T R A C T   

Contaminants are increasingly accumulating in aquatic environments and biota, with potential adverse effects on 
individual organisms, communities and ecosystems. However, studies that explore the molecular changes in fish 
caused by environmentally relevant concentrations of metals, such as copper (Cu), are limited. This study uses 
embryos of the model organism zebrafish (Danio rerio) to investigate effect of Cu on the proteome and amino acid 
(AA) composition of fish. Wild-type embryos at 24 h post-fertilisation were exposed to Cu (2 µg L− 1 to 120 µg 
L− 1) for 96 h and the number of healthy larvae were determined based on larvae that had hatched and did not 
display loss of equilibrium (LOE). The effect concentrations where Cu caused a 10 % (EC10) or 50 % (EC50) 
decrease in the number of healthy larvae were calculated as 3.7 µg L− 1 and 10.9 µg L− 1, respectively. Proteomics 
analysis of embryos exposed to the EC10 and EC50 concentrations of Cu revealed the proteome to differ more 
strongly after 48 h than 96 h, suggesting the acclimatisation of some larvae. Exposure to excess Cu caused 
differentially expressed proteins (DEPs) involved in oxidative stress, mitochondrial respiration, and neural 
transduction as well as the modulation of the AAs (Proline, Glycine and Alanine). This is the first study to suggest 
that LOE displayed by Cu-stressed fish may involve the disruption to GABAergic proteins and the calcium- 
dependent inhibitory neurotransmitter GABA. Moreover, this study highlights that proteomics and AA analysis 
can be used to identify potential biomarkers for environmental monitoring.   

1. Introduction 

The widespread increase of mining, urbanisation and industrial 
practices over recent human history has caused metal contamination in 
freshwater environments (van Beers and Graedel, 2007). This poses a 
significant risk to aquatic ecosystems and biota as metals have the po
tential to accumulate in aquatic organisms and disrupt several biological 
processes, ultimately with harmful consequences to the individual and 
wider population (Eisler, 1998; Hall et al., 1988). Although many 
metals, such as copper (Cu) are essential for biological processes, they 
can become toxic above species-specific limits (Riethmuller, 2000; 
Shuhaimi-Othman et al., 2015), and their extensive use in multiple in
dustries has caused contamination of associated water bodies at levels 
that exceed these species-specific limits (Hall et al., 1988; USEPA, 1984). 

Furthermore, the demand for Cu in the future is expected to increase 
(Kuipers et al., 2018), enhancing the risk of anthropogenic Cu pollution 
in the environment. 

The contamination of freshwater environments by Cu is a global 
problem, with Cu concentrations reported to range up to 133 mg L− 1 in 
UK waters, with a median of 4.7 µg L− 1 (Donnachie et al., 2014). In 
Liaodong Bay, China, Cu concentrations ranged from 6.8 - 11.9 µg L− 1 

(Zhu et al., 2022), while the concentrations in rivers of Osun state, 
Nigeria, reached 1350 ug L− 1 with a mean of 407 µg L− 1 (Titilawo et al., 
2018). Copper is an essential micronutrient and occurs at natural 
background levels; in Australian freshwater environments this is re
ported to be 0.11 µg L− 1 (ANZECC, 2000). However, Cu contamination is 
evident in urban streams and waterways contaminated by mining, with 
reports of Cu concentrations significantly exceeding this value and 
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reported to reach up to 40 µg L− 1 in urban streams (McDonald et al., 
2022) and 13,000 µg L− 1 in an acid mine drainage contaminated river 
(Shakya et al., 2021b). However, given the likelihood of Cu to complex 
with dissolved organic matter in water, dissolved Cu concentrations may 
not reflect Cu bioavailability, and hence, toxicity (Macoustra et al., 
2019, 2021). Thus, biomarkers of toxicity may provide a greater and 
more sensitive understanding of the potential effects of Cu on fish, across 
various waters that differ in toxicity modifying factors, such as dissolved 
organic matter. Moreover, as sublethal endpoints require a lower con
centration of the metal and occur before changes in growth and repro
duction are noticed, they are more sensitive and a better indicator of 
toxicity (Jezierska et al., 2009). Despite this, an in-depth understanding 
of the changes at the biomolecular level when organisms are exposed to 
environmentally relevant concentrations of metals is still limited. 

Fish are susceptible to elevated concentrations of metals with earlier 
life stages such as larvae more sensitive (Jezierska et al., 2009; Wang 
et al., 2020). Unlike other vertebrates, fish have two methods of nutrient 
uptake and absorption: the gastrointestinal tract and the gills (Bury 
et al., 2003). The early developmental stages of fish also have additional 
exposure routes to waterborne metals, as embryos have a 
semi-permeable chorion, which hardens as they age, reducing perme
ability. After hatching the resulting larvae are at the most vulnerable 
stage with highly permeable skin and without the protection of a 
hardened chorion (Ganesan et al., 2016; Johnson et al., 2007). At 
physiological levels, Cu plays a pivotal role in protecting cells from 
oxidative stress by being an integral component of antioxidants. How
ever, when in excess, the redox nature of Cu causes it to generate 
harmful reactive oxygen species (ROS) and inhibit antioxidants, placing 
the cells in a state of oxidative stress (Bopp et al., 2008; Hansen et al., 
2006). The imbalance between ROS and antioxidants ultimately leads to 
cell death via disrupting a plethora of physiological processes (Turrens, 
2003). Luzio et al. (2013) found that environmentally realistic concen
trations of Cu (12.5 and 100 µg L− 1) created increased flux through 
different apoptotic pathways in zebrafish gill cells at alternate times, 
suggesting a crosstalk between pathways at different time-points, 
including through ROS triggering activation of apoptotic-inducer pro
tein p53. Copper has also been shown to cause respiratory distress (De 
Boeck et al., 1995), changes in muscle metabolism (Beaumont et al., 
2000), decreased reproduction (James et al., 2008), changes in gill 
morphology (Vutukuru et al., 2005) and altered swimming behaviour 
(Beaumont et al., 1995). 

The last decade has revealed the need for chronic toxicity studies and 
non-traditional assessment methods for risk assessment of contaminants 
that would more accurately detect exposure pathways in the environ
ment. The push from the scientific community for improved determi
nation of the sublethal effects of metals is not unfounded, as the 
detrimental effects of sublethal concentrations of metals, such as Cu can 
cause decreased reproductive output, and changes to growth of in
dividuals that would likely have flow on effects at the population, 
community and ecosystem scales (James et al., 2008). Elucidating the 
sublethal and potentially irreversible changes to an organism induced by 
exposure to metals, such as Cu, is vital and utilising omics tools is one 
way to reveal changes to biomolecules and pathways (Isani et al., 2011; 
Jin et al., 2021). The last decade has seen an increase in the use of omics, 
particularly proteomics, to detect the changes of sublethal concentra
tions of metals in aquatic biota. In Cu-stressed Chlorella, a green alga, 
proteomics revealed increased energy demands of the algae to cope with 
Cu stress (Shakya et al., 2022). In the blue mussel (Mytilus edulis) 
exposed to Cu nanoparticles the use of proteomics revealed the impact of 
Cu on cytoskeletal proteins (Hu et al., 2014). In juvenile carp exposed to 
Cu nanoparticles, increases in enzymes involved in oxidative stress and 
the differential expression of liver proteins was observed (Gupta et al., 
2016). The use of omics tools can reveal changes to key pathways and is 
proving an indispensable tool to understand potential mechanisms of 
toxicity of metals such as Cu (Isani et al., 2011; Jin et al., 2021). Using 
omics is advantageous in revealing pathways that are affected, 

