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Abstract  

Early life exposure to mitochondrial toxicants, including paraquat, rotenone, and 

manganese, has been hypothesized to promote early onset of genetic mitochondrial 

disorders as well as common degenerative diseases such as Parkinson’s Disease and 

Alzheimer’s Disease. This dissertation aimed to investigate the biochemical and 

physiological effects of early life exposure to mitochondrial genotoxicants during 

development in the whole organism model C. elegans. In the first experiment, a panel of 

model mammalian neurotoxicants and heavy metal ions was screened for mitochondrial 

genotoxicity by measuring mitochondrial DNA (mtDNA) copy number and damage in 

C. elegans. Exposures to paraquat, cumene hydroperoxide, rotenone, maneb, cadmium 

(II) chloride, and manganese (II) chloride had no significant effect on the mtDNA : 

nuclear DNA (nuDNA) ratio; only exposure to paraquat resulted in higher mtDNA than 

nuDNA damage level. In the second experiment, a laboratory method was developed to 

generate persistent mtDNA damage in larval C. elegans using serial ultraviolent C (UVC) 

exposures. While the mitochondrial DNA damage persisted from L1 to L4 stage, there 

was no difference between mitochondrial copy number of the control and UVC treated 

worms. The UVC treatment significantly inhibited both ATP level and oxygen 

consumption 24 and 48 hr after the exposure, while mitochondrial mRNA expression 

was inhibited 3 hr after the exposure. A mutation in pink-1, a mitochondrial 
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serine/threonine-protein kinase involved in the mitophagy process, appeared to limit the 

growth inhibitory effect of UVC treatment and increase the mitochondrial DNA content 

of the organism. In the third experiment, larval C. elegans was exposed to UVC and 

paraquat and examined using differential interference contrast and fluorescence 

confocal microscopy. Both resulted in detectable, dose-dependent lesions in 

dopaminergic CEP neurons in adult C. elegans. Neither significant lesions in the 

GABAergic dorsal nerve cord nor any sign of pharyngeal necrosis were detected. This 

work demonstrated that early life exposure to mitochondrial genotoxicants could result 

in both biochemical and physiological changes in later stages of life, thereby 

highlighting the potential health hazards of time-delayed effects of these chemicals in 

the environment.  
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1. Introduction  

This dissertation examines the hypothesis that mitochondrial DNA damage at an 

early life-stage can result in adverse effects in later life. This introduction will discuss (1) 

what mitochondria are and how mitochondrial and nuclear DNA differ; (2) how 

mitochondrial DNA contributes to mitochondrial genetic diseases and 

neurodegenerative diseases; (3) how mitochondrial DNA amplifies throughout the 

human lifespan; and (4) why C. elegans is a suitable model to study mitochondrial DNA. 

The 3 research questions of this dissertation will be discussed at the end. 

 

What are mitochondria?  

Mitochondria are the organelles where cellular respiration occurs and most ATP 

is generated (Campbell et al., 2002). Each human cell has hundreds to thousands of 

mitochondria, but the number, size, and shape of the mitochondria are highly variable, 

depending on the developmental stage and differentiation of the cell (Chan, 2006a,b). 

Mitochondria also exist in a highly dynamic structure, where mitochondrial fusion, 

fission, and autophagy can take place. Mitochondrial dynamics as well as interaction 

with the endoplasmic reticulum are currently an active area of research (Westermann, 

2007; de Brito and Scorrano, 2010). 

Cellular respiration is defined as the oxidation of glucose or other nutrients to 

produce energy, carbon dioxide and water. The two most common pathways are the 
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oxygen-independent glycolysis and oxygen-dependent oxidative phosphorylation 

(Figure 1). While glycolysis takes place in the cytoplasm, oxidative phosphorylation 

takes places at the inner mitochondrial membrane, where electrons at high energy state 

are transported among five mitochondrial respiratory complexes to generate a proton 

gradient and subsequently ATP molecules (Figure 2). Because oxygen is the ultimate 

electron acceptor, oxidative phosporylation consumes oxygen. 

 

 

Figure 1. The two-step process of cellular respiration: (1) glycolysis in 

cytosol, and (2) oxidative phosphorylation in mitohchondria (Campbell et 

al., 2002) 
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Figure 2. The five mitochondrial respiratory complexes consist of 

subunits encoded in both nuclear and mitochondrial DNA (Bemire, 2005) 

 

Glycolysis generates 2 ATPs per glucose molecule, while oxidative 

phosphorylation generates about 34 ATPs. Different cells and different animals can 

generate most of their ATPs via either glycolysis or oxidative phosphorylation, 

depending on their physiological needs. Most cancer cells generate ATPs via glycolysis, 

while most differentiated tissues generate ATPs via oxidative phosphorylation (Ristow, 

2006; Jose et al., 2011).  

This dissertation focuses on how mitochondrial DNA damage affects ATP levels 

and oxygen consumption, and how these events relate to whole animal development. It 

is important, however, to realize that mitochondria are also involved other important 

cellular processes, such as synthetic metabolism, signal transduction, intracellular 

homeostasis of iron and calcium ions, heat production, and programmed cell death 

(May-Panloup et al., 2007).  
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How does mitochondrial DNA differ from nuclear DNA? 

Each animal cell contains two separate but related sets of DNA: nuclear DNA 

and mitochondrial DNA. Nuclear DNA consists of two copies (i.e. diploid) per cell, one 

copy originally dervied from the sperm cell and another from the egg cell. 

Mitochondrial DNA, in contrast, typically consists of 1000 to 10000 copies per cell, and is 

maternally inherited. The copy number of mitochondrial DNA varies in different cell 

types. A human egg cell, for instance, contains around 300,000 copies of mitochondrial 

DNA prior to fertilization (May-Panloup et al., 2007). 

Nuclear DNA is protected by chromatin packing and multiple DNA repair 

mechanisms, but the protection of mitochondrial DNA is less understood and appears to 

be less effective. In vitro studies, for instance, have shown that the histone and chromatin 

packing of nuclear DNA protects it from oxidative DNA damage (Dizdaroglu et al., 

1991; Ljungman and Hanawalt, 1992). The potential protective effect of TFAM and other  

proteins which pack with mitochondrial DNA at the inner mitochondrial membrane, is 

less understood. Nuclear DNA can be repaired by a number of DNA repair mechanisms, 

including direct reversal, base excision repair, nucleotide excision repair (NER), and 

recombination repair (Sancar et al., 2004). Both nucleotide excision and recombination 

repair, however, have not been identified in mitochondria (Larsen et al., 2005). 

Nuclear DNA and mitochondrial DNA are also vastly different in size. The 

human nuclear DNA has 2.85 billion base pairs, encoding 20,000 - 25,000 proteins in the 
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organism (International Human Genome Sequencing Consortium, 2004). The human 

mitochondrial DNA, in contrast, has only 17 thousand base pairs, encoding 13 subunits 

of mitochondrial respiratory complexes I, III, IV, and V in the inner mitochondrial 

membrane (Figure 2) and the tRNAs and rRNAs required for mitochondrial protein 

translation. 

 

How is mitochondrial DNA affected by oxidative stress and 
environmental exposure?  

The proximity of mitochondrial DNA to the electron transport chain and 

transition metal ion-containing proteins increases its vulnerability to oxidative damage.  

About 0.1 % of the oxygen consumed in the electron transport chain is known to be 

released from mitochondria as reactive oxygen species (Beckman and Ames, 1998; 

Fridovich 2004).  In addition, many transition metal ions are known to localize in the 

electron transport chain and metal sequestering proteins in mitochondria. The presence 

of both reactive oxygen species and transition metal ions in mitochondria facilitates lipid 

peroxidation and the Fenton reaction, which can lead to oxidative mitochondrial DNA 

damage.  Several studies, for instance, have shown that mitochondrial DNA is three to 

five times more susceptible than nuclear DNA to oxidative damage caused by hydrogen 

peroxide, organic peroxide, and peroxynitrite (Salazar and Van Houten, 1997; Yakes and 

Van Houten, 1997; Santos et al., 2003; Cover et al., 2005; Hollins et al., 2006).  
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Besides the increased vulnerability to oxidative stress, mitochondria are less 

equipped to repair certain forms of DNA damage. Exposure to some environmental 

mutagens including aflatoxin B1 and benzo[a]pyrene can result in bulky DNA lesions, 

and several studies have identified a higher level of bulky DNA lesions in mitochondria 

as compared to the nucleus (Backer and Weinstein, 1982; Niranjan et al., 1982). The 

accumulation of bulky mitochondrial DNA lesions is likely due to the fact that 

mitochondria lack NER, which is the sole mechanism to remove bulky DNA lesions 

(Larsen et al., 2005). Another factor contributing to the mitochondrial DNA susceptibility 

is the presence of mitochondrial cytochrome P450 (Omura, 2006), which may be 

involved in activating environmental promutagens such as aflatoxin B1 and 

benzo[a]pyrene once inside the organelle. 

 

How does mitochondrial DNA change throughout the human 
lifespan? 

Mitochondrial DNA copy number changes dramatically throughout the course 

of human development. A mature oocyte contains around 300,000 mitochondrial DNA 

which contribute all the mitochondrial DNA in a human embryo (May-Panloup et al. 

2007).  Some individuals in human populations have been shown to harbor more than 

one type of mitochondria DNA (i.e. heteroplasmy; Poulton et al., 2012). Mitochondrial 

DNA variants can segregate rapidly between generations despite the high mitochondrial 

DNA copy number in the oocyte. This suggests that mitochondrial DNA is inherited 
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maternally in a clonal fashion, creating a genetic bottleneck during mitochondrial DNA 

transmission. 

