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Summary  30 

1. Sediments accumulate chemicals that can be toxic to biota and often contribute to 31 

aquatic ecosystem decline. Measuring mortality in laboratory-bred organisms is a common 32 

way to assess sediment toxicity. However, mortality-based responses of resilient laboratory 33 

organisms may not reflect indigenous macroinvertebrate responses, which can be relatively 34 

more sensitive to sediment toxicants. A possible solution is to also measure responses at the 35 

sub-individual level.  36 

2. Several organism responses to sediment copper toxicity were assessed in a field-37 

based microcosm. Responses of laboratory-bred chironomids and snails deployed in 38 

microcosms were compared at sub-individual (metabolomic and gene expression), individual 39 

(survival and dry weight) and population (reproduction) levels, and contrasted to the 40 

abundance of colonizing macroinvertebrates in the microcosms. 41 

3. Colonizing macroinvertebrate abundance showed a range of sensitivities based on 42 

EC50 (effect dose 50% change). Chironomidae made up 94.5% of the microcosm 43 

macroinvertebrates, with Paratanytarsus the most sensitive genus (EC50: 89 mg/kg copper) 44 

and Procladius the least sensitive (EC50: 681 mg/kg). 45 

4. Survival of laboratory-bred organisms was the least sensitive response, comparable to 46 

decreased abundance of the least sensitive macroinvertebrate. Juvenile production in the 47 

snail, Potamopyrgus antipodarum, was the most sensitive population level response (EC50: 48 

121 mg/kg), in contrast the snail Physella acuta was relatively more tolerant (EC50: 298 49 

mg/kg). 50 

5. Changes in sub-individual responses (gene expression and metabolite abundance) in 51 

laboratory-bred chironomid, Chironomus tepperi, were evident at 60 mg/kg. These changes 52 

likely reflect the direct effects of copper exposure and represent metal-specific responses. 53 

6. Synthesis and applications. We showed that copper toxicity in sediments could be 54 

readily detected through changes in gene expression and metabolites in laboratory-bred 55 

chironomids exposed in field-based microcosms. These responses were more sensitive than 56 

mortality, and detected copper levels that caused microcosm chironomid populations to 57 

decline. These novel approaches will provide managers with new tools to better assess 58 

sediment toxicity. 59 

 60 

Key-words:  biomarkers, chironomids, copper toxicity, gene expression, metabolomics, 61 

microcosm, mesocosm, sediment toxicity, transsulfuration, cysteine metabolism 62 
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 63 

Introduction  64 

Sediment pollution can adversely affect aquatic ecosystems because many aquatic organisms 65 

rely on sediment for food and protection (Burton 1991). Hydrophobic contaminants 66 

accumulate in sediment, and contaminants often occur at higher concentrations than in the 67 

surrounding surface waters. Natural systems are complex and it is common practice to isolate 68 

different factors (such as sediment contamination) to investigate the contribution of toxicants 69 

to ecosystem decline. While the relative toxicity of contaminants may not always reflect toxicity 70 

in complex natural systems (Wang, Goulet & Chapman 2004; Holmstrup et al. 2010), 71 

considering toxicants in isolation helps to establish causality and allows managers to prioritize 72 

remediation (Marshall et al. 2010).  73 

 74 

Sediment toxicity is most often measured at the individual level (dry weight, survival), and 75 

sometimes at the sub-individual (through gene, metabolite or proteins) or population levels 76 

(reproduction, first generation responses) (Burton 1991; Forbes & Forbes 1994; Chapman 77 

1995). These responses are often used as indicators of broader scale impacts (Picado et al. 78 

2007; O'Brien & Keough 2014). For management, it is important to establish if these 79 

responses reflect changes at other levels of biological organization and relate to higher-order 80 

biological effects in populations or communities (Kefford et al. 2004; Forbes, Palmqvist & Bach 81 

2006; O'Brien & Keough 2014). Individual and sub-individual responses provide important 82 

causal links to exposure but links with higher-order changes is required to establish 83 

environmental relevance (Beketov & Liess 2012; Rasmussen et al. 2013). 84 

 85 

Microcosm and mesocosm approaches can be used to isolate the effects of specific factors, 86 

such as sediment contamination, and measure the response of indigenous macroinvertebrate 87 

communities (e.g. Pettigrove & Hoffmann 2005; Wagenhoff, Townsend & Matthaei 2012). 88 

These approaches involve exposing indigenous macroinvertebrates to a simplified ecosystem 89 

with particular stressors, which can give a more environmentally relevant assessment of 90 

sediment toxicity than laboratory-based tests (Dzialowski et al. 2014). The microcosm 91 

approach employed here has been successfully used to investigate the impacts of urban 92 

(Marshall et al. 2010) and agricultural sediments (Sharley, Hoffmann & Pettigrove 2008; 93 

Townsend et al. 2009) on indigenous macroinvertebrate populations. This approach provides 94 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

a useful platform for validating and comparing responses, because it includes replication and 95 

controls. 96 

 97 

Individual and sub-individual level responses are widely used in toxicity testing (McCarthy & 98 

Shugart 1990; Peakall 1994; Huggett et al. 2002; Forbes, Palmqvist & Bach 2006). These 99 

endpoints require confounding factors, such as organism age, to be controlled, so field 100 

deployment of laboratory-bred organisms is often used (e.g. Morales-Casellesa et al. 2008; 101 

Kellar et al. 2014). Copper is an essential metal, as well as being present in fungicide, 102 

insecticide and herbicide formulations, and this metal may cause direct or indirect toxicity to 103 

macroinvertebrates depending on the concentration and organism considered. Sub-individual 104 

responses represent sensitive endpoints that can reflect direct rather than indirect effects of 105 

exposure to copper and other metals. The cysteine metabolism pathway plays a central role in 106 

detoxification and antioxidant responses. Several metabolites and genes involved in this 107 

pathway have been shown to respond to metal exposure including copper (Fig. 1) (Sugiura et 108 

al. 2005; Hughes et al. 2009; Jeppe et al. 2014; Long et al. 2015). Measuring metabolites and 109 

gene expression in the cysteine metabolism of laboratory organisms could provide sensitive 110 

indicators of exposure and help managers identify specific environmental toxicants.  111 

 112 

This study uses field-based microcosms to compare the effects of copper exposure on 113 

changes in abundance of colonizing macroinvertebrates (mostly Chironomidae) with effects on 114 

microcosm deployed laboratory organisms at several levels of biological organization. The 115 

deployed laboratory-bred organisms included two snails, Potamopyrgus antipodarum (Gray, 116 

1843) and Physella acuta (Draparnaud, 1805), and one chironomid, Chironomus tepperi 117 

(Skuse, 1889). These species have been used extensively in laboratory- and field-based 118 

toxicity testing (e.g. Duft et al. 2003; Choung et al. 2010; Seeland et al. 2013; Gust et al. 2014; 119 

