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Abstract 11 

Previous studies of biological impacts of transition metal oxide (TMO) nanomaterials have 12 

demonstrated oxidative stress as a mechanism of toxicity. However, these studies rarely identify 13 

the specific underlying molecular targets responsible for phenotypic impacts in organisms. Our 14 

previous study demonstrated significant negative impacts of lithium cobalt oxide (LCO) 15 

nanomaterials on growth, development, hemoglobin, and gene expression for heme synthesis in 16 

larvae of model sediment invertebrate Chironomus riparius. In this study, we propose that the 17 

alteration of Fe-S protein function by LCO is a molecular initiating event that leads to these 18 

changes. Using electron paramagnetic resonance (EPR) spectrometry of intact larvae we show 19 

oxidation of the aconitase 4Fe-4S center after LCO exposure, and a reduction in aconitase 20 

activity. Next-generation RNA sequencing identified significant changes in expression of genes 21 

involved in 4Fe-4S center binding, Fe-S center synthesis, iron ion binding, and metabolism. 22 

Specifically, expression of citrate cycle and electron transport chain Fe-S protein genes succinate 23 
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dehydrogenase and NADH dehydrogenase are upregulated, and EPR indicates that their complex 24 

I and II Fe-S centers are increased. Our results point to oxidation of metabolic and regulatory Fe-25 

S centers of proteins as a potential molecular mechanism underlying observed impacts of LCO 26 

on growth and development by impacting metabolic homeostasis, a mechanism which may apply 27 

for these conserved proteins across species and for other TMO nanomaterials. 28 
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In the past two decades substantial work has occurred toward understanding potential 33 

implications of increasing commercial use of engineered nanomaterials (ENMs) on human health 34 

and the environment. Over this period, studies of ENM impacts grew from basic toxicity 35 

exposures to increasingly sophisticated studies aimed at understanding how ENM properties 36 

determine toxicity, mechanisms by which materials interact with biological systems, and how 37 

and what materials and their environmental transformations may be of potential concern.1,2 To 38 

date nanotoxicology has focused largely on first-generation ENMs (e.g. Au, Ag).3 When an 39 

underlying mechanism is proposed, toxicity is frequently attributed to reactive oxygen species 40 

(ROS).4–7 ROS have long been classified as damaging.8 However, research within the last decade 41 

has revealed ROS as important signaling molecules generated by cells9,10 involved in regulating 42 

fundamental biological processes including metabolism,11 proliferation,12 development,13 43 

autophagy14 and apoptosis.15 Thus, ROS as a universal explanation for nanotoxicity is not 44 

explanatory or mechanistic, and its blanket assertion may be limiting advancement of our 45 

understanding of nano-bio interactions. 46 

Recently, increasing effort has been made to identify the initial molecular interaction between 47 

nanoparticles and cellular components of organisms, or molecular initiating event, that triggers 48 

the key events that lead ultimately to a phenotypically observable adverse outcome, e.g. 49 

decreased reproduction or survival. Despite these efforts, identification of specific molecular 50 

initiating events for nanomaterial exposures is still rare in the literature, and studies are usually 51 

limited to identifying key events and adverse outcomes.16–18 Finding specific, testable molecular 52 

initiating events is necessary for identify unifying mechanisms of nanotoxicity applicable across 53 

nanomaterials and organisms. Within this Adverse Outcome Pathway (AOP) framework, 54 

observed ROS, if acting as signaling molecules, may be correlative rather than causative and a 55 
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key event in the AOP rather than the molecular initiating event.19 Singling out ROS as the 56 

molecular initiating event in a nanotoxicity AOP requires identifying specific molecular targets 57 

of ROS that lead to key events and ultimately to adverse outcomes in exposed organisms. 58 

Complex transition metal oxides (TMOs) are a category of next-generation ENM where two or 59 

more transition metals are incorporated with oxygen into a crystalline lattice. Lithium cobalt 60 

oxide (LCO) and related compositions are complex TMOs with large and growing commercial 61 

use as the active cathode material of lithium ion batteries (LIBs) in consumer electronics and 62 

electric vehicles.20–23 Due to large manufacturing volume and a dearth of recycling facilities, LIB 63 

waste is expected to accumulate in landfills, and accidental release of LCO and related 64 

compounds from landfill leachate or manufacturing presents a potential environmental 65 

concern.24,25 In 2016, 374 kilotons of LIBs were in use, and LIB waste from electric vehicles 66 

alone is expected to reach 200 kilotons annually by 2025.24 LIB waste was shown to leach 164 g 67 