As the embryo develops, mitochondria are initially segregrated into individual 

cells and later amplified along with cell division and growth. A single mutational event, 

therefore, can create heteroplasmy in a somatic cell, although the level of mutated 

mitochondrial DNA would be very low in the cell (Figure 3). Since mitochondrial DNA 

replication is not cell cycle-dependent, a particular mitochondrial DNA molecule may be 

replicated many times or not at all during a single cell cycle. Repeated cell division will 

lead to mitotic segregation of normal and mutated mitochondrial DNA. The 

accumulation of mutated mitochondrial DNA above a certain threshold level will affect 

the respiratory chain function. 

 

Figure 3. Mitotic segregation of mitochondrial DNA in somatic cells (Park 

and Larsson, 2011) 
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Mitochondrial DNA damage occurring at different stages of human life may lead 

to very different physiological effects. Since the quality of mitochondria in differentiated 

tissues depends on the quality of mitochondria in their precursors, mitochondrial 

damages in early stage of human development may potentially affect tissue functions in 

later stages of life. Several studies have investigated how mitochondria are affected by 

various environmental chemicals at early stages of life and mitochondria-mediated 

apoptosis was demonstrated to interfere with embryonic development (Mirkes and 

Little 2000; Little and Mirkes 2002) and neurodevelopment (Tamm et al. 2008). 

 

How is mitochondrial DNA related to mitochondrial genetic 
diseases and neurodegenerative disorders? 

Mitochondrial genetic diseases can be broadly defined as those caused by any 

mutation in mitochondrial or nuclear DNA that disrupts the functioning of 

mitochondrial respiratory complexes or other mitochondrial functions (DiMauro and 

Schon, 2003). Although each individual mutation is rare, the total incidence of all 

mitochondrial genetic diseases has been estimated to be around 1 in every 2,000 to 5,000 

live birth (Schmidt, 2010). Since mitochondrial conditions are phenotypically variable 

and relatively rare, they are difficult to diagnose in a clinical setting (Haas et al., 2007)..  

The mitochondria are important for proper neuronal function, as neurons are 

metabolically active (Crouch et al. 2007).  The high metabolic activity of neurons leads to 
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an increased production of reactive oxidative species. The brain is susceptible to 

oxidative stress due to its low supply of antioxidant enzymes and high lipid content. 

Since mitochondria play a critical role in neuronal function, this organelle presents a 

sensitive target that when disrupted can have severe consequences for the cell. 

 

What are the research questions in this dissertation? 

This dissertation addresses the following five research questions: 

(1) Do exposures to environmental genotoxins and neurotoxicants result in 

mitochondrial DNA damage in Caenorhabditis elegans? 

(2) Does early-life stage mitochondrial DNA damage affect mitochondrial DNA 

content, transcription, ATP level, and oxygen consumption at later-life stages 

in Caenorhabditis elegans? 

(3) Do mitochondrial fission and autophagy function as protective mechanisms 

against the effect of early-life stage mitochondrial DNA damage on 

mitochondrial DNA content and ATP level at later-life stage in Caenorhabditis 

elegans? 

(4) How does early-life stage mitochondrial DNA damage , together with 

deficits in mitochondrial fission and autophagy function, affect the 

mitochondrial ultrastructure at later-life stage in Caenorhabditis elegans? 
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(5) How does early-life stage mitochondrial DNA damage affect the 

development of dopaminergic and GABAergic neurons at later-life stages in 

Caenorhabditis elegans? 
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2. Evaluation of nuclear and mitochondrial DNA damage 
resulting from exposures to environmental genotoxins 
and neurotoxicants in Caenorhabditis elegans 

The environmental effects on mitochondrial biology have attracted much 

research interest in recent years (Schmidt, 2010; Shaughnessy et al., 2010). As mentioned 

in the Introduction, mitochondrial DNA is more prone to chemical exposure than 

nuclear DNA due to the absence of chromatin packing and many DNA repair pathways 

(Larsen et al., 2005). The high lipid content of the mitochondrial membranes and the 

slightly negative charge of the mitochondrial matrix also attract lipophilic or charged 

compound to mitochondria (Cohen, 2010). Non-genotoxic mitochondrial toxicants, in 

addition, may disrupt mitochondrial function and indirectly cause mitochondrial DNA 

damage (Gomez et al., 2007). Although the vulnerability of mitochondrial DNA to 

environmental exposure is frequently mentioned in the literature (Gomez et al., 2007; 

Schmidt, 2010; Shaughnessy et al., 2010), few chemicals have been tested for their 

potency in damaging the mitochondrial genome, and some chemicals cause more 

muclear than mitochondiral DNA damage  (Kalinowski et al., 1992). 

The potential mitochondrial genotoxicity of several classes of chemicals has 

important human health consequences. Oxidative agents such as paraquat and cumene 

hydroperoxide, for instance, can overwhelm antioxidant defences and results in 

mitohcondrial DNA damage. Neurodegenerative chemicals, such as rotenone and 

maneb, may lead to mitochondrial DNA damage as a part of their mechanism of toxicty. 
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Certain heavy metals, such as cadmium and magnesium, are known to accumulate in 

mitochondria (Gavin et al., 1992; Sokolova et al., 2005), but their potential genotoxic effect 

to the organelles remain untested. 

An experiment was carried out to examine whether environmental prooxidants 

and neurotoxicants could cause mitochondrial DNA damage or depletion. Paraquat, 

cumene hydroperoxide, rotenone, maneb, cadmium (II) chloride, and manganese (II) 

chloride were first tested for their lethality in the germ cell-deficient glp-1 adults. Real-

time and quantitative PCR-based assays were used to assess the effects of exposures to 

these chemicals on the mitochondrial : nuclear DNA ratio and mitochondrial DNA 

damage levels, respectively. While none of the tested chemicals was found to 

significantly affect the mitochondrial : nuclear DNA ratio, paraquat prefentially 

damaged mitochondrial DNA over nuclear DNA. 

 

Materials and Methods 

C. elegans culture. The current experiment was carried out using a germline-

deficient mutant (glp-1) to allow study of DNA damage in adults composed entirely of 

non-dividing cells. Young adult C. elegans have a rapidly proliferating germ line, so that 

DNA damage caused by chemical exposure could be readily “diluted” by the new DNA 

produced by dividing germ cells, reducing the apparent level of DNA damage (Meyer et 

al., 2007). The confounding effect of DNA replication can be minimized by using a glp-1 
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mutant strain since outside of the germ line, no cell divisions occur in adult C. elegans 

(Sulston 1988). 

The germline-deficient JK1107 strain (glp-1) of C. elegans was obtained from the 

Caenorhabditis Genetics Center (University of Minnesota). The nematodes were sterilized 

using a 12 hr exposure to 25° C at the L4 stage prior to chemical exposure. Populations 

of C. elegans were maintained on K agar plates seeded with OP50 bacteria (Lewis and 

Fleming, 1995). Synchronized populations of nematodes were obtained by bleach-

sodium hydroxide isolation of eggs (Lewis and Fleming, 1995). L1 growth-arrested 

(starved) larvae were obtained by hatching eggs in K+ medium (Boyd et al., 2009). Young 

adults were staged 24 hr after the appearance of vulval crescents. All transfers were 

made by washing nematodes off of agar plates and rinsing (after centrifugation at 2000 g 

for 2 min) in K medium. 

Chemical exposures. Paraquat, rotenone, maneb, cumene hydroperoxide, 

manganese (II) chloride, and cadmium (II) chloride were purchased from Sigma (St 

Louis, MO). Paraquat, cumene hydroperoxide, manganese (II) chloride, and cadmium 

(II) chloride were dissolved into K medium. Rotenone and maneb were dissolved in 

dimethyl sulfoxide (DMSO) to prepare 100 x stock solutions and DMSO stock was 

added at a maximum amount of 1 % (v/v) in K medium. C. elegans was treated with the 

medium in 12-well plates. Each well contained 1 ml of the medium, 300 adults, and 

OP50. 1% DMSO was found not to affect nematode growth or survival (data not shown).  
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Adult lethality assay. The acute toxicities of paraquat, rotenone, maneb, cumene 

hydroperoxide, manganese (II) chloride, and cadmium (II) chloride were determined in 

glp-1 young adults prior to the DNA damage assay. Age-synchronized, sterilized glp-1 

young adults were exposed to the chemicals for 24 hr. 50 animals were examined in two 

separate experiments with lethality defined as a lack of response to gentle probing with 

platinum wire.  

Mitochondrial : nuclear DNA ratio. Synchronized, sterilized glp-1 adults were 

exposed to paraquat, rotenone, maneb, cumene hydroperoxide, manganese (II) chloride, 

and cadmium (II) chloride in K+ medium in the presence of OP50 for 48 hr. The highest 

exposure level chosen for each chemical was based on the lethality data (Table 1) to 

result in no or minimal lethality; or at the solubility limit if lethality was not detected.  

Six worms were picked and pooled in a single tube per biological replicate, and eight 

biological replicates were taken per treatment in two experiments separated in time.  

The ratio of mitochondrial DNA to nuclear DNA copy number was measured by 

two different ways using a QPCR-based method as described by Boyd et al. (2010) and 

Hunter et al. (2010) as well as a real-time PCR-based method as described by Bratic et al. 