Kellar et al. 2014; Ma et al. 2014). Population-level responses (reproduction and first 120 

generation survival) were measured in P. antipodarum and P. acuta. Individual (dry weight) 121 

and sub-individual level responses (metabolite abundance and gene expression in the 122 

cysteine metabolism pathway) were measured in C. tepperi. These responses were then 123 

compared to copper effects on the abundance of colonizing macroinvertebrates in the 124 

microcosms. 125 
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Materials and methods  126 

SEDIMENT SPIKING 127 

Sediment was collected from an uncontaminated wetland (Glynns wetland, Warrandyte); this 128 

wetland was also the location of the microcosm experiment. Sediment was sieved to 63 µm 129 

and allowed to settle for 24 hours. Then it was spiked using methods from Simpson et al. 130 

(2005) with adjustments to be ‘dilution pH 7’ spiking, whereby a high-spike sediment stock 131 

(6000 mg/kg copper) was diluted to improve binding and equilibration of metal to sediment 132 

(Hutchins et al. 2008) (Appendix S1 in Supporting Information). The stock sediment was 133 

diluted to reach five exposure concentrations of copper per dry weight sediment (62.5 mg/kg, 134 

125 mg/kg, 250 mg/kg, 500 mg/kg and 750 mg/kg). These concentrations were chosen to 135 

span the range of environmentally relevant concentrations (Vinot & Pihan 2005; Gardham, 136 

Chariton & Hose 2014).  137 

 138 

Sediment from each treatment was analysed at the start and end of the experiment for total 139 

copper through ICP-AES method EG005T (Australian Laboratory Services (ALS), Scoresby, 140 

Australia). The concentrations detected did not differ from the expected concentrations by 141 

more than 10%, so the expected concentrations are reported. The reference sediment had a 142 

background copper concentration of 11 mg/kg but is reported as 0 mg/kg. Furthermore, 143 

overlying water copper concentrations were measured at the end of the experiment (Method 144 

EG020A-T, ALS). Copper concentrations in the overlying water are as follows: 0.008 mg/L for 145 

the reference, 0.048 mg/L for the 62.5 mg/kg and 125 mg/kg treatments, 0.099 mg/L copper 146 

for the 

 149 

250 mg/kg treatment and 0.185 mg/L and 0.189 mg/L for the 500 mg/kg and 750 mg/kg 147 

treatments, respectively. 148 

MICROCOSM EXPERIMENT 150 

The field-based microcosm experiment followed the methods of Pettigrove and Hoffmann 151 

(2005). The experiment was set up at the reference wetland (Glynns wetland, Warrandyte). 152 

This site has been used for previous microcosm experiments and supports a variety of aerial 153 

invertebrate species (Bahrndorff et al. 2006). Each treatment had 5 replicate microcosms, 154 

except the unspiked reference treatment, which had 20 replicates to provide a common 155 

baseline for comparing toxicity. Each replicate microcosm consisted of a 20 litre polypropylene 156 

plastic tub (Starmaid International, Melbourne) containing 500 grams of treatment sediment 157 
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and 15 litres < 63 µm sieved reference site water. Microcosm were covered with 158 

polypropylene nets (2 cm2

 163 

 mesh) to allow colonization by small aerial invertebrates while 159 

preventing large predators entering the microcosms. The microcosm experiment ran for 7 160 

weeks during which the microcosms were colonized by indigenous invertebrates (Appendix 161 

S1). 162 

DEPLOYMENT OF LABORATORY-BRED ORGANISMS 164 

Three laboratory-bred test organisms were deployed in the microcosm experiment; as this 165 

was a novel process in the microcosm approach, ‘no animal’ controls were included (Appendix 166 

S1). The laboratory-bred organisms included two snail species (P. acuta and P. antipodarum), 167 

which were added in week one and exposed for 6 weeks. For P. antipodarum, 40 individuals 168 

were added, but for P. acuta, which is a larger animal (15 to 20 mm shell height), 5 individuals 169 

were added to each microcosm. Five days before the experiment concluded, 40 five-day old 170 

Chironomus tepperi larvae (not present at the wetland) were added to each replicate to 171 

simulate a five-day toxicity test (OECD 2004).  172 

 173 

After 7 weeks, the experiment concluded and the microcosms were processed. Each 174 

microcosm was sieved through a 250 µm screen to recover macroinvertebrates and added 175 

laboratory organisms. Microcosm macroinvertebrates were stored in ethanol for identification 176 

under the microscope. Chironomidae were the most common family and were identified to 177 

species, but analysis was performed at genus level to increase statistical power. Other taxa 178 

were identified to family, or lower where possible. Laboratory-bred organisms were also 179 

retrieved and their survival recorded. A subset of 20-30 C. tepperi was snap frozen on dry ice 180 

for biomarkers and the remaining individuals were stored in ethanol for larval dry weight 181 

(Appendix S1). Surviving P. acuta were stored in ethanol and P. antipodarum were 182 

anesthetized with 2.5% magnesium chloride for later assessment of embryo production 183 

(Schmitt et al. 2006). Surviving juvenile snails, egg masses of P. acuta and embryo production 184 

for P. antipodarum were assessed under a microscope. Empty snail shells were also counted 185 

to confirm that reduced numbers were due to mortality and not migration out of the 186 

microcosms. 187 

 188 
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GENE EXPRESSION ANALYSIS OF CHIRONOMUS TEPPERI 189 

RNA was isolated with High Pure RNA Tissue Kit (Roche, Cat. no. 12033674001) according to 190 

the manufacturer’s protocol with minor adjustments (Appendix S1). Extracted RNA was eluted 191 

in 50 µL RNase-free water. All RNA samples had a 260/280 ratio between 1.9 and 2.1 and 192 

were suitable for cDNA synthesis. Total RNA (0.5 µg) was reverse transcribed using an oligo 193 

dT primer and M-MLV reverse transcriptase (Promega Cat. no. M1705), following the 194 

manufacturer’s protocol. The cDNA was then checked for gDNA contamination (Appendix S1). 195 

Template cDNA was diluted in 100 µL DPEC water and stored at –20 ºC. 196 

 197 

Target genes in cysteine metabolism, their primers and amplicon sequences were previously 198 

described (Jeppe et al. 2014) (Table S1). Gene expression was measured using quantitative 199 

real-time PCR (qPCR) performed with a Roche LightCycler®

 203 

 480 (Roche Applied Science, 200 

USA) in 10 µL reactions containing the components adapted from Takahashi et al. (2010). 201 

Exact recipes and protocols are described in Appendix S1. 202 

METABOLOMIC ASSESSMENT OF CHIRONOMUS TEPPERI 204 

Metabolites were extracted using a modified Bligh-Dyer extraction method (Bligh & Dyer 205 