Co per kg of battery, 16% of its total mass.24  68 

LCO can aggregate and settle in aquatic systems, creating particularly high exposure 69 

concentrations for sediment-dwelling organisms. Chironmus riparius is a model sediment-70 

dwelling invertebrate used for sediment toxicity assays, including for ENMs, and is important in 71 

many freshwater systems, with larval stages that reside in the sediment where they consume 72 

detritus from silt particles, eventually emerging as adult flies.26–32  We showed previously that 73 

exposure to 10 mg/L LCO for 7 d significantly reduced growth and increased time to adult 74 

emergence for C. riparius larvae, as well as reducing larval hemoglobin and levels of heme 75 

synthesis gene porphobilinogen synthase.33  76 

These results suggested a key event for LCO toxicity in which exposure disrupts normal heme 77 

synthesis in exposed larvae. Synthesis of heme and iron metabolism more broadly is regulated by 78 
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the iron-responsive protein (IRP1), whose mRNA-binding activity is governed by the status of its 79 

Fe-S center. This [4Fe-4S]2+ center also allows IRP1 to act as an aconitase (ACO1), converting 80 

citrate to isocitrate in the citric acid cycle.34–37 Both heme synthesis and energy metabolism are 81 

thus dependent on this Fe-S center’s status, which has been shown to be sensitive to ROS.38 82 

Many other important metabolic enzymes including succinate dehydrogenase and NADH 83 

dehydrogenase (involved in the citrate cycle and the electron transport chain) require Fe-S 84 

centers for their activity.35,39–42 Thus, the growth and development defect adverse outcomes 85 

observed in LCO-exposed larvae, along with the key event of dysregulation of hemoglobin and 86 

heme synthesis,33 suggest that C. riparius LCO toxicity could occur by the molecular initiating 87 

event of Fe-S center disruption in regulatory and enzymatic proteins. These proteins are 88 

ubiquitous across bacterial, animal, and plant kingdoms; indicating impacts on Fe-S centers 89 

could be a molecular initiating event common to TMO nanomaterials across species, potentially 90 

providing a framework for understanding the impacts of these materials more broadly.42 91 

This molecular mechanism of LCO toxicity has not previously been explored, with previous 92 

studies attributing LCO impacts to generic ROS.43–45 Prior studies of LCO’s biological impacts 93 

showed production of  ROS in trout epithelial cells,45 with possible direct production of ROS due 94 

to its Co3+ oxidation state.46 Here we test the hypothesis that the disruption of Fe-S centers could 95 

be the molecular initiating event causing observed adverse outcomes. Oxidation by ROS 96 

transforms the aconitase [4Fe-4S]2+ site into an enzymatically inactive [3Fe-4S]1+ visible by 97 

electron paramagnetic resonance (EPR).38 We used EPR to examine the oxidation state of the Fe-98 

S protein aconitase and examined its enzyme activity to determine the impact of LCO on this 99 

protein as one of the important Fe-S proteins that may be impacted by exposure in larvae. We 100 

also used next-generation RNA sequencing to gain an overall picture of the impacts of LCO 101 
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exposure on molecular pathways in C. riparius. Together, these techniques demonstrate 102 

oxidation of the aconitase Fe-S center and inhibition of its activity in LCO-exposed larvae 103 

accompanied by broad metabolic disruption, including of critical Fe-S protein genes and their 104 

associated metabolic pathways. These results support an AOP whereby oxidative disruption of 105 

Fe-S centers by LCO perturbs normal metabolism, negatively affecting growth and development 106 

of C. riparius. The abundance of these proteins across the evolutionary tree highlights the 107 

importance of this interaction as a potential unifying mechanism for nano-bio interactions of 108 

TMO nanomaterials. 109 

 110 

Results and Discussion 111 

LCO causes aconitase Fe-S center oxidation, reduces aconitase enzyme activity, and changes 112 

the abundance of Fe-S centers of other proteins 113 

Impacts of LCO on the Fe-S centers of C. riparius larvae were evident from whole-animal EPR 114 

spectra (Fig 1). Significant increases were observed in the level of oxidized aconitase [3Fe-4S]1+ 115 

in animals exposed to 10 mg/L LCO for 7 d (Fig 1b; One-way Welch ANOVA, Dunnett T3 post-116 

hoc p < 0.05).  Oxidation of the aconitase [4Fe-4S]2+ center to the inactive but EPR-visible [3Fe-117 

4S]1+ would be expected to negatively affect metabolism,38,41 and metabolic defects could 118 

underlie the reduced size and delayed development observed to result from 10 mg/L LCO 119 

exposure in our previous study.33 Cobalt alone has also been shown to impact function of Fe-S 120 

centers in bacteria and impact oxidative metabolism,41,47 however, this is the first study to our 121 

knowledge showing impacts on Fe-S centers by EPR in a whole multicellular organism as well 122 

as the first exploration of this mechanism of toxicity for an ENM.  123 
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Impacts of LCO on the Fe-S center of aconitase was confirmed by aconitase activity assays on 124 

extracted larval protein. Aconitase activity of protein extracted from C. riparius larvae exposed 125 

to LCO at 10 mg/L for 48 hr was significantly reduced compared to control and ion treatment 126 