particularly those that may be unexpected, and therefore, not targeted in 
other biomarker assays. Despite the potential for the development of 
biomarkers for environmental monitoring that may be more accurate at 
assessing effects of contaminants on organisms in different waters, an 
in-depth understanding of the changes in proteins etc. using omics in 
fish exposed to metals is still limited (Kang et al., 2014). Changes to the 
proteome of model organisms such as zebrafish may be used as a guide 
to identify potential biomarkers of sublethal effects of contaminants on 
other fish species and aquatic biota (Dai et al., 2014; Kang et al., 2014). 
Ultimately, this can guide more accurate risk assessment of potential 
effects of metals and the development of protection frameworks for fish 
in the wild. 

The sensitivity of zebrafish to Cu is influenced by its life stage, with 
the earlier life stages reported to have greater sensitivity to waterborne 
Cu than adult fish (Johnson et al., 2007). Therefore, this study aimed to 
determine the changes to the proteome and AA composition of fish 
exposed to environmentally relevant Cu concentrations by exposing 
zebrafish (Danio rerio) embryos to Cu for 96 h. Specifically, this study 
determined the effect concentrations for Cu based on two endpoints (loss 
of equilibrium (LOE) and non-hatching) and identified changes to the 
proteome and amino acid (AA) composition of zebrafish larvae exposed 
to environmentally realistic Cu concentrations. 

2. Methods 

2.1. Toxicity bioassays 

Laboratory brood stock wildtype (Tuebingen strain) zebrafish 
housed at the La Trobe University animal research and teaching facility 
(LARTF), on a standard 14/10 h light/dark cycle, were used in this work; 
all zebrafish experiments were conducted under an Animal Ethics permit 
(AEC16–91). Zebrafish were bred by separating males and females with 
a divider in a sloping breeding (beach) tank overnight, before removing 
the divider for 15 min. Zebrafish embryos (~ 1 h post ferilisation (hpf)) 
were kept in petri dishes of synthetic freshwater (Supplementary 
Table 1) with a hardness of 80–90 mg CaCO3 L− 1, pH of 7.2–7.5 in a 28 
◦C incubator. Preliminary trials for this study showed more than 10 % of 
control embryos to not develop. Due to this the embryos were first 
developed in an incubator for 24 h, where only viable embryos (at 24 
hpf) were selected for use in the toxicity bioassays. Two 96 h toxicity 
bioassays were conducted, in accordance with the OECD guidelines 
(OECD, 2013), at 26 ± 1◦C using viable embyros 24 hpf. In the first 
experiment, 10 embryos in each of the three replicates per treatment 
were exposed to varying concentrations of Cu (Control, 2 µg L− 1, 4 µg 
L− 1, 10 µg L− 1, 22 µg L− 1, 50 µg L− 1 and 120 µg L− 1; measured con
centrations provided in Supplementary Table 2) prepared from a 10 
mg-Cu L− 1 (CuSO4⋅5H2O; Sigma-Aldrich; Burlington, Massachusetts, 
United States) stock. Embryos were checked every 24 h, counted and 
removed if they reached one of two endpoints indicative of forthcoming 
lethality: (1) coagulation of the embryo or (2) LOE. Embryos that had 
not hatched but were still translucent (not coagulated) were not 
removed to give opportunity for delayed hatching. After exposure to Cu 
for 96 h, larvae (120 hpf) were determined as ‘unhealthy’ if they had not 
hatched or were displaying LOE. The use of moribundity endpoints were 
introduced in acute fish toxicity tests to reduce suffering associated with 
mortality (Rufli, 2012). Visible moribund abnormalities, including LOE, 
are indicative of forthcoming mortality (Katsiadaki et al., 2021), and 
hence, LOE was chosen as a more humane endpoint. Exposure to con
centrations > 10 µg L− 1 resulted in non-hatching, and therefore, these 
embryos could not count towards LOE and were also counted as an 
endpoint indicative of imminent death. Effect concentrations were 
calculated to determine the concentration at which 10 % (EC10) and 50 
% of larvae (EC50) were deemed ‘unhealthy’ based on the endpoints 
above, for use in the second bioassay. 

The second experiment exposed 100 embryos per treatment across 5 
petri dishes (20 embryos per petri dish and n = 5 replicate dishes per 
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treatment) to Cu concentrations corresponding to the EC10 (3.7 μg L− 1, 
95 % confidence intervals: 2.4–4.9 μg L− 1) and EC50 (10.9 μg L− 1, 95 % 
confidence intervals: 9.4–12 μg L− 1) derived from the first bioassay 
(Fig. 1). The Cu concentrations in the second bioassay were measured as 
4.9 µg L− 1 (±1.0; refer to Supplementary Table 3) in the EC10 treatment 
and 10.7 µg L− 1 (±3.3; refer to Supplementary Table 3) in the EC50 
treatment. Test solutions were semi-static renewed, with replacement of 
approximately 80 % of synthetic water in each petri dish every 24 h, and 
the pH was maintained at 7.7 ± 0.3 for the duration of the test. Embryos 
that had hatched and did not display LOE in the second bioassay 
(“healthy”) were collected after 48 h, with the majority continuing for 
96 h of Cu exposure and collected for downstream analysis; snap frozen 
and stored at –80◦C. For proteomic analysis of larvae at 48 h, 2 larvae 
were collected from three replicates (petri dishes) chosen at random (of 
the healthy hatched larvae), to obtain sufficient protein (total 6 larvae, n 
= 3 per treatment). After 96 h, 2 larvae were similarly pooled (of those 
that did not display LOE) per replicate but from all five replicates per 
treatment (total 10 larvae, n = 5). This was to ensure that even in the 
EC50 treatment there were enough larvae for analysis, regardless if more 
than 50 % displayed LOE. 

2.2. Copper analysis 

Test solutions before and after each renewal were filtered through a 
pre-washed 0.45 μm cellulose acetate membrane filter and preserved 
with 0.1 % HNO3. The Cu concentrations in the test solutions were 
measured before and after introduction into the petri dishes and expo
sure to embryos. The concentration of Cu was quantified by graphite 
furnace atomic absorption spectroscopy and was averaged for use in 
subsequent data analysis. Calibrations were prepared from a 1 g L− 1 

certified standard (Sigma-Aldrich) and were checked alongside blanks 
and certified standards for quality assurance. Measurement of the bio
accumulation of the Cu in the larvae was attempted, however, due to the 
size of larvae and analytical detection limits, this was not possible. 