1959). Analysis of amine-containing metabolites was performed by LC-MS according to 206 

Boughton et al. (2011). Details metabolite extraction and analysis are described in Appendix 207 

S1. Amine-containing metabolites were quantified and analysed using multiple reaction 208 

monitoring (Agilent 1200-HPLC/Agilent 6460 Triple Quad MS). 209 

 210 

STATISTICAL ANALYSIS 211 

All statistical analysis was conducted in R (R version 3.3.0, The R Foundation for Statistical 212 

Computing). The packages used are presented in Appendix S1. 213 

 214 

MICROCOSM MACROINVERTEBRATES 215 

Multi-response permutation procedure (MRPP) was conducted to compare genera 216 

composition between copper treatments. All macroinvertebrate data was log-transformed 217 

before analysis, but were not parametric even after transformation. The response of total 218 

abundance, number of taxa and abundance of common (occurring in >10 microcosms and 219 

>200 individuals) genera to copper-spiked microcosms was modelled with a 3-parameter log-220 
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logistic dose response model. The effect dose of 50% change (ED50) was calculated for 221 

comparison between responses.  222 

 223 

LABORATORY-BRED ORGANISMS 224 

The survival data of added organisms were arcsine transformed and dry weight data were log-225 

transformed before analysis. The changes in each response to copper-spiked microcosms 226 

were modelled with a log-logistic model and the ED50 calculated.  227 

 228 

GENE EXPRESSION OF CHIRONOMUS TEPPERI 229 

Fluorescence data were normalized using the data-driven NORMAGene normalization method 230 

(Heckmann et al. 2011). Principal Component Analysis (PCA) was performed to observe 231 

differences in gene expression between the 6 copper treatments. Differences between copper 232 

treatments were then assessed using ANOVA after verifying normality and homogeneity of 233 

variances. Differences between copper treatments and the reference were then established 234 

with Dunnett’s post hoc tests. 235 

 236 

METABOLOMIC ASSESSMENT 237 

Prior to statistical analysis, all metabolomic data were median normalized and log-238 

transformed. Metabolites known to be associated with cysteine metabolism were selected 239 

from the LC-MS data (Fig. 1). Differences in abundance of these metabolites between copper 240 

treatments were identified using ANOVA after verifying normality and homogeneity of 241 

variances. Differences between copper treatments and the reference were then established 242 

with Dunnett’s post hoc tests. Significant amine-containing metabolites not involved in 243 

cysteine metabolism were identified with ANOVA and their variance investigated with PCA.  244 

 245 

For gene expression and metabolomics assessment, P values were adjusted for multiple 246 

comparisons using the Benjamini-Hochberg correction.  247 

 248 
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Results  249 

MICROCOSM MACROINVERTEBRATES 250 

A total of 17,302 invertebrates from 45 taxa colonized the 55 microcosms, with 94.5% of 251 

individuals belonging to the family Chironomidae. Abundances and number of microcosms 252 

inhabited by common taxa are presented in Table 1. Genus composition between treatments 253 

was not significantly different when tested by an MRPP test (A = -0.003, P = 0.563). The 254 

average number of taxa did not differ between treatments (χ2

 259 

 = 6.53, df = 5, P = 0.25). 255 

However, total abundance declined with increasing copper, and a log-logistic model indicated 256 

that 50% of individuals were lost at 133 mg/kg (EC50) copper (Fig. 2a). Model parameters and 257 

significance are displayed in Table S2. 258 

The five most common genera, which belonged to the family Chironomidae, decreased in 260 

abundance with increasing copper. Paratanytarsus displayed an EC50 of 89 mg/kg (Fig. 2b), 261 

Procladius had an EC50 of 681 mg/kg (Fig. 2c), Chironomus an EC50 of 97 mg/kg copper 262 

(Fig. 2d), and Kiefferulus an EC50 of 238 mg/kg copper (Fig. 2e). Cladopelma had an EC50 of 263 

253 mg/kg copper (Fig. 2f) but due to low numbers and occurrence a log-logistic model could 264 

not establish significance (Table S2). 265 

 266 

LABORATORY-BRED POTAMOPYRGUS ANTIPODARUM  267 

The survival of adult P. antipodarum decreased with increasing copper and had an EC50 of 268 

364 mg/kg (Fig. 3a). Reproduction was also affected, with juvenile production (EC50: 121 269 

mg/kg) and embryo production (EC50: 172 mg/kg) decreasing at lower concentrations than 270 

adult survival (Fig. 3c, 3e). Furthermore, juveniles and embryos were not present in the 750 271 

mg/kg treatment and embryos were not present in surviving adults from the 500 mg/kg 272 

treatment. 273 

 274 

LABORATORY-BRED PHYSELLA ACUTA 275 

The survival of P. acuta decreased slightly at the two highest concentrations of copper with a 276 

predicted EC50 of 823 mg/kg (Fig. 3b). Reproduction of P. acuta declined with increasing 277 

copper, with juvenile production (EC50: 298 mg/kg) responding at a lower concentration than 278 

egg mass production (EC50: 428 mg/kg) or adult survival (Fig. 3d, f). The low number of 279 
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individuals combined with the tolerance of P. acuta limited power to detect patterns in these 280 

data.  281 

LABORATORY-BRED CHIRONOMUS TEPPERI 282 

INDIVIDUAL RESPONSES 283 

The survival of C. tepperi was not affected by copper exposure (data not shown). However, 284 

larval dry weight decreased with increasing copper, with an EC50 of 238 mg/kg (Fig. 3g). 285 

 286 

SUB-INDIVIDUAL RESPONSES 287 

GENE EXPRESSION 288 

Gene expression profiles associated with cysteine metabolism genes were investigated in 289 

C. tepperi. The PCA showed that copper influenced gene expression profiles (Fig. 4). Copper 290 

treatments separated along two axes, PC1 (52.35% variance explained) and PC2 (21.7% 291 

variance explained). All copper treatments separated from the reference, with the 500 mg/kg 292 

treatment displaying the largest variance (Fig. 4a). When considered independently, the 293 

lowest copper treatments (60 and 125 mg/kg) separated from the reference PC1 (41.1% 294 

variance explained) and PC2 (28.5% variance explained), and variance increased with copper 295 

concentration (Fig. 4b). 296 

 297 

The expression of S-adenosylmethionine synthetase (SAM) was significantly altered by the 298 

copper treatments. The expression of SAM was upregulated at least 3-fold in all treatments, 299 

however, this was only significant in the 125 mg/kg and 500 mg/kg treatments (Fig. 5a, Table 300 