(Fig 2; One-way ANOVA, Tukey HSD post-hoc p < 0.05). While transcripts for both cytosolic 127 

and mitochondrial aconitase were identified by RNA-Seq, expression did not differ significantly 128 

between LCO exposures and controls. Lack of expression change at the transcript level along 129 

with observation of increased oxidation of the aconitase Fe-S center by EPR (Fig 1b) suggest 130 

that observed reduction in activity is likely due to oxidation of the solvent-exposed aconitase 131 

[4Fe-4S]2+ to the inactive [3Fe-4S]1+ as a result of LCO exposure. Reduced aconitase activity as 132 

a result of LCO exposure would be expected to cause disruptions to metabolism that could 133 

underly reduced larval size and delayed development observed in our previous study.33 134 

We also observed significant increases in the [2Fe-2S]1+ and [4Fe-4S]1+ centers of complex I and 135 

II NADH dehydrogenase and succinate dehydrogenase from EPR spectra (Fig 1c; One-way 136 

Welch ANOVA, Dunnett T3 post-hoc p < 0.05). The [3Fe-4S]1+ center of succinate 137 

dehydrogenase also showed an increasing trend for ion and LCO-exposed animals but was not 138 

significantly different from control (Fig 1d; One-way Welch ANOVA, Dunnett T3 post-hoc p > 139 

0.05). NADH dehydrogenase comprises part of electron transport chain (ETC) complex I. 140 

Succinate dehydrogenase functions as part of the citric acid cycle and as part of complex II of the 141 

ETC. The Fe-S centers of these proteins are embedded within a protein complex where they 142 

shuttle electrons.39,40 The Fe-S centers of complex II have been shown to be relatively insensitive 143 

to oxidation by ROS as compared with aconitase,48 which may be due to their being buried in 144 

protein while the aconitase 4Fe-4S is solvent exposed. An increase in the levels of complex I and 145 

II Fe-S centers suggests potential compensation for LCO impacts: increased Fe-S synthesis to 146 
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compensate for Fe-S oxidation, increased ETC activity to compensate for metabolic 147 

impairments, or both.  148 

 149 

Global gene expression changes support importance of LCO impacts on Fe-S centers and 150 

metabolism 151 

The impacts of LCO on Fe-S centers were also evidenced by gene expression changes observed 152 

by RNA-Seq. Thirteen genes with molecular functions associated with Fe-S proteins directly and 153 

many others associated with downstream functions related to Fe-S genes were differentially 154 

expressed. Table 1 shows differentially expressed genes (Wald FDR < 0.1) with molecular 155 

functions related to Fe-S binding between control and 10 mg/L LCO-exposed larvae.49,50 These 156 

include genes involved in assembly of 4Fe-4S centers: NUBP1, NUPB2, and ISCA2. ISCS, 157 

involved in assembly of 2Fe-2S centers, is also significantly upregulated.51 In addition, genes for 158 

important Fe-S center-containing enzymes succinate dehydrogenase and NADH dehydrogenase, 159 

involved in the citrate cycle and oxidative phosphorylation, were also significantly 160 

upregulated.39,40 The Fe-S centers of succinate dehydrogenase and NADH dehydrogenase were 161 

also observed to be increased in 10 mg/L LCO-exposed larvae versus controls by EPR (Fig 1c). 162 

Upregulation of Fe-S center-containing DNA repair protein genes endonuclease III and RTEL1 163 

suggest that LCO-exposed larvae could be more sensitive to DNA damage due to impacts on 164 

repair proteins that require Fe-S centers for their function. 165 

Genes related to iron and iron ion binding and 4Fe-4S binding were significantly enriched among 166 

genes differentially expressed between control and 10 mg/L LCO exposures (Figure 3; 167 

Benjamini-adjusted FDR < 0.1). This also supports the hypothesis that iron metabolism is 168 
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disrupted by LCO exposure (observed in Niemuth et al. 2019 as reduced hemoglobin in LCO-169 

exposed larvae)33 and the specific hypothesis that impacts of LCO on Fe-S centers could underlie 170 

observed impacts on iron metabolism and metabolism more generally. 171 

Our previous research suggested that broader metabolism may be impacted by LCO exposure,33 172 

which is supported here, as metabolic pathways are significantly enriched with 156 genes 173 

differentially regulated (Fig 3; Benjamini-adjusted FDR < 0.001). Of the 319 KEGG orthologies 174 

that map to pathways, 156, or nearly half, are involved in metabolic pathways. The distribution 175 

of up and downregulation of genes in these pathways suggest an upregulation of genes involved 176 

in energy production (Fig 4) and downregulation of processes that use energy (Fig 4, Supp Fig 177 