2.3. Amino acid analysis 

One larvae per replicate, per treatment (n = 5), removed after 96 h of 
Cu exposure was used for AA analysis. For each larvae, 200 μL of 6.6 N 
HCl with 0.02 % phenol was added to the sample in a 2 mL pyrolysed 
(550 ◦C) glass vial, purged with argon and digested for 24 h at 110 ◦C. 
Digested samples were placed in a rotary vacuum concentrator (RVC) at 
40 ◦C for 4 h to remove HCl and were then reconstituted in 0.1 % formic 
acid. The reconstituted samples were then filtered through a 0.2 mm 
cellulose acetate syringe filter and derivatised with 60 mL borate buffer 
and 20 mL 6-aminoquinolyl-N-hydrodroxysuccinimidyl (AQC), followed 
by tyrosine by-product conversion at 55 ◦C for 10 min, before adding a 
further 900 μL 0.1 % formic acid. The tagged samples were analysed by 
liquid chromatography-tandem mass spectrometry (LC-MS/MS; Shi
madzu 8045; Shimazu, Kyoto, Japan) to determine individual AA con
centrations, including: Ala, Arg, Asx (Asp + Asn), cystine (Cys-Cys), Glx 
(Glu + Gln), Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr and Val. 
Note: Asn and Gln are deaminated during acid hydrolysis to aspartic acid 
(Asp); these amino acid pairs are reported as Asx (Asp + Asn) and Glx 
(Glu + Gln). Calibration standards (0.01 – 2 pmol µL− 1) were prepared 
from AA standard H (Waters Corporation; Milford, Massachusetts, 
United States) and spiked with Gln, Asn and Trp at the same concen
tration as all other amino acids. Sample queues included: sample blanks 
(Milli-Q water), quality control (QC; His, Arg, Glu, Lys and Ile) samples 
and check standards every 10 samples to monitor instrument drift. 
Bovine Serum Albumin (BSA; Sigma-Aldrich; Burlington, Massachusetts, 
United States) was used as a hydrolysis recovery QC, with typical re
coveries described in Shakya et al. (2021a). The AA values are reported 
as the relative abundance of each AA (mol%). 

2.4. Protein extraction and proteomics 

The larvae were homogenised and protein was extracted using a lysis 
buffer (2 % sodium dodecyl sulfate: 20 mM ammonium bicarbonate) and 
quantified using a NanoDrop spectrophotometer (Thermo Fisher, Wal
tham, Massachusetts, United States). Two larvae for each replicate (n =

Fig. 1. Dose-response curve of surviving larvae after exposing to a range of copper (Cu) concentrations. Zebrafish larvae at 120-h post fertilisation (hpf) after 
exposure to copper (Cu) for 96 h that did not display the endpoints of loss of equilibrium (LOE) and non-hatching were represented through survival. Cu con
centrations are log-transformed. Shaded areas represent 95 % confidence intervals. Each point represents the percentage of healthy embryos in a replicate petri dish 
(n = 3) at its corresponding measured Cu concentration. 
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3 at 48 h and n = 5 at 96 h per treatment) were combined and homo
genised to ensure sufficient concentrations of protein. Samples were 
then prepared using the single-pot, solid-phase-enhanced sample prep
aration (SP3) method (Hughes et al., 2019). Samples were analysed 
through bottom-up proteomics with label-free quantification (LFQ) on a 
LC-MS/MS (Thermo Ultimate 3000 RSLCnano UHPLC system with a 
Thermo Q-Exactive HF mass spectrometer, Thermo Fisher, Waltham, 
Massachusetts, United States). The D. rerio reference proteome from 
uniprot was matched against the results allowing a maximum peptide 
length of 30 AA, precursor tolerance of 20 ppm, fragment tolerance of 
0.05 Da and allowing two missed trypsin cleavages. Total peptide 
amount was normalised from abundances. Proteins present in at least 2 
out of 3 of the 48 h replicate zebrafish or 4 out of 5 of the 96 h replicate 
zebrafish were used to investigate the impact of Cu on the expression of 
proteins. Protein expression was compared to their respective controls at 
48 h or 96 h. 

2.5. Statistical analysis 

The EC10 and EC50 values were calculated (three-parameter log- 
logistic parameter model) in R studio using the “Dose-Response 
Curve” (drc) package (Ritz et al., 2016) and visualised in ggplot2 (Vil
lanueva and Chen, 2019). Changes in the composition of AA in the 
larvae were visualized using a principal component analysis (PCA) plot 
using the FactoMineR (Lê et al., 2008) and factoextra packages (Kas
sambara and Mundt, 2020) in R to determine differences between 
treatments. Permutational multi-variate analysis of variance (PERMA
NOVA) was used to compare differences in AA composition between 
treatments and was conducted using the vegan package (Oksanen et al., 
2017) and a pairwise test (Martinesz Arbizu, 2017) was used to test for 
an overall significant variation in AA composition between treatments. 
One-way analysis of variation (ANOVA) was used to determine statis
tical differences in abundance of the individual AAs, with the Shapiro 
test (to determine normality) and the Bartlett test (to test for homoge
niety of variance) used to test for assumptions on the residuals from the 
ANOVA test, of which there were no violations. Tukeys post-hoc test 
determined statistical differences in abundance between treatments in 
the individual AAs identified as significant by ANOVA. Significance in 
all of the AA analyses was determined by p < 0.05. 

The proteomics results were analysed with the DEP package in R 
(Zhang et al., 2018). Data was filtered for missing values (at least 4 out 
of 5 reps required data for 96 h treatment and 2 out of 3 for 48 h 
treatment), normalised and missing values imputed. Significant differ
entially expressed proteins (DEPs) were denoted by an adjusted p-value 
(alpha) of < 0.1 and a log fold-change of at least 1 (a doubling) by 
comparing the treatments (EC10 or EC50) against their respective con
trols (no added Cu at 48 h or 96 h). The DEPs were visualised using 
volcano plots generated in ggplot2 (Villanueva and Chen, 2019; Wick
ham, 2016). 

Functional enrichment analysis was performed on significant DEPs in 
larvae exposed to Cu for 48 h. The Gene Ontology (GO) annotation was 
performed using the Database for Annotation, Visualization and Inte
grated Discovery (DAVID; https://david.ncifcrf.gov/) to classify the 
functions of the proteins in response to Cu stress. The Kyoto Encyclo
pedia of Genes and Genomes (KEGG) pathway analysis assigned proteins 
to a functional pathway and were derived through FishEnricher (https 
://maayanlab.cloud/FishEnrichr/), a gene set enrichment analysis tool 
specifically developed for the D. rerio genome (Chen et al., 2013; Hughes 
et al., 2019; Kuleshov et al., 2016). Protein-Protein interaction (PPI) 
networks were constructed using STRING (https://string-db.org/; 
version 11.5), a database interacting proteins through both physical and 
functional means (Szklarczyk et al., 2023) and presented using cyto
scape (Shannon et al., 2003), with the network uploaded to NDEx, an 
open-source platform allowing researchers to publish biological network 
data (Pratt et al., 2015), for visualisation in an interactive format. 