S3). A similar pattern occurred for S-adenosylhomocysteine hydrolase (SAH) with 301 

upregulation evident in the 125, 250 and 500 mg/kg treatments, and 500 mg/kg being 302 

significantly different from the reference. In the 750 mg/kg treatment, SAH expression had 303 

returned to reference levels (Fig. 5b, Table S3). 304 

 305 

The expression of cystathionine-β-synthase (CβS) did not significantly change due to copper 306 

exposure (Fig. 5c, Table S3), while cystathionine-γ-lyase (CγL) expression was significantly 307 

different between copper treatments. Cystathionine-γ-lyase expression upregulated with 308 

increasing copper, reaching a maximum of 3-fold upregulation in the 500 mg/kg treatment. In 309 

the 750 mg/kg treatment, upregulation of CγL expression reduced and was not significantly 310 
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different from the reference (Fig. 5d, Table S3). The expression of metallothionein Mtn 311 

upregulated 10- to 150-fold in all treatments and was significantly different in the 125 mg/kg 312 

treatment and above (Fig. 5e, Table S3).  313 

 314 

The expression of γ-glutamylcysteine synthase (GCS) differed significantly between copper 315 

treatments (Fig. 5f, Table S3). The expression of GCS was upregulated in all copper 316 

treatments but was only significant in the 500 mg/kg treatment, with a 2.5-fold increase 317 

relative to the reference. For glutathione synthetase (GS), glutathione-S-transferase d1 (GST) 318 

and thioredoxin glutathione reductase (TGR) expression, there was no significant effect (Fig. 319 

5g, h and i, respectively, Table S3). 320 

 321 

METABOLOMICS 322 

CYSTEINE METABOLISM METABOLITES 323 

From the LC-MS analysis, nine metabolites involved in cysteine metabolism were selected to 324 

link with gene expression, and tested for differences compared to the reference treatment 325 

(Figs 1 & 6, Table S4). The concentration of methionine did not differ between treatments 326 

although there was an increase in concentration in the 250 mg/kg treatments and above (Fig. 327 

6a). For homocysteine, concentration was significantly altered by copper treatments. 328 

Homocysteine concentration increased with increasing copper and was significantly different 329 

from reference in the 500 mg/kg and the 750 mg/kg treatments (Fig. 6b). Concentrations of 330 

serine, cysteine and glutamate, were not altered by copper treatments (Fig. 6c, d and f, 331 

respectively). The concentration of lanthionine was significantly altered by copper treatments. 332 

However, although lanthionine concentration increased in the 250 mg/kg treatments and 333 

above, Dunnett’s post hoc comparisons found no treatment significantly differed from the 334 

reference (Fig. 6e). The concentration of γ-glutamylcysteine was marginally altered by copper 335 

treatments. Dunnett’s post hoc comparisons indicated that the concentration of γ-336 

glutamylcysteine increased at higher copper concentrations and was significantly different 337 

from the reference in the 500 mg/kg treatment (Fig. 6g). Glycine concentration increased in 338 

treatments over 125 mg/kg and Dunnett’s post hoc indicated that 500 mg/kg and 750 mg/kg 339 

treatments were significantly different from reference exposures (Fig. 6h). Copper had no 340 

effect on glutathione concentration (Fig. 6i). 341 
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OTHER AMINE-CONTAINING METABOLITES 342 

Of the 37 amine-containing metabolites identified by LC-MS that were not selected based on 343 

their association with cysteine metabolism, 18 were altered significantly in copper treatments 344 

after Benjamini-Hochberg correction (Table S5). A PCA of these metabolites separated 345 

primarily along one axis (variance explained 70.33%), with a second axis explaining 9.57% 346 

(Fig. 7a, b). The PCA clearly separated copper treatments from the reference, with highest 347 

copper concentrations (500 and 750 mg/kg) displaying the largest deviation from the 348 

reference. Most (11 of 18) of the significantly altered amine-containing metabolites increased 349 

in concentration in copper exposures of 125 mg/kg and above. Asparagine, proline and 350 

dihydroxyphenylalanine increased in the 60 mg/kg treatment and above compared to the 351 

reference, while norepinephrine and kynurenine increased in the 250 mg/kg treatment and 352 

above. Citrulline was the only amine-containing metabolite to display a decrease in 353 

concentration, which occurred in 500 and 750 mg/kg copper treatments. 354 

 355 

Discussion  356 

This research detected invertebrate responses to copper exposure at multiple levels of 357 

biological organization. Our results indicated that mortality in laboratory-bred organisms was 358 

the least sensitive response measured, declining at concentrations comparable to those at 359 

which abundance of the least sensitive macroinvertebrates declined in the field-based 360 

microcosms. Sub-individual responses appeared to better reflect population-level changes in 361 

the microcosm and may be more useful indicators of decline than mortality of laboratory-bred 362 

organisms. 363 

MICROCOSM MACROINVERTEBRATES 364 

Changes in abundance of microcosm macroinvertebrates (specifically Chironomidae) 365 

occurred at a range of copper concentrations. This supports previous research that highlights 366 

the different sensitivities of Chironomidae genera to pollution (Mousavi, Primicerio & 367 

Amundsen 2003; Carew et al. 2007; Gresens et al. 2007). This range of pollution sensitivities 368 

is likely a result of inherent resistance, different feeding traits and/or avoidance behaviour of 369 

different groups. The genus Procladius that was tolerant to copper is a carnivorous group that 370 

feeds on other Chironomidae species (Takacs & Tokeshi 1993). This trait could allow 371 

avoidance of copper in sediment as prey could detoxify it before being consumed. In contrast, 372 

other metals (e. g. cadmium) may be more toxic to carnivores due to bioaccumulation 373 
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(Goodyear & McNeill 1999). Toxicity could also make prey more available, by slowing them 374 

and reducing burrowing behaviour in toxic sediments (Callaghan et al. 2001). Species relying 375 

on sediment and algae for food, such as Paratanytarsus or Chironomus spp., were 376 

comparatively more sensitive to copper. This could be due to reduced food supply or direct 377 

exposure through ingestion of copper-containing sediment (Armitage, Cranston & Pinder 378 

1995). 379 

 380 

LABORATORY-BRED ORGANISMS 381 

Measured responses in laboratory-bred organisms altered at several copper concentrations. 382 

The survival of laboratory-bred organisms was not a sensitive indicator of copper toxicity. The 383 

traits that make organisms appropriate for laboratory testing, such as being able to survive, 384 

breed and be handled in the laboratory, could also make them tolerant of contaminants. The 385 

three species tested here have been recorded in contaminated and modified habitats, so it is 386 

unsurprising that survival of these species was not a sensitive indicator of copper (Carew et al. 387 

2007; Gust et al. 2011). The short exposure time of late instar C. tepperi added to the 388 

microcosms could also help explain the lack of any impact on survival, in contrast to 389 

Chironomus spp. colonizing the microcosms, particularly because earlier instars are more 390 

sensitive to metal exposure (Williams et al. 1986). The tolerance of the snails may reflect their 391 

ability to avoid sediments, as they were observed on the sides of the microcosms and 392 

sometimes above the waterline.  393 

 394 

Compared with survival, population responses of laboratory-bred organisms (number of 395 

juveniles, embryo production) aligned better with abundance changes of the colonizing 396 