S1). For example, genes involved in glycolysis/gluconeogenesis (14 genes), the citrate cycle (7 178 

genes), and oxidative phosphorylation (17 genes) are all upregulated (Fig 4). Decreased protein 179 

processing (Supp Fig S1), changes in amino acid metabolism toward catabolism, and 180 

downregulation of lipid metabolism all suggest increases in energy production with concomitant 181 

decreases in energy use and storage (Fig 4). In addition, changes in genes involved in PI3K-Akt 182 

and AMPK signaling suggest regulatory changes toward energy production and away from 183 

energy use in cells and tissues (Supp Fig S2). Changes in autophagy (8 genes; Supp Fig S3), 184 

glucagon signaling (11 genes), insulin signaling (6 genes), and retrograde endocannobinoid 185 

signaling (14 genes) also indicate changes toward energy production and uptake (Supp Fig S4).  186 

This result, along with significant enrichment for specific metabolic pathways including carbon 187 

metabolism, lipid metabolism, glycolysis/gluconeogenesis, and amino acid metabolism (Fig 3; 188 

Benjamini-adjusted FDR < 0.1) support the hypothesis proposed in Niemuth et al. 2019 that 189 

changes observed in size and development of LCO-exposed larvae may be the results of 190 

metabolic effects.  191 
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Given the conservation across species of Fe-S proteins involved in processes such as heme 192 

synthesis (e.g. ferredoxin, ferrochelatase), iron homeostasis (e.g. IRP1), energy metabolism (e.g. 193 

aconitase, NADH dehydrogenase, succinate dehydrogenase), and DNA repair (e.g. endonuclease 194 

III),42 changes in these centers due to LCO exposure would be expected to have broad impacts 195 

on cellular processes, both in C. riparius and in other species. Observations of increased iron 196 

associated with LCO exposure in mouse lung44 and decreased expression of heme-containing 197 

catalase in Daphnia magna43 suggest this mechanism may indeed apply to other organisms. This 198 

mechanism may also be indicated for other transition metal oxide nanomaterials. Specifically, 199 

components of pathways found to be significantly impacted in our results (Figs 2, 3, and 4) have 200 

been shown to be affected by exposure to TMO nanomaterials in other studies, including: 201 

decreased aconitase activity in liver of ZnO-exposed white sucker;57 changes in expression of 202 

aconitase, succinate dehydrogenase, and other citrate cycle genes in Pseudomanas aeruginosa 203 

exposed to CuO ENMs;58 increased expression of electron transport chain proteins from 204 

exposure to ZnO, TiO2, and CuO nanoparticles in mouse hepatocytes;59 increased 205 

gluconeogenesis from ZnO particles in rat liver cells;52 decreases in succinate and citrate 206 

(involved in the citrate cycle) and hemoglobin in ZnO-exposed rat kidney;53 negative impacts of 207 

TiO2 on carbon metabolism in algae;55 and decreases in citrate cycle metabolites from TiO2 208 

exposure in C. elegans.56 Although impacts of materials specifically on Fe-S centers were not 209 

explored in these studies, the impacts observed in this study and the relevance of Fe-S proteins to 210 

the observed impacts may recommend broader investigation of this mechanism in future TMO 211 

nanomaterial toxicity studies.  212 

 213 

 214 
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Additional molecular impacts identified by RNA-Seq 215 

One molecular function significantly enriched among differentially expressed genes between 216 

control and LCO 10 mg/L exposures (Benjamini-adjusted FDR < 0.001) not related to Fe-S 217 

proteins was chitin binding and metabolism (49 genes, Fig 3). Chitin is a biopolymer important 218 

in the formation of invertebrate exoskeletons as well as the protective peritrophic matrix of the 219 

gut.60 Included among the differentially expressed genes with functions related to chitin binding 220 

and metabolism are a number of peritrophins (e.g. Peritrophin 1, Peritrophin 44, Obstractor b), 221 

involved in reorganizing the peritrophic matrix that protects the gut. Reorganization of the 222 

peritrophic matrix is a common strategy for invertebrates to cope with exogenous stressors that 223 

have been consumed and enter the digestive tract.61 The changes in expression of peritrophin 224 

genes and other genes related to chitin synthesis and organization may indicate that alterations in 225 

these environment-facing structures may be an important first-line response for invertebrates 226 

encountering nanomaterials such as LCO in the environment.  227 

Relatively few genes were identified as being differentially expressed (Wald FRD < 0.1) 228 

between 1 mg/L LCO exposed larvae and controls, only 34 versus the 1409 differentially 229 

expressed between 10 mg/L LCO and control. No molecular functions or pathways were 230 

identified as statistically enriched by DAVID between 1mg/L LCO and control. However, of the 231 