3. Results and discussion 

3.1. Copper toxicity to zebrafish embryos and larvae 

The effect of Cu on the hatching of zebrafish embryos and LOE of 
larvae (Supplementary Fig. 1) was assessed every 24 h. In zebrafish, 
hatching from the chorion occurs on average by 72 hpf (Kimmel et al., 
1995). In the control and the lowest concentration of Cu treatment (2 µg 
L− 1) all larvae hatched by 72 hpf; this is compared to the highest Cu 
concentration of 120 µg L− 1 which resulted in only unhatched coagu
lated embryos (Supplementary Fig. 2). Within the 4 µg L− 1 Cu treatment, 
all larvae had hatched by 96 h, however, 13 % of the larvae exhibited 
LOE (Supplementary Fig. 2). At 10 µg L− 1 of Cu exposure, one embryo 
did not hatch, and of the hatched embryos 37 % displayed LOE, with the 
remaining 60 % “healthy”. The hatched embryos that did not display 
LOE were deemed “healthy”, however, some fish exhibited other 
abnormal and erratic swimming patterns, such as jerky movements, that 
were not measured or recorded as an endpoint. Erratic swimming 
behaviour has also been described previously by Acosta et al. (2016) 
where zebrafish exposed to 9 µg L− 1 of Cu for 96 h displayed an 
observable increase in swimming velocity and distance travelled. In the 
22 µg Cu L− 1 treatment, 70 % of embryos had not hatched by 120 hpf 
(after 96 h of exposure) and 20 % displayed LOE. In the 50 µg Cu L− 1 

treatment, 93 % of embryos did not hatch with the remaining larvae 
exhibiting LOE. The highest Cu concentration of 120 µg L− 1 caused no 
embryos to hatch and these embryos had coagulated (or begun to 
coagulate). Copper has previously been reported to inhibit hatching in 
fish and this is commonly reported in the literature (Jezierska et al., 
2009; Johnson et al., 2007). 

The 96 h EC10 and EC50 for Cu was calculated as 3.7 μg L− 1 (2.4–4.9: 
μg L− 1: 95 % confidence intervals) and 10.9 μg L− 1 (9.4–12 μg L− 1; 95 % 
confidence intervals), respectively (Fig. 1). The effect concentrations of 
Cu on fish vary in the literature, with lethal concentrations of Cu where 
50 % of adult zebrafish were affected (LC50) ranging from 12 to 212 µg 
L− 1, depending on the water hardness (Alsop and Wood, 2011; de 
Oliveira-Filho et al., 2004). A previous study on Mogurnda adspera 
looking at the same sublethal effects of Cu on LOE in sacfry reported an 
EC10 of 12 μg L− 1 and an EC50 of 22 μg L− 1 (Shakya et al., 2022). 
However, these fish were exposed after hatching and are significantly 
larger at maturity, potentially explaining the higher sensitivity of 
zebrafish to Cu compared to M. adspersa (Shakya et al., 2022). Con
centrations of Cu as low as 4 μg L− 1 have previously been reported to 
cause sublethal effects in fish. A study by Besser et al. (2001) exposed 
four different newly-hatched fish species to low concentrations of Cu, 
examining survival and growth. The lowest observable concentration of 
4 μg L− 1 caused a statistically significant reduction of growth by 13 % in 
fathead minnows. Farkas et al. (2021) subjected Atlantic cod (Gadus 
morhua) embryos at 96 hpf to low concentrations of Cu (0.5 - 6 μg L− 1) 
and suggests that even though these low concentrations of Cu did not 
increase mortality in the 96 hpf larvae, larvae and embryos exposed 
immediately after fertilisation would have increased sensitivity to Cu. 
Given the effect concentrations in the current study are based on sub
lethal impacts (LOE and non-hatching), the low EC values are 
unsurprising. 

3.2. Amino acid composition of Cu-stressed zebrafish larvae 

The AA composition of zebrafish larvae was dominated by: Glx (Gln 
+ Glu), Gly, Asx (Asn + Asp), Lys, Leu, Ala, Ser, Val, Thr and Arg, 
making up 80 % of the total AAs and contributing between 5 and 13 % 
each (Fig. 2). The seven remaining measured AAs (Pro, Ile, Phe, Tyr, His, 
Met and Cys-Cys [dimer]) made up the remaining 20% of total AAs at <
5% each. This result is unsurprising as Li et al. (2009) states that Asp, 
Asn, Glu and Gln are the major energy substrates in fish. The bulk AA 
composition of larval fish has been previously shown to alter after 
exposure to Cu (Shakya et al., 2022). Similarly, in this study, the AA 

S.L. Green et al.                                                                                                                                                                                                                                 



Aquatic Toxicology 272 (2024) 106963

5

profile of the zebrafish larvae exposed to 4.9 μg Cu L− 1 (representative of 
EC10) and 10.7 μg-Cu L− 1 (representative of EC50) differed to the control 
(Supplementary Fig. 3), but the differences between treatments for the 
overall AA profile were not significant (PERMANOVA, p = 0.069). The 
proportion (% mol of AA), however, of some individual AAs (Ala, Pro 
and Gly) significantly changed in the presence of Cu (Ala (p = 0.046), 
Pro (p = 0.005) and Gly (p = 0.038)) (Fig. 2 and Supplementary 
Table 5). However, in the current study, both bulk and free AAs were 
measured, so changes of the AAs in the current study may also come 
from digestion of proteins. 

Proline (Pro) significantly increased in both the EC10 and EC50 
treatments compared to control, while Gly increased significantly be
tween control and EC50 (Supplementary Table 5). Alanine was also 
found to significantly differ between treatments, with Ala appearing to 
be higher in the EC50 treatment, however, post-hoc Tukey tests did not 
support a significant difference between Control, EC10 and EC50. Over
all, the most significant effect of Cu on AAs was for the abundance of Pro 
in the larvae, with increasing concentrations in both Cu treatments 
compared to the control. Previous studies have also shown an increase in 

Pro in a variety of organisms exposed to elevated concentrations of 
metals, including Cu (Tripathi and Gaur, 2004). There was also a sig
nificant decrease in Gly in the EC50 treatment, as observed previously in 
M. adspersa exposed to 10 – 60 μg of Cu (Shakya et al., 2022). Although 
Cu also caused differences in the amounts of Gly and Ala in the larvae, 
less is known about the effects of metal contamination on these AAs. 

3.3. Differentially expressed proteins identification and functional 
enrichment analysis 

Label-free quantitative proteomic analysis identified a total of 3437 
proteins in the zebrafish samples (Fig. 3a), 3333 of which met the re
quirements of being identified in at least 2 out of 3 reps at 48 h and 4 out 
of 5 reps at 96 h for comparison between treatments. This is similar to 
the number of proteins detected for zebrafish larvae in other studies 
(Frøyset et al., 2016). Although Cu caused an upregulation and down
regulation of proteins after exposure to Cu at both time-points (48 h and 
96 h), there were significantly more DEPs at the earlier time point of 48 
h (66 DEPs after 48 h at EC50; 20 DEPs after 48 h at EC10; 1 DEP 

Fig. 2. Amino acid (AA) composition in zebrafish larvae. The influence of Cu on individual AA proportions (% mol) in zebrafish after 96 h (n = 5) exposed to: no 
Cu (Control: red), 4.9 μg Cu L− 1 (EC10: green) or 10.7 μg Cu L− 1 (EC50: blue). Asterisks are used to indicate significant differences between treatments for each AA. 
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(aminomethyltransferase, Amt) after 96 h at EC50 (Fig. 3b). Sonnack 
et al. (2018) also found Cu influenced the expression of more genes after 
48 h of exposure than after 96 h in zebrafish. Volcano plots show that the 
DEPs are not dominated by either upregulated or downregulated pro
teins (Fig. 3c). 