Chironomidae in the microcosms. For snails, P. antipodarum was more sensitive than P. 397 

acuta, with the number of juveniles being the most sensitive response. The ED50 for P. 398 

antipodarum juvenile number aligned with moderately sensitive Chironomidae populations, as 399 

did embryo production of P. antipodarum and C. tepperi dry weight. The three laboratory-bred 400 

organisms also exhibited a possible beneficial effect of copper at low levels (60-125 mg/kg). 401 

This response may be caused by the contaminant being an essential element, or by reduced 402 

competition and increased resource availability due to mortality of more sensitive organisms 403 

(Pettigrove 2006).  404 

 405 
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SUB-INDIVIDUAL RESPONSES 406 

CYSTEINE METABOLISM 407 

Sub-individual responses in laboratory-bred organisms occurred at concentrations where 408 

sensitive Chironomidae populations were declining in the microcosms. Trends in gene 409 

expression and metabolite concentrations in the cysteine metabolism of C. tepperi were 410 

observed at 60 mg/kg copper and above. The upregulation of SAM and SAH expression are 411 

likely responsible for the observed increase in homocysteine under copper exposure. The 412 

upregulation of CγL could increase the transfer of homocysteine to cysteine via cystathionine. 413 

Although cysteine and serine levels were not altered, their production and transfer to 414 

lanthionine (which was increased) and metallothionein through increased Mtn expression 415 

could explain the stable levels of these metabolites. Downstream of cysteine, increased 416 

expression of GCS corresponded with increased γ-glutamylcysteine concentration, and an 417 

increase in glycine concentration indicated the beginning of antioxidant responses, although 418 

GS, GST and glutathione levels were stable. This antioxidant response induced by copper 419 

could be metal specific, as previous studies with zinc found no change in the concentration of 420 

intermediates downstream of cystathionine (Long et al. 2015). 421 
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OTHER AMINE-CONTAINING METABOLITES 422 

Several amine-containing metabolites that were not involved in cysteine metabolism were also 423 

affected by copper exposure, with all increasing in concentration except citrulline. Metabolites 424 

that responded to copper exposure were involved in several cellular functions. Ammonia 425 

metabolism intermediates were affected (through glutamine, citrulline, arginine and 426 

asparagine), as was polyamine biosynthesis (through cadaverine and putrescine) and 427 

neurotransmission and modulation (3.hydroxytyramine, 3.methoxytyramine, phenethylamine, 428 

tyramine, octopamine and dihydroxyphenylalanine). Tyramine and octopamine can be 429 

involved in melanin production (Fuchs et al. 2014). As well as protecting against ultraviolet 430 

exposure, melanin can bind to metal ions (Gallas et al. 1999; Szpoganicz et al. 2002). 431 

Recently, melanin concentration was found to increase in C. riparius exposed to copper 432 

(Loayza-Muro et al. 2013). The increase in pyridoxamine could also be linked to copper 433 

toxicity as it forms complexes with Cu2+ and Fe2+

This research used an integrated approach to detect differences in macroinvertebrate 438 

responses under field conditions. Responses to copper exposure were found at all levels of 439 

biological organization, with sub-individual responses the most sensitive. Furthermore, metal 440 

specific responses were observed and pathways of interest for further investigation identified 441 

through LC-MS. These multiple responses provide managers with ways to assess the 442 

contribution of sediment toxicity to ecosystem decline. The sub-individual responses in 443 

laboratory-bred organisms provide managers with sensitive endpoints and information on the 444 

nature of the chemicals of concern, highlighting exposure pathways that can be investigated to 445 

improve remediation. Authors’ Contributions  446 

 and is involved in hydroxyl radical 434 

scavenging, indicating another possible antioxidant response (Casasnovas et al. 2013). The 435 

amine-containing metabolites that have responded here offer pathways that could prove 436 

useful to further investigate contaminant and toxicity responses in C. tepperi. 437 

 447 

KJ, JY, SL, MC, XZ, VP and AH conceived the ideas and designed the methodology; KJ, JY 448 

and SL collected the data; KJ analysed the data; KJ lead the writing of the manuscript. All 449 

authors contributed critically to the manuscript drafts and gave final approval for publication. 450 

 451 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

Acknowledgments  452 

This work was funded by Melbourne Water through the Centre for Pollution Identification and 453 

Management (CAPIM) and by the Australian Research Council through their linkage and 454 

fellowship schemes. The authors would like to thank Metabolomics Australia for performing 455 

the LC-MS analysis, Cameron Amos for identification of microcosm macroinvertebrates, 456 

Rebecca Reid, Daniel MacMahon, Rhianna Boyle, David Sharley, Jackie Myers for field and 457 

laboratory assistance and Allyson O’Brien and Rhys Coleman for their comments on the 458 

manuscript. 459 

 460 

Data accessibility  461 

Chironomus tepperi dry weight, metabolite and gene expression data, Physella acuta survival 462 

and reproduction data, Potamopyrgus antipodarum survival and reproduction data and 463 

microcosm colonizing species identification and abundance data uploaded to Dryad Digital 464 

Repository http://dx.doi.org/10.5061/dryad.3kf74 (Jeppe et al. 2016). 465 

 466 

Supporting information  467 

Additional supporting information may be found in the online version of this article. 468 

Appendix S1. Detailed materials and methods 469 

Table S1. Primers used for measuring gene expression 470 

Table S2. Statistics from the log-logistic dose response models 471 

Table S3. Statistics from the ANOVA and Dunnett’s tests for gene expression 472 

Table S4. Statistics from ANOVA and Dunnett’s tests for metabolite concentration 473 

Table S5. Significance of amine-containing metabolites 474 

 475 

 476 

References  477 

Armitage, P.D., Cranston, P.S. & Pinder, L.C.V. (1995) The Chironomidae. Biology and 478 

ecology of non-biting midges. Chapman & Hall, London, UK. 479 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t

http://dx.doi.org/10.5061/dryad.3kf74�


 

This article is protected by copyright. All rights reserved 

Bahrndorff, S., Ward, J., Pettigrove, V. & Hoffmann, A.A. (2006) A microcosm test of 480 

adaptation and species specific responses to polluted sediments applicable to 481 

indigenous chironomids (Diptera). Environmental Pollution, 139, 550-560. 482 

Beketov, M.A. & Liess, M. (2012) Ecotoxicology and macroecology – Time for integration. 483 

Environmental Pollution, 162, 247-254. 484 

Bligh, E.G. & Dyer, W.J. (1959) A rapid method of total lipid extraction and purification. 485 

Canadian Journal of Biochemistry and Physiology, 37, 911-917. 486 

Boughton, B.A., Callahan, D.L., Silva, C., Bowne, J., Nahid, A., Rupasinghe, T., Tull, D.L., 487 