29 differentially expressed genes annotated by DAVID, eight, or more than a quarter, were 232 

peptidases. This could indicate a shift toward protein catabolism even at an LCO exposure 233 

concentration that did not cause observable effects on aconitase activity in this study (Fig 2) or 234 

on growth or development in our previous study.33 No differentially expressed genes were 235 

detected between released ion exposure equivalent to ions released by 10 mg/L LCO and control, 236 

demonstrating ENM-specific LCO impacts. 237 
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 238 

Conclusions 239 

This work provides evidence for the oxidative disruption of Fe-S centers of proteins as a 240 

molecular initiating event, and subsequent metabolic disruption as a key event, of the toxicity of 241 

the complex transition metal oxide ENM LCO. A proposed AOP summarizing our findings and 242 

how they relate to previous studies of LCO is included as Figure 5. We propose that ROS 243 

generated by LCO45 oxidizes the Fe-S center of aconitase (observed by EPR; Fig 1b) and likely 244 

other Fe-S enzymes with solvent-exposed Fe-S centers. This results in lower enzyme activity 245 

(observed for aconitase; Fig 2), which results in metabolic disruption and energy starvation 246 

(observed by RNA-Seq; Figs 3 and 4) that lead to reduced growth and delayed adult 247 

emergence.33 The conservation of Fe-S proteins as important enzymatic and regulatory proteins 248 

across species42 suggests that this mechanism may also be broadly relevant, for LCO 249 

specifically, and potentially for other transition metal oxide ENMs. 250 

 251 

Materials and methods 252 

LCO nanosheet synthesis and characterization 253 

Sheet-like LixCoO2 nanoparticles were synthesized as described previously.62 A cobalt hydroxide 254 

(Co(OH)2) precursor was synthesized by precipitation by adding a 0.1 M solution of LiOH in 255 

420 mL 18.2 MΩ water (ultrapure water used here and in all future steps) dropwise to a 1 M 256 

Co(NO3)2·6H2O solution in 20 mL water ([OH] 5% stoichiometric excess for Co2+ + 2OH– → 257 

Co(OH)2). The resulting precipitate was immediately isolated by centrifugation at 4696 g for 3 258 

min, redispersed in water to wash, and isolated by centrifugation again. Washing was repeated 259 
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two more times. The final supernatant was then decanted and the product dried in a 30 °C 260 

vacuum oven overnight. The dried Co(OH)2 product was then transformed to LiCoO2 by adding 261 

0.20 g of  the Co(OH)2 particles to a molten salt flux of 6:4 molar ratio of LiNO3:LiOH (10 g 262 

total) at 200 °C in a poly(tetrafluoroethylene) container with magnetic stirring assembled in a 263 

silicone oil bath, forming LixCoO2. After 30 min, the reaction was quenched with water, and 264 

LixCoO2 particles were isolated by centrifugation at 4969 g for 5 min. The particle pellet was 265 

washed by redispersing in water and isolating by centrifugation three times. The final product 266 

was dried in a vacuum oven overnight at 30 °C. To verify extent of lithiation, particles were 267 

digested in aqua regia and analyzed via inductively coupled plasma – optical emission 268 

spectroscopy, yielding a Li:Co ratio of 0.92:1. We refer to this composition, Li0.92CoO2 as 269 

“LCO.”  Surface area measured by BET was determined to be 125 m2/g. Particles were imaged 270 

edge-on using scanning electron microscopy and showed sheet-like structures consistent with 271 

previously published synthesis of this material (Supplementary Figure S5).62 Size analysis from 272 

the previously published synthesis showed approximate nanosheet diameters of 25 nm and 273 

widths of 5 nm by transmission electron microscopy.62 Powder X-Ray Diffraction patterns were 274 

also consistent with previously published work that can be indexed to the R3̅m space group 275 

(Supplementary Figure S6).62 Zeta potential for these materials in exposure media was -12.6 ± 276 

0.6 mV for 1 mg/L LCO and -3.7 ± 0.5 mV for 10 mg/L LCO, similar to previous results for 277 

these materials in these conditions (Supplementary Table S1).33 278 

 279 

RNA-Seq 280 

Larval exposure 281 
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C. riparius egg ropes were obtained from Aquatic Research Organisms (ARO; Hampton, NH). 282 

Once hatched, larvae were fed once daily 0.5 mL of supernatant from finely ground TetraMin® 283 

Tropical Flake fish food at 20 mg/mL for 2 d and the full Tetramin® suspension for another 3 d. 284 

At 5 d post-hatch, animals were transferred to 100 mL exposure beakers containing 5 g 140-270 285 

mesh fine silica sand (AGSCO Corp) and 20 mL 2x moderately hard reconstituted water 286 