To gain insight into the functions of the DEPs, gene enrichment 
analysis was performed by GO (biological process (BP), molecular 
function (MF), and cellular component (CC)) and KEGG pathway 
annotation for all treatments (Fig. 4 and Supplementary Table 6), 
focusing on the significant DEPs in larvae exposed to 10.7 μg L− 1 of Cu 
(EC50) for 48 h, as this produced the greatest number of significant DEPs 
(Fig. 3). The main BP affected by Cu after 48 h of exposure was visual 
perception, followed by response to stimulus, mitochondrial translation, 
and neurotransmitter transport, based on categories with the highest 
counts (Fig. 4a). The proteins most enriched for MF were involved in 
ATPase activity, followed by ligase activity and structural constituents 
of the nuclear pore (Fig. 4b). The main cellular localisation of DEPs was 
in the membrane and in the mitochondria (Fig. 4c). Metabolism, spe
cifically that of AAs (His, Trp, Arg and Pro) dominated the KEGG 
pathways of the DEPs (Fig. 4d). 

3.4. Amino acid and protein composition is altered in Cu exposed fish 
from oxidative stress 

In this study Pro was shown to significantly increase in zebrafish 
larvae exposed to both Cu treatments (4.9 μg L− 1 and 10.7 μg L− 1) 
(Fig. 2). Proteins involved in Pro metabolism were also differentially 
expressed (Fig. 4, KEGG pathway). The increase in Pro from Cu exposure 
has been observed in many aquatic organisms, such as some species of 
algae, where increases in Pro have also been associated with Cu expo
sure, and with free Pro has been suggested to play a role in reducing the 
uptake of Cu (Mehta and Gaur, 1999; Wu et al., 1998). The accumula
tion of Pro does not just aid in reducing metal uptake, but it also acts as 
an antioxidant by reducing the damage of free radicals, preventing lipid 
peroxidation (Tripathi and Gaur, 2004). Recent studies by Santos et al. 
(2020) have reported increased ROS in zebrafish embryos exposed to 15 
μg L− 1 of Cu. While this study did not directly measure ROS production, 
the increase in Pro could be to alleviate oxidative stress caused by ROS. 
The role of Pro in the stress response in organisms is widely known with 
evidence suggesting it enhances antioxidant activity and protects cells 
against oxidative stress (Liang et al., 2013). However, Pro metabolism 
has been implicated in not only cellular survival, as once stress has 
exceeded a certain threshold it has contrasting effects by promoting 

Fig. 3. Protein identification and differentially expressed proteins (DEPs) in copper (Cu) exposed zebrafish larvae after 48 and 96 h. Shown are: (a) The 
total number of proteins identified in each sample from the zebrafish genome, (b) the number of DEPs between treatments and controls, and (c) volcano plots 
visualising the upregulated and downregulated DEPs at 48 and 96 h. Differentially expressed proteins are characterised by a log2 fold change of >1 or <− 1 and 
significance is determined by an adjusted p-value (alpha) of <0.1. 
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cellular apoptosis through increasing ROS production in the mitochon
dria (Liang et al., 2013). It has also been previously reported in fish that 
a combination of Ala, Pro and citrulline offers greater protection against 
oxidative stress and subsequent apoptosis than Pro alone (Li et al., 
2013). In the current study, Ala also significantly increased in the 
presence of Cu (Fig. 2) and DEPs involved in phenylalanine and 
beta-alanine (derivatives of Ala) metabolism were differentially 
expressed (Fig. 4, KEGG pathway). While citrulline (an amino acid 
derived from Arg) was not measured here, Arg abundance did show a 
trend towards increased abundance in the EC10 treatment, although this 
increase was not significant. Proteins with a KEGG annotation of argi
nine metabolism were also differentially expressed (Fig. 4, KEGG 
pathway). 

Alongside the changes in AAs, proteins involved in oxidative stress 
were also differentially expressed in Cu exposed zebrafish in this study. 
Proteins with a role in oxidative stress were identified in the KEGG/GO 
analysis, such as mitochondrial function (Fig. 4, biological process) and 
ATP synthase activity (Fig. 4, molecular function). Moreover, ascorbate 
depletion occurs under oxidative stress (Domazou et al., 2012) and 
proteins involved in ascorbate metabolism were differentially expressed 
in this study (Fig. 4, KEGG pathway). Specifically, peroxiredoxin 6 
(Prdx6) was upregulated after 48 h exposure to the EC50 Cu treatment. 
Proteins within the peroxiredoxin family have also been shown to be 
upregulated in the yeast (Yarrowia lipolytica) exposed to Cu 
(Sánchez-Rojas et al., 2022). This group of proteins are enzymes that act 
to protect cells against oxidative stress and maintain cell redox ho
meostasis (a BP which was significant, however, not shown in Fig. 4 due 
to not being in top 10) by regulating peroxide activity (Perkins et al., 
2015). 

The ATP-binding cassette (ABC) class of transporter proteins uses 
diverse substrates and is involved in the efflux of xenobiotics, including 
metals (Della Torre et al., 2012). In the current study after 48 h of 
exposure to Cu, zebrafish significantly downregulated ABC-type gluta
thione S-conjugate transporters (Abcc1), whose molecular function is 
ATP binding activity (Fig. 4, molecular function). However, many of the 
studies on fish and ABC transporters show the opposite (Della Torre 
et al., 2012), including by Long et al. (2011) where exposure of zebrafish 
embryos to other metals, including cadmium, mercury, lead, and arsenic 
induced the overexpression of Abcc1 and promoted embryo survival. 
The impact of Cu on the expression of Abcc1 is less studied. This specific 
ABC protein is involved in the transport of glutathione (GSH) conjugates 
(Laberge et al., 2007), and Cu-induced oxidative stress reduces GSH 

antioxidant activity by Cu directly binding and inhibiting the GSH 
(Sanchez et al., 2005). Previous studies have demonstrated through 
HeLa cells, that cells that overexpress Abcc1 potentiate oxidative stress 
through the efflux of GSH (Laberge et al., 2007), and thus, the zebrafish 
cells may reduce Abcc1 levels to prevent efflux of the remaining unin
hibited GSH, allowing it to play a role in reducing oxidative stress by 
scavenging ROS. In addition to excess Cu inactivating GSH through the 
formation of a metal complex (Ngamchuea et al., 2016), production of 
ROS due to Cu exposure may also decrease intracellular GSH in neuronal 
cells as ROS mediate the blocking of cysteine via glutamate, required for 
GSH (Murphy et al., 1989). A number of the DEPs in the larvae exposed 
to Cu for 48 h were involved in taurine metabolism (Fig. 4, KEGG 
pathway), a derivative of cysteine produced in oxidative pathways. In 
the zebrafish exposed to Cu for 96 h, despite the cystine levels between 
treatments not being significantly different, there was a clear negative 
correlation between Cys-Cys (cystine, dimer) level and Cu concentra
tion, indicating that Cu-induced ROS may be inhibiting the uptake of 
cysteine (monomer). Alternatively, GSH is a tripeptide comprised of Gly, 
Cys and glutamate, and as Cys-Cys was negatively correlated and Gly 
was significantly decreased, this could suggest the use of these AAs to 
synthesise GSH to counteract any cellular oxidative damage (Javed and 
Usmani, 2019). Moreover, although glutamate was not measured, Glx 
(Glu and Gln) did decrease in the larvae at EC10, although not significant 
(Fig. 2). 