McConville, M.J., Bacic, A. & Roessner, U. (2011) Comprehensive profiling and 488 

quantitation of amine group containing metabolites. Analytical Chemistry, 83, 7523-489 

7530. 490 

Burton, G.A. (1991) Assessing the toxicity of fresh-water sediments. Environmental Toxicology 491 

and Chemistry, 10, 1585-1627. 492 

Callaghan, A., Hirthe, G., Fisher, T. & Crane, A. (2001) Effect of short-term exposure to 493 

chlorpyrifos on developmental parameters and biochemical biomarkers in Chironomus 494 

riparius Meigen. Ecotoxicology and Environmental Safety, 50, 19-24. 495 

Carew, M.E., Pettigrove, V., Cox, R.L. & Hoffmann, A.A. (2007) The response of 496 

Chironomidae to sediment pollution and other environmental characteristics in urban 497 

wetlands. Freshwater Biology, 52, 2444-2462. 498 

Casasnovas, R., Ortega-Castro, J., Donoso, J., Frau, J. & Munoz, F. (2013) Theoretical 499 

calculations of stability constants and pK(a) values of metal complexes in solution: 500 

application to pyridoxamine-copper(II) complexes and their biological implications in 501 

AGE inhibition. Physical Chemistry Chemical Physics, 15, 16303-16313. 502 

Chapman, J.C. (1995) The role of ecotoxicity testing in assessing water-quality. Australian 503 

Journal of Ecology, 20, 20-27. 504 

Choung, C.B., Hyne, R.V., Stevens, M.M. & Hose, G.C. (2010) A low concentration of atrazine 505 

does not influence the acute toxicity of the insecticide terbufos or its breakdown 506 

products to Chironomus tepperi. Ecotoxicology, 19, 1536-1544. 507 

Duft, M., Schulte-Oehlmann, U., Weltje, L., Tillmann, M. & Oehlmann, J. (2003) Stimulated 508 

embryo production as a parameter of estrogenic exposure via sediments in the 509 

freshwater mudsnail Potamopyrgus antipodarum. Aquatic Toxicology, 64, 437-449. 510 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

Dzialowski, A.R., Rzepecki, M., Kostrzewska-Szlakowska, I., Kalinowska, K., Palash, A. & 511 

Lennon, J.T. (2014) Are the abiotic and biotic characteristics of aquatic mesocosms 512 

representative of in situ conditions? Journal of Limnology, 73, 603-612. 513 

Forbes, V.E. & Forbes, T.L. (1994) Ecotoxicology in Theory and Practice. Springer, London, 514 

UK. 515 

Forbes, V.E., Palmqvist, A. & Bach, L. (2006) The use and misuse of biomarkers in 516 

ecotoxicology. Environmental Toxicology and Chemistry, 25, 272-280. 517 

Fuchs, S., Rende, E., Crisanti, A. & Nolan, T. (2014) Disruption of aminergic signalling reveals 518 

novel compounds with distinct inhibitory effects on mosquito reproduction, locomotor 519 

function and survival. Scientific Reports, 4, 5526. 520 

Gallas, J.M., Littrell, K.C., Seifert, S., Zajac, G.W. & Thiyagarajan, P. (1999) Solution structure 521 

of copper ion-induced molecular aggregates of tyrosine melanin. Biophysical Journal, 522 

77, 1135-1142. 523 

Gardham, S., Chariton, A.A. & Hose, G.C. (2014) Invertebrate community responses to a 524 

particulate- and dissolved-copper exposure in model freshwater ecosystems. 525 

Environmental Toxicology and Chemistry, 33, 2724-2732. 526 

Goodyear, K.L. & McNeill, S. (1999) Bioaccumulation of heavy metals by aquatic macro-527 

invertebrates of different feeding guilds: a review. Science of the Total Environment, 528 

229, 1-19. 529 

Gresens, S.E., Belt, K.T., Tang, J.A., Gwinn, D.C. & Banks, P.A. (2007) Temporal and spatial 530 

responses of Chironomidae (Diptera) and other benthic invertebrates to urban 531 

stormwater runoff. Hydrobiologia, 575, 173-190. 532 

Gust, M., Buronfosse, T., Geffard, O., Coquery, M., Mons, R., Abbaci, K., Giamberini, L. & 533 

Garric, J. (2011) Comprehensive biological effects of a complex field poly-metallic 534 

pollution gradient on the New Zealand mudsnail Potamopyrgus antipodarum (Gray). 535 

Aquatic Toxicology, 101, 100-108. 536 

Gust, M., Gagne, F., Berlioz-Barbier, A., Besse, J.P., Buronfosse, T., Tournier, M., Tutundjian, 537 

R., Garric, J. & Cren-Olive, C. (2014) Caged mudsnail Potamopyrgus antipodarum 538 

(Gray) as an integrated field biomonitoring tool: Exposure assessment and reprotoxic 539 

effects of water column contamination. Water Research, 54, 222-236. 540 

Heckmann, L.H., Sorensen, P.B., Krogh, P.H. & Sorensen, J.G. (2011) NORMA-Gene: A 541 

simple and robust method for qPCR normalization based on target gene data. BMC 542 

Bioinformatics, 12, 250. 543 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

Holmstrup, M., Bindesbol, A.M., Oostingh, G.J., Duschl, A., Scheil, V., Kohler, H.R., Loureiro, 544 

S., Soares, A., Ferreira, A.L.G., Kienle, C., Gerhardt, A., Laskowski, R., Kramarz, P.E., 545 

Bayley, M., Svendsen, C. & Spurgeon, D.J. (2010) Interactions between effects of 546 

environmental chemicals and natural stressors: A review. Science of the Total 547 

Environment, 408, 3746-3762. 548 

Huggett, R., Kimerle, R., Mehrle, P.J. & Bergman, H. (2002) Biomarkers: Biochemical, 549 

physiological, and histological markers of anthropogenic stress. Lewis, Boca Raton, 550 

USA. 551 

Hughes, S.L., Bundy, J.G., Want, E.J., Kille, P. & Sturzenbaum, S.R. (2009) The metabolomic 552 

responses of Caenorhabditis elegans to cadmium are largely independent of 553 

metallothionein status, but dominated by changes in cystathionine and phytochelatins. 554 

Journal of Proteome Research, 8, 3512-3519. 555 

Hutchins, C.M., Teasdale, P.R., Lee, S.Y. & Simpson, S.L. (2008) Cu and Zn concentration 556 

gradients created by dilution of pH neutral metal-spiked marine sediment: A 557 

comparison of sediment geochemistry with direct methods of metal addition. 558 

Environmental Science & Technology, 42, 2912-2918. 559 

Jeppe, K.J., Carew, M.E., Long, S.M., Lee, S.F., Pettigrove, V. & Hoffmann, A.A. (2014) 560 