(MHRW).43 Final exposures were made up by adding 20 mL of Milli-Q® ultrapure H2O to 287 

control beakers, Li and Co ions  to a final concentration 660 μg/L Li as LiCl and 150 μg/L Co as 288 

CoCl2, equivalent to ions released by LCO at 10 mg/L in MHRW over 48 hr,33 or LCO for final 289 

concentrations of 1 and 10 mg/L. Five animals were added to each of 6 replicate beakers per 290 

condition. Animals were fed 125 μL of 20 mg/mL finely ground Tetrmin® suspension per 291 

beaker daily over the 48 hr exposure period. After 48 hr of exposure, animals were carefully 292 

removed from exposure beakers, rinsed 3x in fresh 1x MHRW, flash frozen in liquid N2, and 293 

stored at -80 °C for subsequent RNA extraction, library creation, and sequencing. 294 

 295 

RNA-extraction, library prep, and sequencing 296 

Flash frozen larvae were homogenized in TRIzol and RNA purified using the Direct-zol RNA 297 

MiniPrep (Zymo Research, R2051). RNA quality and yield were determined using the 298 

NanoDrop 1000 spectrophotometer, Agilent Bioanalyzer 2100, and Qubit fluorometer.  RNA 299 

quality for all samples were as follows: 260/280 ratio 1.8-2.0, 260/230 ratio 2.0-2.2, and RIN > 300 

7. 200ng of total RNA from each sample was used to prepare RNA sequencing libraries using 301 

the Illumina TruSeq Stranded mRNA kit (Illumina, RS-122-2102) and IDT for Illumina – 302 

TruSeq RNA UD Indexes (Illumina, 20022371).  Libraries were sequenced on the Illumina 303 

NovaSeq6000, with paired-end reads of 150 bp. 304 



15 
 

 305 

Processing of RNA-Seq data 306 

Total genomic yield approached 996 million paired-end reads, median per-sample yield 49.45 307 

million fragments, population standard deviation 16.77 million fragments, data was quality-308 

assessed using FastQC v0.11.5,63 and no apparent base-calling errors were flagged for removal. 309 

Cutadapt v1.18 was used to clip Illumina TruSeq 3’-anchored primers,64 and Trinity v2.8.3 used 310 

to de novo assemble the quality-controlled data into a draft reference transcriptome.65  311 

In order to overcome poor annotation in available databases for C. riparius, the BLASTX aligner 312 

within the NCBI-BLAST+ package v2.2.28 was used to iteratively annotate the assembly against 313 

available NCBI proteins for C. riparius;66 followed by the genome releases of well-annotated 314 

fellow Nematocerans (Culicomorpha) Anopheles gambiae, Culex quinquefasciatus, and Aedes 315 

aegypti;67,68 and finally against the February 2019 release of UniProt-SwissProt. Kallisto v0.45.0 316 

was then used to pseudoalign and sample-quantify paired-end data against the annotated draft 317 

reference transcriptome.69  318 

DESeq2 was used to perform differential expression analysis on sample pairs using R v3.5.3.70  319 

Differentially expressed genes determined by DESeq2 were then re-annotated using reference 320 

sequence metadata and joined relationally with Kallisto sample quantification counts using 321 

custom tooling.  322 

 323 

Analysis of RNA-Seq data using DAVID and KEGG 324 
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Differentially expressed, annotated contigs present in at least 80% of samples were analyzed for 325 

function and functional enrichment using the Database for Annotation, Visualization and 326 

Integrated Discovery (DAVID).49,50 DAVID statistical enrichment was determined based on a 327 

Banjamini-adjusted FDR < 0.1. The Kyoto Encyclopedia of Genes and Genomes (KEGG) was 328 

used to assign KEGG orthology (KO) terms to annotated contigs and perform pathway 329 

analysis.71–73 A total of 28,101 contigs were successfully assembled and present in at least 80% 330 

of samples. Of these 10,014 could be successfully annotated using BLASTX (e-value ≤ 0.1). 331 

1409 annotated contigs were differentially expressed between control and 10 mg/L LCO samples 332 

and found in at least 80% of samples (Wald FDR < 0.1). Of these 1,373 could be assigned 333 

functions in DAVID and 354 could be assigned KOs by KEGG, of which 319 could be assigned 334 

to pathways. 335 

 336 

Aconitase enzyme activity assay 337 

Aconitase enzyme activity assays were carried out on protein extracted from exposed larvae 338 

using the Cayman Chemical Aconitase Assay Kit (Cayman Chemical, 705502). Larvae were fed 339 

and exposed as described above: control, released ion control, 1 mg/L LCO, 10 mg/L LCO for 340 