(2010). A nuclear genome target and a mitochondrial genome target (0.2 kb each) were 

amplified to determine relative mitochondrial and nuclear DNA amounts, respectively, 

in the QPCR-based method. The amount of PCR product is indicative of template DNA 
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concentration. The ratio of mitochondrial DNA to nuclear DNA of all samples is 

compared to controls, which is defined as 1.  

The NADH dehydrogenase subunit 1 (nd-1) and nuclear encoded gene W09C5.8 

(cox-4) were amplified in the real-time PCR-based method. Nuclear copy number was 

determined by creating a standard curve for the nuclear DNA, using adult glp-1 mutant 

worms which have a fixed number of somatic cells in adulthood (Kimble and 

Crittenden, 2005). Mitochondrial copy number was determined by creating a standard 

curve using known numbers of a DNA plasmid that carries the nd-1 DNA consequnce. 

All real-time PCRs were carried out in the 7300 Real Time PCR System (Applied 

Biosystems), under the following conditions:  2 min at 50 °C, 10 min at 95 °C, 40 cycles of 

15 sec at 95 °C and 60 sec at 60 °C.  A dissociation curve was calculated for each sample 

at the end of each profile.  The 25 μl PCR reaction contained 12.5 μl of SYBR Green PCR 

Master Mix, 8.5 μl H20, 2 μl of target-specific primers at 400 nM final concentration, and 

2μl of worm lysate.  The ABI PRISM 7300 Sequence Detection System Software, Version 

1.1 (Applied Biosystems) was used to carry out data analysis.  All samples were run in 

triplicate and were averaged prior to analysis. 

DNA damage assay. Nuclear and mitochondrial DNA damage were evaluated 

using a QPCR-based method as previously described (Boyd et al., 2010; Hunter et al., 

2010). This assay defines the control samples as undamaged and determines a lesion 

frequency in experimental samples based on any decrease in amplification efficiency 
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relative to the control samples (Santos et al., 2006; Meyer 2010). A nuclear genome target 

(unc-2; 9.3 kb) and a mitochondrial genome target (10.9 kb) were amplified (Meyer et al. 

2007). The amount of these long PCR products provides a measurement of lesion 

frequency. The copy number results, on the other hand, provide normalization to DNA 

concentration. 

Statistical analysis. The mitochondrial : nuclear DNA ratio and DNA damage 

levels were analyzed using Statview© for Windows (Version 5.0.1, SAS Institute Inc., 

Cary, NC). The mitochondrial : nuclear DNA ratio was analyzed using one-way 

ANOVA with “dose” as the independent variable. The DNA damage levels were 

analyzed using two-way ANOVA with “dose” and “genome” as two independent 

variables. Each chemical was tested as a single experiment. A p-value of less than 0.05 

was considered statistically significant. 

Results   

Adult lethality assay. Exposures to cumeme hydroperoxide, cadmium (II) 

chloride, and manganese (II) chloride resulted in complete lethality at 3, 23, and 203 

mM, respectively (Table 1). The highest concentrations used in the following 

experiments were therefore set at around one order of magnitude below the lethal 

concentrations. 
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Table 1. Lethality caused by exposure to paraquat, cumene hydroperoxide, 

rotenone, maneb, manganese (II) chloride, and cadmium (II) chloride in young 

adult C. elegans. 0 % lethality was detected in both blank and 1% dimethyl 

sulfoxide (carrier). n = 100 per chemical per dose. 

 

 
 

Exposures to paraquat, rotenone, and maneb did not result in complete lethality 

at the highest concentration tested. The highest concentration used in the following 

experiments were therefore set at the solubility limits for these chemicals. 

Mitochondrial : nuclear DNA ratio. The QPCR- and real time PCR-based methods 

produced similar results. Exposure to paraquat, cumene hydroperoxide, rotenone, 

maneb, cadmium (II) chloride, and manganese (II) chloride did not result in detectable 

change in the mitochondrial : nuclear DNA ratio (p > 0.05 for the effect of dose in all 

cases, Figure 4 and 5). 
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Figure 4. Mitochondrial DNA to nuclear DNA copy number ratio relative to controls as 

determined by the QPCR-based method. Exposure to paraquat, rotenone, maneb, 

cumene hydroperoxide, manganese (II) chloride, and cadmium (II) chloride resulted in 

no significant effect on the mitochondrial : nuclear DNA ratio (p > 0.05, one-way 

ANOVA), defined as 100% in controls. 
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Figure 5. Mitochondrial DNA to nuclear DNA copy number ratio as determined by the 

real time PCR-based method. Exposure to paraquat, rotenone, maneb, cumene 

hydroperoxide, manganese (II) chloride, and cadmium (II) chloride resulted in no 

significant effect on the mitochondrial : nuclear DNA ratio (p > 0.05, one-way ANOVA), 

defined as 100% in controls. 
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DNA damage assay. Paraquat and cadmium (II) chloride exposure resulted in 

dose-dependent DNA damage (p = < 0.001 and 0.028 respectively, for main effects of 

dose) in C. elegans. Exposure to cumene hydroperoxide, rotenone, maneb, and 

manganese (II) chloride did not result in detectable DNA damage (p > 0.05 for the effect 

of dose in all cases, Figure 6). Mitochondrial DNA was found to be more susceptible 

than nuclear DNA damage to paraquat exposure (p < 0.001 for the effect of genome and 

dose x genome interaction), but not to cadmium chloride (p > 0.05). The limit of detection 

of the QPCR assay is approximately 1 lesion per 105 bases (Hunter et al., 2010).  
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Figure 6. Exposures to paraquat and cadmium (II) chloride caused detectable DNA 

damage (p < 0.0001 and p = 0.028 for main effects of dose); paraquat caused more 

damage to the mitochondrial than nuclear genomes (p < 0.001 for both main effect of 

genome and interaction of dose and genome). Data analyzed by two-way ANOVA.  
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Discussion  

Paraquat causes a higher level of mitochondrial DNA than nuclear DNA 

damage in C. elegans. The current study is the first to demonstrate that paraquat, a 

commercially available herbicide, selectively targets mitochondrial DNA over nuclear 

DNA (Figure 6). Paraquat is a potent redox cycler, readily accepting electrons and 

generating superoxide anions (Jones and Vale 2000; Yumino et al. 2002). Several studies 

have shown that mitochondrial DNA is three to five times more susceptible than nuclear 

DNA to oxidative damage caused by hydrogen peroxide, organic peroxide, 

peroxynitrite, and menadione (Salazar and Van Houten 1997; Yakes and Van Houten 

1997; Grishko et al., 2001; Druzhyna et al., 2003; Santos et al. 2003; Cover et al. 2005; 

Hollins et al. 2006). Exposure to paraquat also disrupts mitochondrial electron transport 

chain function (Gomez et al. 2007), increases mitochondrial production of reactive 

oxygen species (Cocheme and Murphy 2008; Drechsel and Patel 2009), and increases 

oxidative DNA damage in mammalian species in vivo (Suzuki et al. 1995; Tokunaga et 

al. 1997). But the specific mitochondrial genotoxicity of paraquat has not been reported 

previously. 

Cadmium causes both mitochondrial and nuclear DNA damage in C. elegans. 

Cadmium, a heavy metal of considerable occupational and environmental concern, is a 

known carcinogen that induces DNA damage through multiple mechanisms, including 

alteration of gene expression, inhibition of DNA repair, and induction of oxidative stress 
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(Joseph 2009). It has been shown to accumulate in mitochondria and disrupt the 

functions of the organelles through a variety of targets (Cannino et al. 2009; Kurochkin 

et al. 2011), but the current results revealed no significant difference between nuDNA 

and mtDNA susceptibility to cadmium exposure, possibly because the level of DNA 

damage was close to the limit of detection of the PCR assay (~ 1 lesion per 105 bases, 

(Meyer 2010). 

Rotenone,  maneb, cummen hydroperoxide, and manganese (II) chloride cause 

no detectable damage in mitochondrial DNA or change in DNA copy number despite 

potential mitochondrial toxicity. Rotenone, maneb, cummen hydroperoxide, and 

manganese (II) chloride were chosen in the current experiment due to their potential 

mitochondrial toxicity. Rotenone is a mitochondrial complex I inhibitor (Uversky et al. 

2004). Both rotenone and maneb have been used in mammalian models to study 

Parkinson’s Disease. Cumene hydroperoxide has been used to study the effect of 

oxidative stress in heart mitochondria (Sanz et al. 2006). Manganese (II) chloride has also 

been reported to affect mitochondrial function and energy metabolism in liver and brain 

of rats (Zhang et al. 2003; Zhang et al. 2008).  

Different mechanisms can account for the lack of significant damage in 

mitochondrial DNA or change in DNA copy number despite exposures to these 

chemicals. Around 0.1% of oxygen escapes from the electron transport chain and 

generate reactive oxygen species during mitochondrial respiration. If the chemicals 
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inhibit mitochondrial respiration, reactive oxygen species leakage might also be reduced 

(Harman, 1956), although there have been several report refluting the hypothesis 

(Muller et al., 2007). On the other hand, since adult C. elegans does not has an rapidly 

amplifying mitochondrial genome like larval C. elegans, the defects in mitochondrial 

activities may be less impact on the mitochondrial DNA content as compared to larval C. 

elegans in development.  

The current experiment utilized two different PCR methods to determine 

mitochondrial DNA to nuclear DNA copy number ratio. Both the QPCR- and real time 

PCR-based methods quantify DNA content by measuring the amount of PCR product. 