Genes involved in cysteine metabolism of Chironomus tepperi are regulated differently 561 

by copper and by cadmium. Comparative Biochemistry and Physiology - Part C: 562 

Toxicology and Pharmacology, 162, 1-6. 563 

Jeppe, K.J, Yang, J., Long, S.M., Carew, M.E., Zhang, X., Pettigrove, V. & Hoffmann A.A. 564 

(2016) Data from: Detecting copper toxicity in sediments: from the population level to 565 

the sub-individual level. Dryad Digital Repository. http://dx.doi.org/10.5061/dryad.3kf74 566 

Kefford, B.J., Papas, P.J., Metzeling, L. & Nugegoda, D. (2004) Do laboratory salinity 567 

tolerances of freshwater animals correspond with their field salinity? Environmental 568 

Pollution, 129, 355-362. 569 

Kellar, C.R., Hassell, K.L., Long, S.M., Myers, J.H., Golding, L., Rose, G., Kumar, A., 570 

Hoffmann, A.A. & Pettigrove, V. (2014) Ecological evidence links adverse biological 571 

effects to pesticide and metal contamination in an urban Australian watershed. Journal 572 

of Applied Ecology, 51, 426-439. 573 

Loayza-Muro, R.A., Marticorena-Ruiz, J.K., Palomino, E.J., Merritt, C., De Baat, M.L., Van 574 

Gemert, M., Verweij, R.A., Kraak, M.H.S. & Admiraal, W. (2013) Persistence of 575 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

chironomids in metal polluted andean high altitude streams: does melanin play a role? 576 

Environmental Science & Technology, 47, 601-607. 577 

Long, S.M., Tull, D.L., Jeppe, K.J., De Souza, D.P., Dayalan, S., Pettigrove, V.J., McConville, 578 

M.J. & Hoffmann, A.A. (2015) A multi-platform metabolomics approach demonstrates 579 

changes in energy metabolism and the transsulfuration pathway in Chironomus tepperi 580 

following exposure to zinc. Aquatic Toxicology, 162, 54-65. 581 

Ma, J., Zhou, C., Li, Y. & Li, X. (2014) Biochemical responses to the toxicity of the biocide 582 

abamectin on the freshwater snail Physa acuta. Ecotoxicology and Environmental 583 

Safety, 101, 31-35. 584 

Marshall, S., Pettigrove, V., Carew, M. & Hoffmann, A. (2010) Isolating the impact of sediment 585 

toxicity in urban streams. Environmental Pollution, 158, 1716-1725. 586 

McCarthy, J. & Shugart, L. (1990) Biomarkers of environmental contamination. Lewis, Boca 587 

Raton, USA. 588 

Morales-Casellesa, C., Martin-Diaz, M.L., Riba, I., Sarasquete, C. & DelValls, T.A. (2008) 589 

Sublethal responses in caged organisms exposed to sediments affected by oil spills. 590 

Chemosphere, 72, 819-825. 591 

Mousavi, S.K., Primicerio, R. & Amundsen, P.A. (2003) Diversity and structure of 592 

Chironomidae (Diptera) communities along a gradient of heavy metal contamination in 593 

a subarctic watercourse. Science of the Total Environment, 307, 93-110. 594 

O'Brien, A.L. & Keough, M.J. (2014) Ecological responses to contamination: A meta-analysis 595 

of experimental marine studies. Environmental Pollution, 195, 185-191. 596 

OECD (2004) Sediment-water chironomid toxicity test using spiked sediment 218. OECD 597 

Guideline for testing chemicals, pp. 1-21. Organization for Economic Co-operation and 598 

Development, Washington DC, USA. 599 

Peakall, D.P. (1994) Biomarkers – The way forward in environmental assessment. TEN, 1, 55-600 

60. 601 

Pettigrove, V. (2006) The impact of contaminated sediments on the aquatic 602 

macroinvertebrates from Greater Melbourne Area, Australia. Doctor of Philosophy, La 603 

Trobe University. 604 

Pettigrove, V. & Hoffmann, A. (2005) A field-based microcosm method to assess the effects of 605 

polluted urban stream sediments on aquatic macroinvertebrates. Environmental 606 

Toxicology and Chemistry, 24, 170-180. 607 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

Picado, A., Bebianno, M.J., Costa, M.H., Ferreira, A. & Vale, C. (2007) Biomarkers: a strategic 608 

tool in the assessment of environmental quality of coastal waters. Hydrobiologia, 587, 609 

79-87. 610 

Rasmussen, J.J., Wiberg-Larsen, P., Kristensen, E.A., Cedergreen, N. & Friberg, N. (2013) 611 

Pyrethroid effects on freshwater invertebrates: A meta-analysis of pulse exposures. 612 

Environmental Pollution, 182, 479-485. 613 

Schmitt, C., Duft, M., Brandelik, C., Schulte-Oehlmann, U. & Oehlmann, J. (2006) SOP for 614 

testing chemicals Also: proposal for new guideline reproduction test with the 615 

prosobranch snail Potamopyrgus antipodarum for testing endocrine active chemicals. 616 

Johann Wolfgang Goethe University Frankfurt am Main Department of Aquatic 617 

Ecotoxicology. 618 

Seeland, A., Albrand, J., Oehlmann, J. & Muller, R. (2013) Life stage-specific effects of the 619 

fungicide pyrimethanil and temperature on the snail Physella acuta (Draparnaud, 1805) 620 

disclose the pitfalls for the aquatic risk assessment under global climate change. 621 

Environmental Pollution, 174, 1-9. 622 

Sharley, D.J., Hoffmann, A.A. & Pettigrove, V. (2008) Effects of sediment quality on 623 

macroinvertebrates in the Sunraysia region of the Murray-Darling Rivers, Australia. 624 

Environmental Pollution, 156, 689-698. 625 

Simpson, S.L., Batley, G.E., Charlton, A.A., Stauber, J.L., King, C.K., Chapman, J.C., Hyne, 626 

R.V., Gale, S.A., Roach, A.C. & Maher, W.A. (2005) Handbook for Sediment Quality 627 

Assessment. CSIRO, Bangor NSW. 628 

Sugiura, Y., Kashiba, M., Maruyama, K., Hoshikawa, K., Sasaki, R., Saito, K., Kimura, H., 629 

Goda, N. & Suematsu, M. (2005) Cadmium exposure alters metabolomics of sulfur-630 

containing amino acids in rat testes. Antioxidants & Redox Signaling, 7, 781-787. 631 

Szpoganicz, B., Gidanian, S., Kong, P. & Farmer, P. (2002) Metal binding by melanins: 632 

studies of colloidal dihydroxyindole-melanin, and its complexation by Cu(II) and Zn(H) 633 

ions. Journal of Inorganic Biochemistry, 89, 45-53. 634 

Takacs, V. & Tokeshi, M. (1993) The diet of Procladius signatus (Diptera: Chironomidae) in 635 