48 hr. At 48 hr, larvae from 10 replicate beakers per condition (50 larvae total) were pooled and 341 

homogenized in aconitase assay buffer on ice. Samples were centrifuged at 800 x g at 4 °C for 10 342 

min and the supernatant of soluble protein harvested per kit instructions. Total protein 343 

concentration was quantified using the Pierce™ BCA Protein Assay Kit (Thermo Scientific, 344 

23225). Samples were assayed for activity using 500 μg/mL of total protein per aconitase kit 345 

instructions. A total of 5 independent replicates per condition were assayed. 346 
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 347 

EPR measurements 348 

For EPR analysis, C. riparius larvae 5 dph were exposed to control, released ion control, and 10 349 

mg/L LCO for 7 d. One egg rope (containing hundreds of larvae) was used for each of 5 350 

replicates per condition. A high number of larvae per condition and increased exposure time 351 

were used to ensure sufficient animal mass for the assay. Animals were loaded into Wilmad® 352 

quartz (CFQ) O.D. 4 mm EPR tubes (Sigma-Aldrich, Z566535) cut to 14 cm and were first 353 

frozen slowly and stored briefly in liquid N2 to avoid the possibility of cracking inside the  354 

cryostat of the EPR instrument. All samples were measured using a Bruker ELEXSYS E500 X-355 

Band CW- ESR spectrometer at a temperature of 10 K using a liquid helium ESR900 continuous 356 

flow cryostat.  357 

Spectra were analyzed using Mnova version 14.1.2 software with a beta version EPR plug-in 358 

(Mestrelab). For quantitative analysis, all spectra were converted into their first integrals and 359 

background-corrected to yield final spectra. The integrated area for peaks of interest were 360 

obtained by double integration of the EPR spectra and were normalized by their ratio to the Mn2+ 361 

peak at ~ 3250 G (g ~ 2.08) to account for differences in sample loading, an intrasample 362 

normalization approach.74,75 Specifically, the peaks of interest are: the peak at ~3350 G (g ~ 363 

2.02), characteristic of oxidized aconitase [3Fe-4S]1+; the peak at ~ 3470 G (g ~ 1.98), 364 

characteristic of Complex II [3Fe-4S]1+; and the peak at ~ 3560 G (g ~ 1.91), characteristic of 365 

Complex I and II [2Fe-2S]1+ and [4Fe-4S]1+.38,74 366 

 367 

Statistics 368 
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Data from EPR and aconitase assays were analyzed for normality using the Shapiro-Wilk test 369 

and equality of variance using Levene’s test. Statistical significance of differences between 370 

treatments was determined using a One-way ANOVA with Tukey HSD post-hoc tests for data 371 

with equal variance and a One-way Welch ANOVA with Dunnett T3 post-hoc tests for data with 372 

unequal variance. Statistical tests were performed using SPSS version 23 for Mac. 373 
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Figures 638 

Figure 1. Electron paramagnetic resonance spectroscopy of intact larvae shows changes in 639 

Fe-S centers from LCO exposure.  640 

 641 
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Figure 2. Aconitase activity of larval protein is negatively impacted by LCO.  642 

  643 
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 644 

Table 1. Differentially expressed Fe-S protein genes by function. 

Function Gene name Pathway Fold Direction 
4Fe-4S binding 

   
 

NUBP2; nucleotide binding protein 2 Iron-sulfur cluster assembly UP 
 

NUBP1; nucleotide binding protein 1 Iron-sulfur cluster assembly UP 
 

ISCA2; iron-sulfur cluster assembly 2 Iron-sulfur cluster assembly UP 
 

SDHB; succinate dehydrogenase 
(ubiquinone) iron-sulfur subunit 

Citrate cycle (TCA cycle), Oxidative 
phosphorylation 

UP 

 
NDUFS7; NADH dehydrogenase 
(ubiquinone) Fe-S protein 7 

Oxidative phosphorylation UP 

 
NDUFV1; NADH dehydrogenase 
(ubiquinone) flavoprotein 1 

Oxidative phosphorylation UP 

 
NDUFS8; NADH dehydrogenase 
(ubiquinone) Fe-S protein 8 

Oxidative phosphorylation UP 

 
LIPA; lipoyl synthase Lipoic acid metabolism UP 

 
NTH; endonuclease III Base excision repair UP 

 
RTEL1; regulator of telomere elongation 
helicase 1 

Telomere maintenance, DNA 
replication, DNA repair 

UP 

Fe-S biogenesis 
   

 
ISCS; cysteine desulfurase [2Fe-2S] cluster assembly UP 

Fe-S binding 
   

 
Amidophosphoribosyl transferase Purine metabolism DOWN 

 
XDH; xanthine dehydrogenase/oxidase Purine metabolism UP 

 645 
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Figure 3. Significantly enriched molecular functions and pathways show importance of 646 

metabolism and Fe-S centers in LCO impacts. 647 

  648 
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Figure 4. Differentially expressed metabolic gene pathways indicate shift toward energy 649 

production in LCO-exposed larvae. 650 

 651 
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Figure 5. Proposed adverse outcome pathway showing observed LCO impacts from 652 

molecular initiating event through adverse outcomes. 653 

 654 

Figure Legends 655 

Figure 1. Electron paramagnetic resonance spectroscopy of intact larvae shows changes in 656 