The real time PCR-based is considered a more sensitive method, since it quantifies the 

whole PCR reaction instead of assessing the reaction at one particular time point. But 

both methods showed no significant effect with the chemicals tested. 

 

Conclusion 

The current experiment revealed that exposures to paraquat, cumene 

hydroperoxide, rotenone, maneb, cadmium (II) chloride, and manganese (II) chloride 

had no significant effect on the mitochondrial : nuclear DNA ratio. Exposure to 

paraquat, however, prefentially damaged mitochondrial DNA over nuclear DNA. The 

current experiment was the first to demstrate the mitochondrial genotoxicity of paraquat 
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exposure, thereby suggesting the involvement of mitochondria in paraquat-induced 

toxicities. 



 

26 

3. Effects of early-life stage mitochondrial DNA damage 
on mitochondrial DNA content, transcription, ATP 
production, and oxygen consumption at later-life stages 
in Caenorhabditis elegans 

Mitochondrial DNA dramatically amplifies throughout our lifespan. A fertilized 

human egg cell contains around 300,000 copies, all maternally inherited (May-Panloup 

et al., 2007). As embryonic development and cell divisions take place, mitochondrial 

DNA amplifies through multiplte replications, although mitochondrial DNA replication 

is not cell cycle-dependent and does not occur at all during early divisions. Each mature 

human adult has around 10 trillion cells with a massive amount of mitochondrial DNA, 

all amplified from the original batch in the egg cell. 

Mitochondria DNA also amplifies throughout C. elegans lifespan. The 

mitochodrial DNA content of C. elegans amplifies by 10 fold from the L1 to L4 stage. In 

addition to the change in copy number, C. elegans also undergoes a dramatic change in 

energy metabolism from L1 to L4 stage. While energy is produced primarily through 

glycolysis from L1 to L3 stage, oxidative phosphorylation becomes the main energy 

source at L4 stage. C. elegans, therefore, provides an excellent model for studying how 

early life stage mitochondrial DNA damage can affect various biological processes in 

vivo at the later life stage. 

The current study examined the hypothesis that early life exposure to 

mitochondrial DNA damage can result in later life effects. Serial exposures to low-
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intensity ultraviolent C radiation (UVC) was utilitzed to induce mitochondrial DNA 

damage in L1-stage C. elegans. The effect of UVC on mitochondrial DNA content, 

transcription, ATP production, and oxygen consumption from L1 to L4 stage was 

evaluated. While the mitochondrial DNA damage persisted from L1 to L4 stage, there 

was no difference between mitochondrial copy number of the control and UVC treated 

worms. The UVC treatment significantly inhibited both ATP level and oxygen 

consumption 24 and 48 hr after the exposure, while the mitochondrial mRNA expression 

was inhibited 3 hr after the exposure.  

 

Materials and Methods 

C. elegans culture. The transgenic strain PE255 (expressing firefly luciferase; Lagido 

et al., 2008) was generously provided by Cristina Lagido in University of Aberdeen 

(Aberdeen, UK). The wildtype strain N2 was obtained from Caenorhabditis Genetics 

Center (University of Minnesota), which is funded by the NIH National Center for 

Research Resources (NCRR), and was out-crossed three time before the experiment. 

UVC exposures. C. elegans was exposed to serial UVC doses over 48 hr. 

Synchronized L1 populations of nematodes were plated on peptone-free (to prevent 

inadvertant microbial growth) K agar plates and exposed to 7.5 J/m2 UVC radiation 

every 24 hr for 3 times. This exposure protocol is based on the fact that UVC-induced 

DNA damage is quickly repaired in the nuclear but not mitochondrial genome (Meyer et 
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al., 2007), thus allowing for accumulation of mitochondrial DNA damage while 

permitting repair of nuclear DNA. This protocol results in no larval growth delay until 

L4 development (Bess et al., 2012).  

Mitochondrial : nuclear DNA ratio and DNA damage assay. Nuclear and 

mitochondrial DNA copy number was measured by real-time PCR as described by 

Bratic et al. (2009).  Nuclear and mitochondrial DNA damage were evaluated using a 

QPCR-based method as previously described (Boyd et al., 2010; Hunter et al., 2010). 

ATP level assay. The ATP level was determined by the luminescence level of PE255 

strain (Lagido et al., 2008). Luminescence was measured in a 96-well microplate reader 

(FLUOstar OPTIMA, BMG Labtech, Ortenberg, Germany) with approximately 100 

worms per well (in 100 μl) in the visible spectral range between 300 and 600 nm (firefly 

luciferase typically emits at 550–570 nm). An automated dispenser delivered 50 μl of 

luminescence buffer to each well, consisting of citrate phosphate buffer pH 6.5, 0.1 mM 

D-luciferin, 1% DMSO and 0.05 % triton-X (all final concentrations). Two separated 

experiments with 5 replicates each were conducted. 

Oxygen consumption assay. Oxygen consumption was measured in an oxygen 

chamber (782 Oxygen Meter, Strathkelvin Instruments , North Lanarkshire, Scotland; 

Grad et al., 2007). C. elegans was washed with K medium and counted using a worm 

sorter (COPAS, Union Biometrica, Holliston, MA). Two separated experiments with 4 
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replicates each were conducted. Each replicate contains 1000 worms for the 0, 3, and 24 

time point and 500 worms for the 48 time point. 

mRNA expression assay.  The mRNA expression level was measured using real-

time PCR assay. Five mitochondrial complex subunits, including two mitochondria-

encoded genes (ctb-1 and nd-5) and three nucleus-encoded genes (C34B2.8, D2030.4 and 

K09A9.5), were studied. 250 ng of mRNA isolated from C. elegans worms was converted 

to cDNA using the Qiagen Omniscript Reverse Transcription kit. Real time PCR was 

carried out in the 7300 Real Time PCR System (Applied Biosystems) under the following 

conditions:  2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 sec at 95 °C and 60 sec at 62 

°C for ctb-1 and nd-5, and at 60 °C for C34B2.8, D2030.4 and K09A9.5.  A dissociation 

curve was calculated for each sample at the end of each profile.  The 25 μl PCR reaction 

contained 12.5 μl of SYBR Green PCR Master Mix, 8.5 μl H20, 2 μl of target-specific 

primers at 400 nM final concentration, and 2 μl of cDNA from the reverse transcription 

reaction. The ABI PRISM 7300 Sequence Detection System Software, Version 1.1 

(Applied Biosystems) was used to carry out data analysis.  The average mRNA fold 

change of each target gene was calculated by comparing the CT (cycle threshold) of the 

target gene to that of the housekeeping gene cdc-42.  All samples were run in duplicate 

and were averaged prior to analysis. 

Statistical analysis. The mitochondrial : nuclear DNA ratio, DNA damage levels, 

ATP levels, and oxygen consumption were analyzed using Statview© for Windows 
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(Version 5.0.1, SAS Institute Inc., Cary, NC). “Treatment” and “time” were treated as 

independent variables in the two-way ANOVA analysis. A p-value of less than 0.05 was 

considered statistically significant. 

 

Results  

Mitochondrial : nuclear DNA ratio and DNA damage assay. 2.7 ± 0.1 

mitochondrial and 1.1 ± 0.1 nuclear DNA lesions per 10 kilobases were detected in larval 

C. elegans immediately after the third UVC exposure (Figure 7a & 7b). The nuclear DNA 

lesions dropped to 0.4 ± 0.1 in 3 hours and to 0.0 ± 0.1 in 48 hours. The mitochondrial 

DNA lesion, in contrast, persisted at 1.8 ± 0.2 and 0.7 ± 0.2 at the 3 and 48 hour time 

points, respectively. The results suggested a dilution effect of the UVC-induced DNA 

damage due to the expanding nuclear and mitochondrial genome throughout C. elegans 

development (Table 3), since the kinetics of photodimer removal in nuclear and 

mitochondial DNA in C. elegans would not explain this reduction (Meyer et al., 2007; 

Boyd et al., 2010; Bess et al., 2012). 

Exposure to ultraviolent C radiation resulted no significant change in nuclear and 

mitochondrial DNA copy number in larval C. elegans (Figure 8a & 8b). Both adult 

development and egg reproduction, however, were affected by the UVC treatment 48 

hours later (data not shown).  
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ATP level assay and oxygen consumption assay. The UVC treatment had no 

significant effect on ATP level immediately and 3 hours after the third UVC exposure 

(Figure 9a). The treatment, however, reduced the ATP level by half at the 24 and 48 hour 

time point. A follow-up study with more frequent time points revealed that the UVC 

treatment had a significant level starting from the 20 hour time point (Figure 10). The 

UVC treatment, similarly, had no significant effect on oxygen consumption until 48 

hours after the third UVC exposure (Figure 9b).  

mRNA expression assay.  The UVC exposure resulted in no significant change at 

the mRNA expression of the five mitochondrial complex subunits immediately after 

the treatment (Figure 11a). The mRNA expression of the two mitochondria-encoded 

genes (ctb-1 and nd-5) was reduced 3 and 24 hours after the UVC exposure (Figure 

11b). The mRNA expression of three nucleus-encoded genes (C34B2.8, D2030.4 and 

K09A9.5), in contrast, was reduced only at 24 hours after the UVC exposure (Figure 

11c). Both effects disappeared 48 hours after the UVC exposure (Figure 11d). 
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Figure 7a & 7b. Exposure to ultraviolent C radiation resulted in persistent 

mitochondrial DNA damage in larval C. elegans. Nuclear DNA damage was not 

detected 48 hours after the last exposure. 