Oxidative stress can lead to cell death via many avenues including 
through GSH depletion (Laberge et al., 2007) and through 
ROS-mediated signalling events activating apoptotic pathways (Red
za-Dutordoir and Averill-Bates, 2016). A loss of protein kinase C alpha 
(Prkca), a highly abundant Zn-containing signalling protein, has been 
attributed to oxidative stress-induced cell death (Reyland, 2009), and 
thus, it is unsurprising that the zebrafish in the current study upregu
lated Prkca (Fig. 5, cell signalling), whereby Prkca can modulate 
members of the mitogen-activated protein kinase (Mapk) kinase family 
to promote survival (Maher, 2001). 

3.5. Protein-protein interaction network 

The GO analysis showed vision to be the most impacted biological 
process (Fig. 4), and proteins associated with visual development and 
phototransduction were also shown to be affected within the protein- 
protein interaction (PPI) network (Fig. 5, visual development and pho
totransduction). The interactions between proteins on the PPI network 

Fig. 4. Functional enrichment analysis of differentially expressed proteins (DEP). Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway annotation of zebrafish larvae exposed to copper (Cu) for 48 h (n = 3). The GO encompassing the: (a) biological processes; (b) 
molecular function; (c) cellular component categories and (d) KEGG pathways, are shown. The top 10 categories of each, based on the highest number of counts 
(number of proteins in category) followed by Enrichment Threshold (EASE), set to <0.5, are shown. 
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(Fig. 5) can be either direct (physical) or indirect (functional), where the 
proteins contribute to the same biological function. Among the PPI 
subnetworks of DEPs in larval zebrafish affected by exposure to 10.7 μg 
L− 1 of Cu for 48 h included proteins involved in neural signal trans
duction (Fig. 5), mitochondrial proteins and proteins involved in tran
scription. The network can be further explored in NDEx (https://doi. 
org/10.18119/N9X02X)https://www.ndexbio.org/#/network/32e571 
dc-713f-11ee-aa50-005056ae23aa?accesskey=6123684204f30f35966 
d9201a9fdb76af11a6ea8fd2918fe9a0e854694931925 where selecting 
a protein will give the GO annotation and selecting the interaction will 
reveal more data from STRING about its interaction with other proteins. 

3.6. Cu alters expression of mitochondrial proteins 

In the current study, the presence of excess Cu caused a mixed 
expression of mitochondrial proteins in zebrafish larvae (Fig. 5, mito
chondrial proteins), including a few involved in oxidative phosphory
lation. Oxidative phosphorylation utilises an ETC on the mitochondrial 
inner membrane comprised of complexes I to IV and electron trans
porters to efficiently produce large amounts of ATP. The ATP is pro
duced by ATP synthase which is powered by a mitochondrial membrane 
potential created by the translocation of protons from complexes I, III 
and IV (Zorova et al., 2018). Elevated Cu has previously been shown to 
affect energy production in fish (Abou Anni et al., 2019). Long-term 
exposure to Cu has also been shown to decrease enzymatic activity in 
the gills and muscle of killfish (Piecilia vivipara) but increase ATP pro
duction in the liver (Abou Anni et al., 2019). The zebrafish larvae 
exposed to Cu upregulated cytochrome C oxidase subunit 5Ab (Cox5ab), 
a Cu-containing metalloenzyme, part of complex IV of the ETC. More
over, cytochrome C oxidase assembly factor 7 (Coa7) involved in the 
assembly of cytochrome C was also enriched in zebrafish exposed to Cu. 
However, in contrast, NADH dehydrogenase (ubiquinone) 1 beta sub
complex subunit 7 (Ndufb7) of complex I in the ETC was downregulated. 
A proposed mechanism of reducing the production of mitochondrial 
ROS in cells is through lowering NADH production and inhibiting 
complex I (Liemburg-Apers et al., 2015). This complex contains subunits 
sensitive to oxidative damage and the reversible glutathionylation of it 
has been shown to protect it from otherwise irreversible deactivation 

from oxidative damage (Hurd et al., 2008). Increased mitochondrial 
membrane potential associated with complexes I and III have also been 
implicated in ROS production (Brand, 2010; Miwa et al., 2003). Fish, 
therefore, may inhibit complex I to reduce potential ROS production, 
and hence oxidative stress, and this may be why Ndufb7is down
regulated in this study. However, cells still require extra energy to cope 
with stressors such as Cu, and thus, complete deactivation of the ETC 
would be detrimental. Previously, Shakya et al. (2022) reported the 
upregulation of proteins and metabolites responsible for the creation of 
succinate (the sixth molecule in the TCA cycle) in algae exposed to Cu. 
Succinate can be produced through Val oxidation through metabolism 
into methylmalonyl-coA (Hutson et al., 2005) and Val was found to be 
increased in Cu exposed fish in this study, although not significant at p =
0.06. The conversion of succinate to fumarate in the TCA cycle catalyses 
the conversion of FAD to FADH2 for use by complex II of the ETC. Fish in 
our study that were exposed to Cu potentially bypass the need for NADH 
and complex I, increasing the flux from complex IV by utilising FADH2 as 
the main electron carrier to support the increased energy demands. 
Moreover, complex IV is said to be a pace setter for ATP synthesis due to 
it being a highly regulated enzyme (Srinivasan and Avadhani, 2012), 
and thus, the upregulation of a cytochrome C oxidase subunit and an 
assembly protein could suggest an increase in energy production to meet 
demands of the cell. Alternative functions of cytochrome C could also 
offer an explanation, one being that release of cytochrome C from the 
mitochondria induces apoptotic pathways, expected in severely stressed 
fish (Jiang and Wang, 2004). More likely, as the proteins were upre
gulated in larvae trying to cope with the metal stress, is that cytochrome 
C acts as an antioxidant, where it can mediate the removal of superox
ides (Pereverzev et al., 2003) and in doing so, reduce oxidative damage 
and improve the survival outcome of the larvae. 