Lough Neagh. Irish Naturalists' Journal, 24, 282-283. 636 

Takahashi, K.H., Rako, L., Takano-Shimizu, T., Hoffmann, A.A. & Lee, S.F. (2010) Effects of 637 

small Hsp genes on developmental stability and microenvironmental canalization. BMC 638 

Evolutionary Biology, 10, 11. 639 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



 

This article is protected by copyright. All rights reserved 

Townsend, K.R., Pettigrove, V.J., Carew, M.E. & Hoffmann, A.A. (2009) The effects of 640 

sediment quality on benthic macroinvertebrates in the River Murray, Australia. Marine 641 

and Freshwater Research, 60, 70-82. 642 

Vinot, I. & Pihan, J.C. (2005) Circulation of copper in the biotic compartments of a freshwater 643 

dammed reservoir. Environmental Pollution, 133, 169-182. 644 

Wagenhoff, A., Townsend, C.R. & Matthaei, C.D. (2012) Macroinvertebrate responses along 645 

broad stressor gradients of deposited fine sediment and dissolved nutrients: a stream 646 

mesocosm experiment. Journal of Applied Ecology, 49, 892-902. 647 

Wang, F.Y., Goulet, R.R. & Chapman, P.M. (2004) Testing sediment biological effects with the 648 

freshwater amphipod Hyalella azteca: the gap between laboratory and nature. 649 

Chemosphere, 57, 1713-1724. 650 

Williams, K.A., Green, D.W.J., Pascoe, D. & Gower, D.E. (1986) The acute toxicity of 651 

cadmium to different larval stages of Chironomus riparius (Diptera, Chironomidae) and 652 

its ecological significance for pollution regulation. Oecologia, 70, 362-366. 653 

 654 

 655 

Tables  656 

Table 1 Macroinvertebrates representing more than 0.3% of the total number of individuals colonizing 657 

the microcosm experiment. Taxa are ranked from most to least abundant. 658 

Taxon Family Number of 

individuals 

% total 

abundance 

Number of 

microcosms 

Paratanytarsus Chironomidae 5940 35.1 46 

Procladius Chironomidae 3707 21.9 46 

Chironomus Chironomidae 3635 21.5 33 

Kiefferulus Chironomidae 2356 13.9 25 

Cladopelma Chironomidae 279 1.7 11 

Chaoboridae Chaoboridae 211 1.2 7 

Parachironomus Chironomidae 194 1.1 11 

Berosus Hydrophilidae 182 1.1 11 

Polypedilum Chironomidae 104 0.6 29 

Oribatida Not identified 99 0.6 27 

Microvelia Veliidae 48 0.3 27 

Ceratopogonidae Ceratopogonidae 45 0.3 8 

Ephydridae Ephydridae 44 0.3 18 
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 660 

 661 

Figures  662 

 663 

Figure 1 Predicted cysteine metabolism of Chironomus tepperi adapted from Hughes et al. (2009). 664 

Genes that were quantified with qPCR are indicated in italic text and metabolites measured with LC-665 

MS are indicated in bold text.   666 

 667 
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 669 

Figure 2 Abundance of common indigenous macroinvertebrates retrieved from copper (mg/kg) spiked 670 

microcosm sediments: a) total macroinvertebrates, b) Paratanytarsus, c) Procladius and d) 671 

Chironomus, e) Kiefferulus and f) Cladopelma. Lines represent 3-parameter log logistic models of the 672 

data with EC50 (± standard errors) indicated by a dashed line. Points represent mean abundance and 673 

error bars are standard errors of the mean.   674 
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Figure 3 Individual-level responses of laboratory-bred organisms: Survival of a) Potamopyrgus 678 

antipodarum and b) Physella acuta exposed to copper (mg/kg) in spiked microcosms for 6 weeks. 679 

Juvenile production of c) P. antipodarum and d) P. acuta, e) P. antipodarum embryo production and f) 680 

P. acuta egg mass production per surviving individual. g) Dry weight of Chironomus tepperi after 5 681 

days. Lines represent 3-parameter log-logistic models of the data with EC50 (± standard errors) 682 

indicated by a dashed line. Points represent mean values and error bars are standard errors of the 683 

mean. 684 

 685 

Figure 4 Sub-individual level responses of laboratory-bred organisms. Plots of principal components 686 

analysis (PCA) scores of 9 Chironomus tepperi cysteine metabolism genes after 5-day exposure to 687 

sediment copper concentrations (mg/kg) in spiked microcosms: a) all copper treatments and b) sub-688 

lethal copper treatments (n=4). 689 

 690 
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 692 

Figure 5 Sub-individual level responses of laboratory-bred organisms. Expression profile of 693 

Chironomus tepperi cysteine metabolism genes after 5-day sediment exposure in copper-694 

spiked microcosms: a) S-adenosylmethionine synthetase (SAM), b) S-adenosylhomocysteine 695 

hydrolase (SAH), c) cystathionine-β-synthase (CβS), d) cystathionine-γ-lyase (CγL), e) 696 

metallothionein (Mtn), f) γ-glutamylcysteine synthase (GCS), g) glutathione synthetase (GS), 697 

h) glutathione-S-transferase d1 (GST), and i) thioredoxin glutathione reductase (TGR). 698 

Expression was measured using RT qPCR and normalized using the data-driven algorithm 699 

NORMAgene. Data are displayed relative to reference exposures (black line) ± SEM (black 700 

dashed lines). Significance was determined with ANOVA and Dunnett’s post hoc tests with 701 

Benjamini-Hochberg adjustment for multiple comparisons (*P < 0.05, ** P < 0.01). Error bars 702 

indicate standard errors of the mean. 703 
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 704 

 705 

 706 

Figure 6 Sub-individual level responses of laboratory-bred organisms. Concentration of 707 

Chironomus tepperi metabolites associated with cysteine metabolism after 5-day sediment 708 

exposure in copper-spiked microcosms: a) methionine, b) homocysteine, c) serine, d) 709 

cysteine, e) lanthionine, f) glutamate, g) γ-glutamylcysteine, h) glycine and i) glutathione. 710 

Significance was determined with ANOVA and Dunnett’s post hoc tests with Benjamini-711 

Hochberg adjustment for multiple comparisons (. P < 0.1, *P < 0.05, ** P < 0.01). Error bars 712 

indicate standard errors of the mean. 713 
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 714 

Figure 7 Plot of principal components analysis (PCA) scores for 19 significant amine-715 

containing metabolites using targeted LC-MS approach, displaying a) sample indicated by 716 

copper concentration (mg/kg) and b) metabolite loadings. (n=4, except 60 mg/kg and unspiked 717 

control (Ctl) n=3).  718 
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