Fe-S centers from LCO exposure. Representative electron paramagnetic resonance spectra (a) 657 

for C. riparius larvae exposed to control, released Li and Co ion control, and 10 mg/L LCO for 7 658 

days; and quantification of peak area for (b) oxidized aconitase [3Fe-4S]1+, (c) [2Fe-2S]+ and 659 

[4Fe-4S]+ from complex I and II of the electron transport chain (ETC), and (d) [3Fe-4S]1+ from 660 

complex I of the ETC relative to the peak area for Mn2+, which was invariant across samples. 661 

Letters (panels b-d) indicate significant differences by one-way Welch ANOVA with Dunnett T3 662 

post-hoc, p < 0.05. Average of 5 replicate samples; error bars indicate standard error of the mean. 663 

Increased oxidation of the aconitase Fe-S center in LCO-exposed larvae identifies these sites as a 664 

target of LCO-induced oxidative stress. 665 

Figure 2. Aconitase activity of larval protein is negatively impacted by LCO. Aconitase 666 

activity of protein extracted from C. riparius larvae exposed to control, released Li and Co ion 667 

control, 1 mg/L LCO, and 10 mg/L LCO for 48 hr. Letters indicate significant differences by 668 
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One-way ANOVA with Tukey HSD post-hoc, p < 0.05. Average of 5 replicate samples; error 669 

bars indicate standard error of the mean. The significant reduction in aconitase activity in 10 670 

mg/L LCO-exposed larvae supports disruption of the Fe-S center of this enzyme as a potential 671 

mechanism of LCO impact. 672 

Figure 3. Significantly enriched molecular functions and pathways show importance of 673 

metabolism and Fe-S centers in LCO impacts. Molecular functions and pathways identified as 674 

significantly enriched (Benjamini-adjusted FDR < 0.1) in genes differentially expressed (Wald 675 

FDR < 0.1) between control and 10 mg/L LCO-exposed C. riarius larvae at 48 hr by the 676 

Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8. Metabolic 677 

pathways are significantly enriched (156 genes), which includes Carbon metabolism (28 genes), 678 

Lipid metabolic processes (20 genes), Glycolysis/Gluconeogenesis (15 genes), Biosynthesis of 679 

amino acids (14 genes), Tyrosine metabolism (9 genes), and Glycine, serine and threonine 680 

metabolism (8 genes) all being significantly enriched. Molecular functions significantly enriched 681 

include Chitin binding and metabolism (49 genes), Iron and iron ion binding (33 genes), and 682 

4Fe-4S binding (10 genes). Changes in Fe-S centers could potentially induce observed 683 

differences in metabolism and iron ion binding because of their role in enzymatic and regulatory 684 

proteins involved in these processes. 685 

Figure 4. Differentially expressed metabolic gene pathways indicate shift toward energy 686 

production in LCO-exposed larvae. Breakdown of Kyoto Encyclopedia of Genes and 687 

Genomes (KEGG) pathways containing genes identified as differentially expressed (Wald FDR 688 

< 0.1) between control and 10 mg/L LCO-exposed C. riparius larvae at 48 hr. * Indicates 689 

specific pathways identified as significantly enriched by DAVID (Benjamini-adjusted FDR < 690 

0.1; Fig 3). Overall metabolic changes, specifically changes in Carbon metabolism (28 genes), 691 
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including Glycolysis/gluconeogenesis (15 genes), the Citrate cycle (7 genes), and Oxidative 692 

phosphorylation (17 genes), indicate a shift toward energy production in exposed larvae. The 693 

critical role of Fe-S proteins in the Citrate cycle and Oxidative phosphorylation and their 694 

disruption by LCO exposure could potentially explain observed changes. 695 

Figure 5. Proposed adverse outcome pathway showing observed LCO impacts from 696 

molecular initiating event through adverse outcomes. In the proposed adverse outcome 697 

pathway (AOP), reactive oxygen species (ROS) generated by LCO (observed in Melby et al. 698 

2018)45 oxidize the of Fe-S centers in regulatory and metabolic proteins (observed for aconitase 699 

in this study by electron paramagnetic resonance), reducing Fe-S enzyme activity (observed for 700 

aconitase in this study) and changing regulatory activity. This disrupts metabolism, particularly 701 

energy generation (observed in this study by RNA-Seq), ultimately causing reductions in growth 702 

of larvae and delaying their development into adult flies (observe in Niemuth et al. 2019).33 703 