 

Table 2. Nuclear and mitochondrial DNA copy number in wildtype (N2) C. elegans 
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Figure 8a & 8b. Exposure to ultraviolent C radiation resulted no significant 

change in nuclear and mitochondrial DNA copy number in larval C. elegans 
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Figure 9a & 9b. Exposure to ultraviolent C radiation reduced ATP level and 

inhibited oxygen consumption in larval C. elegans 
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Figure 10. Exposure to ultraviolent C radiation reduced ATP level in larval C. elegans 
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Figure 11a, 11b, 11c, and 11d. Exposure to ultraviolent C radiation 

reduced ctb-1 and nd-5 expression 3 and 24 hour and C34B2.8, D2030.4, 

and K09A9.5 24 hour after the UVC exposure 
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Discussion 

Serial exposure to ultraviolent C radiation generated persistent mitochondrial  

DNA damage in larval C. elegans. UVC radiation is used as a conventional laboratory 

method to introduce DNA damage in a number of experimental models (Cipollini et al., 

2006; Cardone et al., 2008; Kawaguchi et al., 2012). The typical UVC intensity used in the 

C. elegans model is around 10-100 J/m2 (Meyer et al., 2007; Boyd et al., 2010), resulting in 

similar levels of nuclear and mitochondrial DNA damage.  

The current experiment, in comparison, utilized a lower intensity than other 

studies in the literature. The 24 hour recovery periods in between the UVC doses 

allowed the nucleotide excision pathway to remove the the nuclear DNA damage 

(Meyer et al., 2010).  Mitochondrial DNA damage gradually reduced after the 48 hour  

UVC treatment. This is likely a result of (a) the dilution effect of mitochondrial DNA 

amplification, and  (b) the removal of damaged mitochondria by autophagy (Bess et al., 

2012).  

Tissue development and metabolic shift govern the effects of UVC treatment. 

The current experiment demostrated that mitochondrial DNA damage at an early life 

stage could result in a variety of physiological change at later life. The UVC treatment 

had no immediately effect on either ATP level and oxygen consumption, but reduced 

both by 50% at 48 hours (Figure 9a & 9b). Since nuclear DNA copy number was similar 
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between the control and UVC-treated worms, the result was not likely caused by a 

developmental difference between the groups (Figure 8a). 

C. elegans undergoes a shift in energy metabolism at the L4 stage. The 

mitochondria-independent glycolytic pathway is the major energy source for C. elegans 

from hatching till L3 stage (Lemire, 2005). The mitochondrial-dependent oxidative 

phosphorylation, on the other hand, becomes the main energy source after L4. The shift 

in energy metabolism appears to be responsible for the L4 stage-specific reduction in 

both ATP level and oxygen consumption in the UVC-treated worms. 

The change in tissue composition may also contribute to the effect of UVC 

treatment at L4 stage. An L1 larva consists of 558 somatic cells and 2 germ cells, which 

develop into 959 somatic cells and around 1000 germ cells by L4 (Sulston and Horvitz, 

1977). The energy demand of germ cells may be very different from that of somatic cells. 

A previous study has also shown that germ cells have a very different transciptomic 

response to DNA damage as compared to somatic cells  (Boyd et al., 2010).  

mRNA expression of mitochondria- and nucleus-encoded mitochondrial 

subunits respond differently to UVC treatment. The current experiment demostrated 

that (a) mRNA expression of both mitochondria- and nucleus-encoded mitochondrial 

subunits were reduced in a time-delayed manner; and (b) mRNA expression of 

mitochondria-encoded mitochondrial subunits responded earlier than nucleus-encoded 

subunits.  
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Several mechanisms can account for the difference in responses between the 

mRNA expression of mitochondria- and nucleus-encoded mitochondrial subunits. The 

mRNA expression of mitochondrial and nucleus, for instance, has been found to be 

coordinated in mammals by a number of transcription factors, including mitochondrial 

transcription factor A and nuclear respiratory factors 1 and 2 (May-Panloup et al., 2007). 

The UVC-included mitochondrial DNA damage may affect the signal transduction up-

stream, resulting in a reduction in mitochondrial mRNA followed by nuclear mRNA. 

The signal transduction involved may also be a part of a cell-non-autonomous response 

(Durieux et al., 2011). The role of these transcription factors in coordinating the DNA 

damage response between the nuclear and mitochondrial genome can be confirmed by 

knock out these factors and the mitochondrial RNA polymerase. 

 

Conclusion 

The current study illustrated that serial exposures to low-intensity UVC at L1 

stage C. elegans could lead to persistent mitochondrial DNA damage from L1 to L4 stage. 

The treatment significantly inhibited both ATP level and oxygen consumption 24 and 48 

hr after the exposure, while the mitochondrial mRNA expression was inhibited 3 hr after 

the exposure. The current study demostrated that early life exposure to mitochondrial 

DNA damage could result in physiological effect at later life. 
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4. Effects of early-life stage mitochondrial DNA damage 
and drp-1 and pink-1 mutations on mitochondrial DNA 
content and ATP level in Caenorhabditis elegans 

Mitochondria are dynamic organelles that undergo constant remodelling and 

restructuring throughout the life span of a cell (Chan, 2006a; Chan, 2006b; Westermann, 

2010). The four important processes involved in “mitochondrial dynamics” are 

mitochondrial biogenesis, fission, fusion, and autophagy. These processes are important 

to mitochondrial functions, and allow the cell to adjust the energy demand in different 

environments and meet the energy demand at the specific locations inside the cell (Chen 

and Chan, 2009).  

Mitochondrial dynamics have also been proposed as an important mechanism to 

remove damaged mitochondria (Mouli et al., 2009). Mitochondrial dynamics and 

autophagy, for instance, have been proposed as major regulators of mitochondrial 

heterogeneity (Wikstrom et al., 2009). Autophagy has been also found to participate in 

quality control of mitochondria and removal of mitochondrial DNA mutations 

(Shoubridge and Wai, 2008; Mai et al., 2012; Scheibye-Knudsen et al., 2012).  

The current study utilized serial exposures to low-intensity ultraviolent C 

radiation (UVC) to induce mitochondrial DNA damage in L1-stage C. elegans. The effect 

of UVC on mitochondrial DNA content and ATP production was evaluated in two C. 

elegans knock-out models: drp-1, carrying an insertion/deletion in a dynamin-related 

protein required for mitochondrial division (Smirnova et al., 2001), and pink-1, which 
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carries a deletion mutation in a mitochondrial serine/threonine-protein kinase  involved 

in the mitophagy process that when mutated causes Parkinson’s Disease (Chu et al., 

2010). The UVC treatment reduced both the nuclear and mitochondrial DNA copy 

number in the PE255 strain with and without drp-1 and pink-1 mutations. The pink-1 

mutation appeared to limit the growth inhibitory effect of UVC treatment and increase 

the mitochondrial DNA content of the organism. Both drp-1 and pink-1 also limited the 

increase in ATP level during L4 development. The results suggest that mitochondrial  

dynamics played an important role in both the development and energy metabolism of 

C. elegans in the presence of UVC treatment. 

  

Materials and Methods  

C. elegans culture. The transgenic strain PE255 (expressing firefly luciferase; Lagido 

et al., 2008) was generously provided by Cristina Lagido in University of Aberdeen 

(Aberdeen, UK). The strain was crossed with drp-1 (tm1108) and pink-1 (tm1778) 

mutants, both of which were generously provided by the Caenorhabditis Genetics 

Center, which is funded by the NIH National Center for Research Resources (NCRR), 

and had been outcrossed three times before crossing with PE255.  

UVC exposures C. elegans was exposed to serial UVC doses over 48 hr. 

Synchronized L1 populations of nematodes were plated on peptone-free K agar plates 

and exposed to 7.5 J/m2 UVC radiation every 24 hr for 3 times. This exposure protocol is 
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based on the fact that UVC-induced DNA damage is quickly repaired in the nuclear but 

not mitochondrial genome (Meyer et al., 2007), thus allowing for accumulation of 

mitochondrial DNA damage while permitting repair of nuclear DNA. This protocol 

results in no larval growth delay until L4 development (Bess et al., 2012).  

Mitochondrial : nuclear DNA ratio and ATP level assay. Nuclear and 

mitochondrial DNA copy number was measured by real-time PCR as described by 

Bratic et al. (2009). The ATP level was determined by the luminescence level of PE255 

strain (Lagido et al., 2008) as previously described. 

Statistical analysis. Nuclear and mitochondrial DNA copy number, the 

mitochondrial : nuclear DNA ratio, and ATP level were analyzed using Statview© for 

Windows (Version 5.0.1, SAS Institute Inc., Cary, NC). “Strain”, “treatment”, and “time” 

were treated as independent variables in the three-way ANOVA analysis. A p-value of 

less than 0.05 was considered statistically significant. 

 

Results 

Nuclear DNA copy number. Exposure to 7.5 J/m2 UVC significantly reduced nuclear 

DNA copy number in the PE255 strain 48 hr after the treatment (p  < 0.001, Figure. 12a), 

but not at the earlier time points. The drp-1 and pink-1 mutants showed similar responses 

(Figure 12b and 12c). The nuclear DNA copy number of drp-1 and pink-1 mutants was 

not significantly different from that of PE255 background in the absence of UVC 
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treatment (p > 0.05). The nuclear DNA copy number of pink-1, but not drp-1, was 

significantly higher than that of PE255 background in the presence of UVC treatment (p 

= 0.004). 