3.7. Upregulation of nuclear proteins 

Changes in the transcription and expression of certain proteins from 
Cu exposure is consistently demonstrated (Abou Anni et al., 2019; 
Shakya et al., 2022). This is not surprising as the increased demand for 
proteins to combat Cu stress and maintain homeostasis would result in 
increased transcription. The current study resulted in predominantly 

Fig. 5. Function enrichment analysis visualised in a protein-protein interaction (PPI) network of significant differentially expressed proteins (DEPs) in 
copper (Cu) – stressed zebrafish. Larvae were exposed to 10.7 μg L− 1 of Cu (EC50) for 48 h and DEPs were sorted by STRING and visualised using Cytoscape 
(average clustering coefficient 0.261). The network contains 66 nodes and 52 edges, and proteins with no interactions within the network (singletons) were omitted. 
Nodes are coloured by their log fold change with red filled nodes being upregulated and blue filled nodes being downregulated proteins, with intensity correlating to 
a greater fold change. Edges indicate protein-protein interactions determined by STRING and intensity is relational to its confidence score. 
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DEPs involved in the transcription of nuclear proteins, mRNA export and 
translation, identified in the network analysis (Fig. 5) and in the 
GO/KEGG annotation (Fig. 4, biological process (nucleotide binding, 
nuclear pore structural constituent and histone binding)). Upregulation 
of RNA binding and regulation of DNA-templated transcription proteins, 
like paraspeckle component 1 (Pspc1; Fig. 5, transcription and nuclear 
proteins) were shown in this study. Paraspeckles have been suggested to 
alter gene regulation in times of stress to assist in pro-survival pathways 
(McCluggage and Fox, 2021). Lamin B2 (Lmnb2) is a protein involved in 
protein localisation to the nuclear envelope, heterochromatin formation 
and nucleus organisation and was upregulated under the elevated Cu 
conditions. Likewise, lamins such as Lmnb2have a role in regulating cell 
longevity during oxidative stress and increased ROS (Shimi and Gold
man, 2014). The Lmnb2 isoform specifically is involved in supressing 
p53 and promoting proliferation and longevity, explaining why despite 
literature consistently reporting an upregulation of p53 from oxidative 
stress including from Cu, upregulated p53 was not observed in this study 
(Luzio et al., 2013; Shimi and Goldman, 2014). As only the proteomes of 
healthy larvae were determined in this study, it may be that a key 
contributor to survival and acclimatisation from toxic concentrations of 
Cu is by inhibition by Lmnb2 of the p53-mediated apoptotic pathway 
induced by ROS. The YEATS domain containing 4 (Yeats4) protein 
which was also upregulated, plays a role in nuclear organisation, and is 
involved in the remodelling of chromatin, histone acetylation and the 
regulation of transcription by RNA polymerase II. Previously, environ
mental stressors have been found to modify the structure of chromatin 
and histones (Pawlak and Deckert, 2007). In particular, Cu has been 
found to inhibit histone acetyltransferase in vivo human liver cells (Kang 
et al., 2004) and potentially the upregulation of an alternative histone 
acetylator, mediated, may counteract the impact Cu is having in the 
nucleus. Moreover, nucleoporin 85 (Nup85) and nucleoporin 160 
(Nup160), components of a nuclear pore complex also involved in RNA 
transport/export were shown to be upregulated in response to exposure 
to Cu (Fig. 5, transcription and nuclear proteins). These two proteins are 
often co-expressed and were strongly upregulated, making their bio
logical process annotation, structural constituent of nuclear pore (Fig. 4) 
among the most enriched process impacted by Cu, suggesting the sig
nificance of RNA export and translation in combatting Cu-induced 
stress. The changes to the proteome of the larvae reflects Cu-stressed 
larvae that are adapting via increased transcription and alternative 
protein pathways to counteract the effects of Cu on targeted proteins. 

3.8. Cu disrupts proteins involved in neural signalling and vision 

One of the most significant interaction of proteins that were differ
entially expressed because of Cu exposure were linked to neural trans
mission, with proteins related to visual development and 
phototransduction also affected (Fig. 5). This is consistent with previous 
studies reporting affected neurotransmission and cognitive dysfunction 
from exposure to sublethal concentrations of other metals (Karri et al., 
2016). Santos et al. (2022) observed a modulation of the antioxidant 
system and induction of apoptosis in the brain of zebrafish accompanied 
by affected locomotor control and changes in social behaviour when 
exposed to Cu. Changed behaviour in fish has been attributed to dis
rupted neurotransmission, and in the current study, zebrafish larvae 
displayed neural distress through their inability to maintain equilibrium 
and their erratic swimming behaviour. Equilibrium in fish is maintained 
through coordination between the visual and vestibular systems with 
the retina involved in the dorsal light reflex (Kasumyan, 2004), and 
disruption to proteins related to visual development and photo
transduction along with disruption to neural signalling likely led to the 
increased LOE displayed in zebrafish larvae in this study. 

Cu affected many proteins involved in the glutamate to γ-amino
butyric acid (GABA) pathway, a main inhibitory neurotransmitter 
regulated by calcium signalling with a suggested role in locomotion 
(Barnaby et al., 2022). Glutamate decarboxylase 2 (Gad2) is an enzyme 

involved in the synthesis of GABA and was downregulated in Cu exposed 
fish in this study. Moreover, synaptic transmembrane vesicle glycopro
tein (Sv2a) was upregulated and is involved in regulating the release of 
GABA through expression of synaptogamins (Stout et al., 2019; Toku
dome et al., 2016), which were shown to be downregulated (Synapto
tagmin 5b; Syt5b) in this study. Syt5b is involved in Ca2+-dependent 
exocytosis, required for synaptic transmission in the retina and brain 
(Henry et al., 2022), alluding to its function in neural signalling and 
vision. Clathrin (Cltc1), the main component of clathrin coated vesicles 
(CCV) and Ap2a1, an adaptor protein complex involved in the endocy
tosis of CCV were also differentially expressed (upregulated) in Cu 
exposed larvae. Endocytosis of the neuronal receptors that bind GABA 
(GABAA receptors) occurs via the use of CCVs and is facilitated by Ap2a1 
(Jurd and Moss, 2010). Previous research has shown that glutamate 
decarboxylases such as Gad2 and GABAA receptors control swimming 
behaviour in larval zebrafish, with reduced expression of glutamate 
decarboxylases and GABA receptors associated with hyperactivity in 
larval zebrafish (Barnaby et al., 2022; Lüffe et al., 2021). The inhibition 
of GABA and downregulation of Gad2 has been shown previously in 
larval zebrafish displaying impaired locomotor control upon exposure to 
other metals and toxins (Stehr et al., 2006; Zhao et al., 2019). Larvae 
unable to acclimatise to Cu displayed LOE, however, the proteome of 
stressed, but ‘healthy’ larvae at 48 h revealed the inhibition of the GABA 
pathway. The disruption to this pathway, causing a decrease in the 
inhibitory neurotransmitter GABA, could be a potential cause or 
contributor to the LOE in larvae unable to acclimatise to Cu after 96 h, 
where the behaviour of the larvae only changes once the inhibitory 
GABA signal goes under a certain threshold. 

Expression of other proteins involved in neural signalling via cal
cium, and that play a role in locomotion and phototransduction, were 
also altered. Exposure to Cu caused the downregulation of calretinin 
(Calb21), a calcium-binding protein involved in neural function, syn
aptic plasticity, optic nerve regeneration and is associated with moto
neurons responsible for high-speed swimming and the escape response 
in zebrafish (Berg et al., 2018; García-Crespo and Vecino, 2004). Addi
tionally, a glutamic-acid rich protein (Garp), Garp2, was the only shared 
DEP between the 48 h EC50, 96 h EC10 and 96 h EC50 Cu treatments and 
was upregulated in the zebrafish larvae (although significant (p = 0.028) 
at EC50 for 96 h, with a fold change of 0.8 it did not quite meet the fold 
change threshold of a doubling to be considered a significantly DEP) 
(Table S5). Garp are known to play a role in the function of rod 
photoreception (Goldberg et al., 2016) and the overexpression of Garp2 
has been shown to regulate phototransduction gain and recovery (Sar
fare et al., 2014). Phototransduction also plays a pivotal role in the 
movement of fish as it allows fish to adapt to light and navigate using 
visual cues, including that of predators and prey (Eilertsen et al., 2022; 
Rinner et al., 2005; Zang and Neuhauss, 2021). This may have also 
affected the swimming ability of fish in this study, and with predator 
avoidance, social behaviours and feeding requiring effective swimming, 
the implications of this altered behaviour on fish in the wild exposed to 
low concentrations of Cu is vast. In M. adspersa sacfry Cu localised to the 
eye and brain tissue (Shakya et al., 2022), this might also have occurred 
in the zebrafish larvae in this study, therefore, future studies should 
determine whether Cu also localises to these areas in zebrafish larvae 
and other fish species. 

Copper was shown to directly alter the expression of proteins 
involved in the synthesis, release and uptake of GABA, a primary 
inhibitory neurotransmitter related to locomotion and behaviour in fish, 
along with calretinin involved in neural function associated with 
swimming and escape behaviours, and Garp2 involved in photo
transduction. Thus, changes in swimming behaviour and LOE displayed 
by fish exposed to environmentally relevant Cu concentrations in this 
study may be due to disruption to calcium dependent, GARP and GABA 
dependent neural and visual pathways. 
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3.9. Acclimatisation of larvae to Cu stress 

Zebrafish larvae at 48 h exhibited the largest change in their prote
ome from Cu, with 66 DEPs proteins compared to the 20 DEPs and 1 DEP 
in larvae after exposure to 4.9 μg L− 1 (EC10) and 10.7 μg L− 1 (EC50) of Cu 
for 96 h, respectively. A study by Sonnack et al. (2018) on the tran
scriptomic response of zebrafish embryos to Cu (11 ug L− 1) also found 
that embryos at 48 h had far more differentially expressed genes than at 
96 h. The larvae in Sonnack et al. (2018) had significant changes to the 
transcripts of proteins involved in oxidative phosphorylation, tran
scription and histone modification, also reported in the current study. 
Similarly, the larvae had changes to pathways targeting the nervous 
system, brain development, camera-type eye development and eye 
morphogenesis (Sonnack et al., 2018). By contrast, the larvae in this 
study were found to have significant differences more in neural signal
ling and eye functioning than in eye development. The differential 
expression of more proteins in the current study, and transcripts in the 
study by Sonnack et al. (2018), at 48 h rather than 96 h suggests that 
some embryos were able to acclimatise to Cu at this environmentally 
realistic Cu concentration over the 96 h period and reach a state of 
homeostasis. Acclimatisation to Cu has been demonstrated in fish pre
viously, with Kamunde and Wood (2004) proposing two net processes 
required for acclimatisation to be reached: (1) recovery from the 
disruption caused by the Cu and (2) regulation of the Cu uptake. A study 
by McGeer et al. (2000) on rainbow trout followed the recovery of fish 
after exposure to sublethal concentrations of Cu through monitoring of 
sodium influx. In this study by Kamunde and Wood (2004), Na+ ho
meostasis was disrupted within 2 days but had recovered by a week. This 
suggests that the use of biomarkers to assess risks may need to be un
dertaken at earlier timeframes than that of traditional chronic and acute 
toxicity bioassays. Moreover, in future studies, the proteome and AA 
composition of larvae unable to acclimatise should be compared to 
larvae that successfully acclimatise. This comparison would enhance 
biomonitoring efforts that use biomarkers by understanding what is 
occurring in aquatic biota and ensure that stressed, but acclimatised fish 
are not ignored. 

3.10. Potential biomarkers of Cu contamination in aquatic environments 

The concentrations of Cu used in the current study (4.9 μg L− 1 and 
10.7 μg L− 1) are commonly found in the environment, for example, in 
urban streams in Melbourne, Australia, which contain Cu concentrations 
of up to 40 μg L− 1 (McDonald et al., 2022). As the vast majority of Cu in 
natural waters is likely complexed with dissolved organic matter 
(Macoustra et al., 2019, 2021), measuring the concentration of dissolved 
Cu is not always a reliable indicator of potential effects. Consequently, 
total concentrations of Cu do not necessarily equate to its bioavail
ability, and thus, biomolecular indicators of stress could give a more 
accurate detection of the potential ecotoxicological effects. Potential 
biomarkers identified in this study include the ‘Garp’ protein which was 
the only DEP common among the Cu treatments. Another potential 
biomarker is Gad2, or other proteins involved in GABAergic signalling, 
as this neural pathway was the most significantly affected pathway by 
Cu in the current study (Fig. 5, neural signal transduction). One of the 
major impacts Cu has on many aquatic species is through oxidative 
stress and proteins or AAs that respond to this stress could also be used as 
biomarkers, such as Lmnb2 or ABC transporter proteins. Additionally, 
this study adds to a large body of literature regarding AAs that has 
consistently reported an increase in Pro from metal stress and so further 
research should aim to define normal and abnormal concentrations of 
Pro in a range of organisms for potential use as a biomarker. The current 
study identified biomarkers of Cu toxicity in zebrafish larvae, however 
excess Cu has different exposure routes in embryos and larvae than adult 
fish (Ganesan et al., 2016; Johnson et al., 2007). Therefore, future 
studies should determine if the DEPs (and Pro) identified in the current 
study as potential biomarkers also differ in adult fish in response to 

excess Cu, and hence, make suitable biomarkers of Cu contamination. 

4. Conclusions 

Zebrafish embryos are highly sensitive to Cu with EC10 and EC50 
values of 3.7 and 10.9 µg L− 1, respectively. This study demonstrated that 
exposure to Cu at these environmentally realistic concentrations over 
short time periods (48 h and 96 h) causes measurable differences in the 
proteome and amino acid composition of zebrafish larvae. The interest 
in understanding the effects of metals on organisms at a molecular level 
is justified as disruption to multiple processes occurred in the zebrafish 
larvae. The greatest changes were observed at the earlier time point of 
48 h, with the zebrafish seemingly able to either acclimatise to the Cu by 
96 h or were displaying endpoints that could be lethal (LOE or non- 
hatching). At 48 h, disruption to neural signal transduction was shown 
to be the main processes affected by Cu and may be why some fish by 96 
h displayed LOE and erratic swimming behaviour when exposed to Cu. 
This has repercussions for fish in the wild as disrupted swimming 
behaviourand altered neural functioning may affect and limit survival 
outcomes. Additionally, proteomic analysis of the zebrafish larvae 
revealed the differential expression of proteins that cause and protect 
against oxidative stress and apoptosis. Biomolecules including proteins 
and AAs are more sensitive than traditional endpoints to elevated con
centrations of metals and, therefore, the monitoring and risk assessment 
of contaminated waterways should include detection at this sensitive 
level. For this, further research should explore whether the Cu affected 
proteins and AA pathways identified in the current study, are similar in 
other teleosts, to aid in the development of biomarkers of Cu toxicity to 
fish. 
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