Mitochondrial DNA copy number. Exposure to UVC significantly reduced 

mitochondrial DNA copy number in the PE255 strain 24 and 48 hr after the treatment (p  

< 0.001, Figure. 13a), but not at the earlier time points. The drp-1 and pink-1 mutants 

showed similar responses (Figure 13b and 13c). A similar response was also observed in 

the mitochondrial : nuclear DNA copy number (Figure 14a, 14b, and 14c).  The 

mitochondrial DNA copy number of pink-1, but not drp-1, was significantly higher than 

that of PE255 background in the absence or presence of UVC treatment (p = 0.013 and 

0.010, respectively).  

ATP level. Exposure to ultraviolent C radiation significantly reduced ATP level in 

the PE255 strain immediately and 48 hr after the treatment (p < 0.025 and 0.001, 

respectively; Figure. 15a), but not at the 3 hr and 24 hr time points. The ATP level of 

PE255 background was also significantly higher than both drp-1 and pink-1 mutants in 

the absence of UVC (p < 0.001; Figure. 15b and 15c). The ATP level of pink-1, but not drp-

1, was significantly different between controls and the UVC-treated groups (p = 0.032). 
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Figure 12a (top left), 12b (lower left), and 12c (lower right). Exposure to 

ultraviolent C radiation reduced nuclear DNA copy number in the PE255 strain 

with and without drp-1 or pink-1 mutation.  
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Figure 13a (top left), 13b (lower left), and 13c (lower right). Exposure to ultraviolent 

C radiation reduced mitochondrial DNA copy number in the PE255 strain with and 

without drp-1 or pink-1 mutation.  
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Figure 14a (top left), 14b (lower left), and 14c (lower right). Exposure to 

ultraviolent C radiation reduced mitochondrial to nuclear DNA copy number 

ratio in the PE255 strain with and without drp-1 or pink-1 mutation.  
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Figure 15a (top left), 15b (lower left), and 15c (lower right). Exposure to ultraviolent 

C radiation reduced ATP level in the PE255 strain, but not in the presence of drp-1 

or pink-1 mutation. 
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Discussion 

The roller transgene background likely exacerbates the growth inhibitory effect of 

UVC treatment The UVC treatment significantly reduced the nuclear DNA copy number 

of PE255 strain (Figure 12a), indicating a growth inhibitory effect on C. elegans. The 

result was different from the previous experiment in which the UVC treatment showed 

no growth inhibitory effect on N2 strain (Figure 8a).  

The PE255 strain carries a roller transgene as a genetic marker (Lagido et al., 2008). 

It may be that since the roller phenotype limited the movement of C. elegans, the 

transgene could reduce the capacity of C. elegans to recover from the UVC treatment, for 

example, by preventing C. elegans from feeding after the treatment. 

pink-1 mutation rescues the growth inhibitory effect of UVC treatment The UVC 

treatment had a similar effect on the PE255 strain with a  pink-1 mutation (Figure 12b). 

The effect of UVC treatment, however, was not as strong compared to the one without 

the pink-1 mutation. The result was consistent with the previous finding that pink-1 

mutant showed less L3 arrest in response to the UVC treatment (Bess et al., 2012). 

Selective autophagy of mitochondria is mediated by accumulation of PINK1, a 

serine/threonine-protein kinase on mitochondria (Vives-Bauza et al., 2010; Narendra et 

al., 2010). Mutations in PINK-1 have been associated with increased sensitivity to 

oxidative stress and mitochondrial dysfunction in both Drophila and cell culture (Clark et 

al., 2006; Exner et al., 2007). While the transition from L3 to L4 stage is accompanied by a 
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shift in energy metabolism, the pink-1 mutation may affect the signaling pathway 

responsible for the growth inhibition, thereby resulting in a rescue effect despite causing 

a reduction in ATP level (Figure 15c). In other words, the current results suggest that the 

signaling pathway, instead of the physiological ATP level, determines whether the 

organism develops into L4 stage. Insulin signaling pathway, for instance, has been 

extensively studied in C. elegans for its role in energy metabolism (Bratic and 

Trifunovic, 2010). The role of different signaling pathway in the response of C. elegans 

toward the UVC treatment remains to be confirmed by knock out experiments. 

pink-1 mutation leads to a higher mitochondrial DNA content The UVC treatment 

resulted in similar effect on the three strains tested, reducing the mitochondrial DNA 

content at 24 and 48 hr time points. pink-1 mutant have a higher mitochondrial DNA 

content than the PE255 background and drp-1 mutant both in the presence or absence of 

UVC treatment. The result was consistent with the finding that pink-1 mutant was 

deficient in selective autophagy of mitochondria (Vives-Bauza et al., 2010; Narendra et 

al., 2010), thus resulting an accumulation of mitochondrial DNA content in the 

organism. 

Both drp-1 and pink-1 are required for increased energy production at L4 stage 

The C. elegans ATP level increased at L4 stage, presumably due to an increase in 

oxidative phosphorylation during the L3 – L4 transformation (Figure 15a).  Both drp-1 

and pink-1 mutants showed an increase in ATP level at the 48 hr time pt, although to a 
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much smaller extent. The result suggests that both drp-1 and pink-1 mutations reduce the 

maximum ATP level the organism can reach  

drp-1 and pink-1 are involved with different aspects of mitochondrial dynamics.  

drp-1 is a dynamin-related protein required for mitochondrial division in mammalian 

cells (Smirnova et al., 2001). pink-1, in comparison, is  involved in the selective autophagy 

of mitochondria. The decreased ATP level in both mutants suggested that mitochondrial 

dynamic play an important role in the transition of energy metabolism. 

 

Conclusion 

The current study revealed that the UVC treatment reduced both the nuclear and 

mitochondrial DNA copy number in the PE255 strain with and without drp-1 and pink-1 

mutations. The pink-1 mutation appeared to limit the growth inhibitory effect of UVC 

treatment and increase the mitochondrial DNA content of the organism. Both drp-1 and 

pink-1 also limited the increase in ATP level during L4 development. The results suggest 

that mitochondrial dynamics played an important role in both the development and 

energy metabolism of C. elegans in the presence of UVC treatment. 
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5. Mitochondrial DNA damage in Caenorhabditis elegans 
and mitochondrial ultrastructure 

Mitochondria have a dynamic shape that is usually elongated with diameter of 

0.5-1 μm and lengths up to 10 times greater. Mitochondria two separate and very 

distinct membranes with together for two compartments. Innermost is the matrix and 

outside this is the narrow intermembrane space. The inner membrane is folded to form a 

series of long infoldings, the  cristae (Palade, 1953; Sjostrand, 1953). Mitochondrial 

abnormalities such as cristae disruption and mitochondrial enlargement are well-

documented events in cell injury (Caldwell et al., 1999; Hirai et al., 2001). There are 

established protocols to study mitochondria in different animal tissues, including C. 

elegans (Ward et al., 1975; Nelson et al., 1983). 

While transmission electron microscopy (TEM) is an established method for 

studying mitochondrial structure, it is seldom used to study mitochondrial DNA 

damage beyond oxidative DNA damage (Ishibashi et al., 2002; Rajikin et al., 2009). In 

addition, the combination of genetic approaches is seldom combined with ultrastructure 

assessing  mitochondrial biology. Some of this is due to the fact that many mitochondria-

related mutations, such as Opa1 and Drp1, are embryonic lethal (Davies et al., 2007; 

Ishihara et al., 2009). 

Ultraviolet C radiation has been used as a model to study mitochondrial DNA 

damage (Bess et al, 2012). Previous studies have shown mitochondrial enlargement 
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following alteration in cellular environment such as calcium (II) ion concentration (von 

Ahsen et al., 2000), RNA interference of mitochondrial dynamics-related genes, such as 

drp-1 (Ichishita et al., 2008), or exposure to UVC irradiation or actinomycin D (Tondera et 

al., 2009).  

The current study examined the effect of UVC treatment on mitochondrial 

ultrastructure in two C. elegans knock-out models: drp-1, carrying an insertion/deletion in 

a dynamin-related protein required for mitochondrial division (Smirnova et al., 2001), 

and pink-1, which carries a deletion mutation in a mitochondrial serine/threonine-

protein kinase  involved in the autophagy process (Chu et al., 2010). Our TEM analysis  

revealed that both drp-1 and pink-1 mutations were associated with mitochondrial 

altered structure, but UVC treatment failed to cause detectable alteration.  

 

Materials and Methods  

C. elegans culture. The transgenic strain PE255 (expressing firefly luciferase; Lagido 

et al., 2008) was generously provided by Cristina Lagido in University of Aberdeen 

(Aberdeen, UK). The strain was crossed with drp-1 (tm1108) and pink-1 (tm1779) 

mutants, both of which were generously provided by the Caenorhabditis Genetics Center, 

which is funded by the NIH National Center for Research Resources (NCRR), and had 

been outcrossed three times before crossing with PE255.  
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UVC exposures. C. elegans was exposed to serial UVC doses over 48 hr as described 

in Chapter 3 and 4.  

 

TEM. Synchronized PE255 L1s were exposed to UVC on K agar plate in the absence 

of OP50 for 48 hr. The worms were washed with K medium twice, transferred to seeded 

K agar plates, and at 48 hr were rinsed off plates with K medium and concentrated to 

less than 50 ul in volume. They were then fixed in 1.5 ml 2% osmium tetroxide in 0.1 M 

cacodylate buffer (pH 7.4) for 30 min. Fixed worms were washed with 0.1 M cacodylate 

buffer twice and transported  to the Laboratory for Advanced Electron and Light Optical 

Methods (LAELOM),  North Carolina State University College of Veterinary Medicine . 

Subsequent processing was performed as previously described by Dykstra (1993). 

Briefly, the sample was rinsed twice in 0.1 M sodium phosphate buffer (pH 7.2) and 

placed in 1% osmium tetroxide in the same buffer for 1 hr at room temperature. 

Following two rinses in distilled water and dehydration in a graded ethanolic series 

culminating in two changes of 100% acetone, worms were placed in a mixture of Spurr 

(1969) resin and acetone (1:1) for 30 min, followed by 2 hr in each of two changes with 

100% resin. Finally, samples were placed in fresh 100% resin in molds and polymerized 

at 70 oC for 8 hrs to 3 days. Next, semi-thin (0.25-0.5 μm) sections were cut with glass 

knives and stained with 1% toluidine blue-O in 1% sodium borate. These sections were 

viewed under a light microscope to verify presence of worms and the block face was 
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trimmed to maximize organisms in planar sections. Next, ultrathin (70-90 nm) sections 

were cut with a diamond knife, placed on copper grids and stained with methanolic 

uranyl acetate followed by lead citrate. Finally, sections were examined using a 

FEI/Philips EM 208S transmission electron microscope at 80kV. 

 

Results  

TEM analysis reveals C. elegans tissue and mitochondrial ultrastructure. 

Mitochondrial ultrastructure in various tissues were identified after examining the ultra-

thin sections of C. elegans samples as summarized in Table 3. The most distingushable 

tissues included germ cells, skeletal muscle myocytes of the worm wall, and the 

digestive tract (Figure 16, 17, 18, and 19). A variety of mitochondrial shapes and sizes 

was also observed in the sections examined, suggesting that a diversity of their 

ultrastructure is normally present in C. elegans tissues, as previously observed using a 

mitochondiral matrix GFP-expressing transgenic (Bess et al., 2012). 

Both drp-1 and pink-1 mutations reveal mitochondrial enlargement. 

Mitochondrial ultrastructure was most distinguishable in the muscle (Figure 19) and 

body core (Figure 20). Mitochondria of UVC-treated samples was examined in 

comparison with controls for presence of mitochondrial alterations, such as enlargement 

and cristae disruption. No alterations were detected in control and/or UVC-treated 
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worms. However, both drp-1 and pink-1 mutants demonstrated mitochondrial 

abnormalities with and without UV treatment. Mitochondria of irregular shape were 

found in both mutants (Figure 21-23). 

 

Table 3. Observation Summary with Transmission Electron Microscopy. 

Total images examined : 66 

 

Images showing skeletal muscle: 23 

 

Images of  body core: 33  

 

Images with prominent lipid droplets : 20 

 

 

 

Images of  germ cell chromosomes : 4 

 

Images of germ cells : 10 

 

 

 

Treatment Total Images 

Images of 

orthodox 

mitochondria 

 

Images with altered 

mitochondria 

 

Control (PE255) 

 

UVC-treated 

 

drp-1 mutant 

 

drp-1 mutant, 

UVC-treated 

pink-1 mutant 

pink-1 mutant, 

UVC-treated 

 

 

               15                                             

 

               17 

 

                6 

 

                9 

 

                9 

               10 

 

 

                                                

               10 

 

               11 

 

                6 

 

                5 

 

                4 

                5 

 

 

                 

                0 

 

                0 

 

                4 

 

                3 

 

                3 

                5 
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Figure 16. Germ cells, muscle wall, and the 

digestive tract in the PE255 strain of C. elegans 

(transverse mid-body section) 

Figure 17. Germ cells of different 

developmental stages in the PE255 strain of C. 

elegans (transverse germ line section) 

Figure 18. Digestive tissue with digested 

content in the PE255 strain of C. elegans 

(transverse mid-body section) 

Figure 19. Muscle wall with power-generating 

sarcomeres and energy-generating 

mitochondria and glycogen reserves in the 

PE255 strain of C. elegans (transverse muscle 

section) 
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Figure 20. Mitochondria in the body core of 

the PE255 strain of C. elegans (transverse mid-

body section) 

Figure 21. Enlarged mitochondrion in the 

PE255 strain of C. elegans with drp-1 mutation 

(transverse muscle section) 

Figure 22. Enlarged mitochondria in the 

muscle of the PE255 strain of C. elegans with 

drp-1 mutation after the UVC treatment  

(transverse muscle section) 

Figure 23. Enlarged mitochondria in the body 

core of PE255 strain of C. elegans with pink-1 

mutation (longitudinal mid-body section) 
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Other sub-cellular effects of UVC treatment remain to be confirmed. TEM 

revealed a number of sub-cellular changes in UVC-exposed C. elegans, such as chromatin 

packing and lipid accumulation (Figure 24 and 25). While the current study did not 

quantify these changes, further experiments may provide insight on whether and how 

they are related to mitochondrial DNA damage. In addition to the above, worms fixed 

only in osmium tetroxide showed large irregular clear spaces (See white spots in figure 

25). We interpreted these as areas of extraction. Future work will incorporate use of 

sharpened titanium tips for penetration of cuticle and entry of fixative. 

 

         

 

 

 

Figure 24. Change in chromatin packing in the 

PE255 strain of C. elegans after the UVC 

treatment (transverse germ line section) 

Figure 25. Accumulation of lipid droplets in 

the PE255 strain of C. elegans after the UVC 

treatment (longitudinal mid-body section) 
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Discussion 

Both drp-1 and pink-1 mutations alter mitochondrial ultra-structure in C. 

elegans.  drp-1 is a cytosolic, dynamin-related protein required for mitochondrial 

division (Smirnova et al., 2001). It localizes on the mitochondrial outer membrane, 

constricting the mitochondrial tubule to mediate membrane fission. pink-1, on the other 

hand, is  involved in the selective autophagy of mitochondria (Vives-Bauza et al., 2010; 

Narendra et al., 2010). Stabilization of pink-1 protein on the mitochondrial outer 

membrane occurs upon mitochondrial depolarization, allowing PINK1 to recruit parkin 

and facilitate the mitophagy process. The current study detected mitochondrial 

enlargement in both drp-1 and pink-1 mutants, which is consistent with the function of 

these two genes.  

Defects in mitochondrial dynamics have been previously studied using 

fluorescence microscopy and TEM (Ju et al., 2007; Papanicolaou et al., 2012). 

Mitochondrial fission has been described as the conversion of tubular fused 

mitochondria into isolated, small organelles (Ju et al., 2007). The current study has not 

identified a reduced occurrence of smaller mitochondria in the drp-1 mutant, but instead 

the occurrence of large mitochondria of irregular shapes (Figure 21 and 22). The finding 

is consistent with an earlier report that the RNA interference of drp-1 gene results in 

mitochondrial enlargement in C. elegans as revealed by fluorescence microscopy 

(Ichishita et al., 2008).  
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The pink-1 mutation was found to reduce the length of mitochondrial cristae 

structure in C. elegans muscle (Sämann et al., 2009). While the current study has not 

quantified the change in mitochondrial ultrastructure in the examined samples, such a 

measure might be useful to reveal how the mutations and UVC treatment interact. The 

current study revealed the occurrence of larger mitochondria of irregular shapes in the 

pink-1 mutant (Figure 23). The observation was consistent with the previous finding that 

the mitochondrial DNA content is higher in the pink-1 mutant as compared to the PE255 

background (Figure 13c). 

While the current study suggested mitochondrial enlargement in both drp-1 and 

pink-1 mutants, it is important to note that electron microscopy can only measure a size 

increase in a 2-dimensonal plane, which is not equivalent to a volume increase in 3-

dimensonal space. The fact that larger mitochondria were observed in multiple sections 

was strongly suggestive of a total increase in mitochondrial volume, but a quantitative 

measurement of mitochondrial area in consecutive section planes would be required to 

provide volumetric estimates and more definitive proof of the effect. 

The UVC treatment resulted in an absence of  detectable change in 

mitochondrial ultra-structure in C. elegans Mitochondrial abnormality such as cristae 

disruption and mitochondrial enlargement are well-documented fine structural 

observations (Caldwell et al., 1999; Hirai et al., 2001). Since the UVC treatment generated 

mitochondrial DNA damage and mitochondrial dysfunction, it was hypothesized to 
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create altered mitochondrial morphology in the samples examined. The comparion 

between the  control and treated samples of PE255 strain, however, revealed no 

detectable change in mitochondrial ultrastructure. Similarly, the drp-1 and pink-1 

mutants showed similar similar mitochondrial structure between the control and UVC 

treated samples, suggesting that the UVC treatment failed to alter mitochondrial 

ultrastructure even in these mutant organisms. 

The UVC treatment generated around 2.5 mitochondrial DNA lesions per 10,000 

base pairs, which was reduced to <1 by 48 h, the time at which these samples were 

processed for analysis (Figure 7a). Since each mitochondrion contains 14 kilo base pairs, 

75% of the C. elegans mitochondrial genomes would carry at least one damaged base pair 

at the time of microscopic examination. Despite the prevalence of damaged 

mitochondrial DNA copies and the alterations in mitochondrial function observed in 

Chapter 2, the fine structural analysis did not detect alteration after UVC treatment. This 

result suggested that mitochondrial DNA damage could affect mitochondrial function 

without affecting structure of the organelle. 

The UVC treatment, on the other hand, lowered the mitochondrial DNA copy 

number almost by halves in all strains tested (Figure 13a, 13b, and 13c). The microscopic 

analyses did not reveal a detectable difference in mitochondrial content between the 

control and UVC-treated groups. The result suggested that the mitochondria could 

maintain their size and structure despite a reduction in mitochondrial DNA copy 
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number. This is also consistent with the previous finding that a decrease in 

mitochondrial DNA copy number did not affect activity of cytochrome c oxidase 

(Piechota et al., 2006).  

The mitochondrial inner membrane structure has been frequently examined in 

previous C. elegans electron microscopy studies (Kanazawa et al., 2008; Mun et al., 2010; 

Gallo et al., 2011). Kanazawa et al. (2008) reported that a mutation in mitochondrial 

fusion protein EAT-3 resulted in mitochondrial fragmentation by inner membrane 

septae. Gallo et al. (2011), on the other hand, reported that a mutation in mitochondrial 

membrane transporter MISC-1 resulted in a decreased number of mitochondrial cristae. 

The UVC treatment, however, caused no detectable abnormality at the mitochondrial 

inner membrane structure. 

Other cellular components may be affected by the UVC treatment or 

mitochondrial dynamics mutations The current study revealed two other 

ultrastructural changes: chromatin packing in germ cells and lipid accumulation in 

different body tissues. Chromatin packing may result from nucleus-mitochondria cross-

talk as a result of UVC-induced mitochondrial DNA damage (Dawson and Dawson, 

2004), but might also result from the nuclear DNA damage that was incurred (Bess et al., 

2012). The lipid accumulation, on the other hand, could be a consequence of reduced 

beta-oxidation due to mitochondrial malfunction (Pessayre et al., 2004). While the 

current experiment did not provide quantitative evidence as to how these events were 
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related to the UVC treatment or mitochondrial dynamics mutations, both can be easily 

detected under TEM due to their distinctive features, providing an opportunity for 

further investigation.  

The fixation procedure is not yet fully optimized despite experimentation with 

several methods A C. elegans electron microscopy method has been previously 

described by Hall et al. (2012). While the method has been optimized for fixation quality, 

it is a labor-intensive procedure, thereby limiting its applications for a large number of 

samples. The current experiment has evaluated a number of alternatives to reduce the 

time needed for the fixation proceduure. 

Two fixatives were tested to optimize the fixation procedure in the current 

experiment. An aldehyde-based fixative was first tested for its performance in fixing the 

C. elegans samples. While the cellular components of the fixed C. elegans samples were 

well preserved, the animals appeared to survive in the fixative for several hours, 

resulting in twisted body orientations that complicated the image interpretation 

afterward. The 2% osmium fixative, on the other hand, killed the organism upon contact, 

resulting in a straightened body orientation and allowing longitudinal and transverse 

sectioning of the whole organism. 

The 2% osmium sufficiently preserved the cell components discussed in the 

current chapter, but some of the cytosolic content was found extracted from the sample 
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during washes. The incomplete fixation (leading to extraction) was indicated in the 

hollow regions in Figure 22. This problem was likely caused by the incomplete 

penetration and resultant inability to stabilize portions of the tissues. This may have 

resulted from (1) a shorter osmium fixation period (30 min at room temperature) as 

compared to previously reported (overnight at 4 Co), or (2) the omission of the worm 

slicing step prior to the fixation (Hall et al., 2012). This issue may also be resolvable in the 

future by using an additional, aldehyde fixative prior to fixation with the osmium. 

Hall and Russell (1991) reported a similar osmium-based fixation procedure, 

using 1-phenoxyl-2-propanol as an anesthetizing agent. The agent was tested in the 

earlier trial and found to paralyze the worm as reported. But the agent had no effect on 

the quality of fixation. Rather, it increased the sample loss after spinning due to 

floatation of fixed C. elegans.  

The earlier trial also evaluated different methods in isolating C. elegans from the 

fixative. Fixed C. elegans were found to stick on the wall of plastic conical tubes during 

centrifugation, resulting in significant loss of sample during the spinning process. The 

use of either a fixed-angle rotor or a swinging bucket resulted in similar effect. Glass 

conical tubes, in contrast, did not stick to the worm, resulting in almost full recovery of 

the fixed C. elegans sample even when using an angled rotor.  
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6. Effects of early-life stage mitochondrial DNA damage 
in Caenorhabditis elegans neurons as revealed by 
fluorescence microscopy 

Mitochondria play an important role in multiple neurological disorders (Gomez 

et al. 2007; DiMauro and Schon, 2008). Neurons are high energy-use cells that rely on 

mitochondria for their supply of energy (Weissman et al. 2007). The high metabolic 

activity of neurons leads to the production of reactive oxygen species, and the brain is 

particularly susceptible to oxidative stress due to its low supply of antioxidant enzymes 

and high lipid content (DiMauro and Schon, 2008). Mitochondrial DNA damage and 

mutation have been correlated with neurodegeneration (DiMauro and Schon, 2008; 

Fukui and Moraes, 2008), but whether the relationship is causal remains unclear.  

There is growing evidence that neurodegeneration can result from early lifestage 

exposures (Barlow et al. 2007; Borenstein et al. 2006; Miller and O'Callaghan 2008). 

Environmental genotoxicants that target mitochondrial DNA are strong candidates for 

acting in this fashion. Since the mitochondrial DNA in somatic cells was all amplified 

from a smaller pool of mitochondrial DNA in the embryo, mitochondrial DNA damage 

resulting from environmental exposure in early life stages may impact physiological 

functions in later stages of life. 

The current study examine whether (a) mitochondrial genotoxins could cause 

dopaminergic neurodegeneration and (b) the observed dopaminergic 

neurodegeneration could be attributed specifically to mitochondrial DNA damage and 
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depletion. The animals were first treated with aflatoxin B1 and paraquat, two known 

genotoxins for mitochondrial genome, and observed for dopaminergic 

neurodegeneration. The experiment was repeated with the UVC treatment as well as  

exposure to ethidium bromide, a treatment known to limit mitochondrial DNA 

amplification in C. elegans (Tsang et al., 2002; Bess et al., 2012). The results demonstrate 

that early life stage exposure to mitochondrial DNA damage and depletion leads to 

neurodegeneration in C. elegans.  

  

Materials and Methods 

C. elegans culture. The transgenic strains BY250 (dat-1::GFP, expressing GFP only 

in dopaminergic neurons; Nass et al., 2002) and  CZ1200 (unc-25::GFP, expressing GFP 

only in GABAergic neurons; Huang et al., 2002) were generously provided by Michael 

Aschner, Vanderbilt University (Nashville, TN).  

Aflatoxin B1 and paraquat exposures. Aflatoxin B1 and paraquat were purchased 

from Sigma (St Louis, MO) and dissolved into K+ medium for exposure. C. elegans were 

treated with the medium in 12-well plates. Each well contained 1 ml of the medium and 

1000 L1 larvae. 6-hydroxydopamine, a neurotoxic agent that specifically targets 

dopaminergic neurons, was also tested as a positive control for neural damage. 

UVC and ethidium bromide exposures. C. elegans was exposed to serial UVC 

doses over 48 hr as described in Bess et al. (2012). This exposure protocol is based on the 
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fact that UVC-induced DNA damage is quickly repaired in the nuclear but not 

mitochondrial genome (Meyer et al., 2007), thus allowing for accumulation of 

mitochondrial DNA damage while permitting repair of nuclear DNA. This protocol 

results in larval growth delay that is mild at the doses used in this study (Bess et al., 

2012). Ethidium bromide exposures were on K agar plates (Tsang et al. 2001) using doses 

leading to mild larval growth delay Bess et al (2012). 

Confocal fluorescent microscopy. Synchronized BY250 and CZ1200 L1s were 

exposed to paraquat (in K+ medium) and UVC (on K agar plate) in the absence of OP50 

for 48 hr. The worms were washed with K medium twice, transferred to seeded K agar 

plates, and sampled at 48 hr for confocal fluorescent microscope.  

C. elegans was imaged using a Zeiss LSM 510 upright confocal microscope. 

Qualitative analysis of BY250 worms was done focusing on the morphological defects of 

dopaminergic CEP neurons in the head region of C. elegans. CZ1200 worms were 

analyzed similarly, focusing on damage to the ventral motor neural cord. 

Quantitative morphology assessment. Treated C. elegans were imaged using a 

Zeiss Axioskop microscope. Quantitative analysis of BY250 worms was done by blind-

scoring of the morphological defects of dopaminergic CEP neurons in the head region of 

C. elegans on a 2.5-point scale: 0: no damage, 1: swelling or breaks along axons, 1.5: 

extended break along axon, 2: dissolution of axon and cell body, and 2.5: absence of 
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neuron. The experiment was repeated four times with approximately 100 worms 

analyzed per treatment at 24, 48, and 96 hr after the chemical or UVC treatment. 

Statistical analysis.  Dopaminergic neurodegeneration data were analyzed 

using the statistical software R version 2.12.0 (R Foundation for Statistical Computing, 

Vienna, Austria). The nonparametric Kruskal-Wallis test was used to test for differences 

between dosage levels for each chemical at each time point.  Due to sparseness in the 

cross-tabulations of dosage levels and scores, Fisher’s exact test was used when testing 

independence of chemical dosage levels and scores at each time point.  A p-value of less 

than 0.05 was considered statistically significant. Dopaminergic neurodegeneration data 

were graphed as histograms using Prism 5.0 (GraphPad Software Inc., Carlsbad, CA).  

 

Results 

Exposures to aflatoxin B1 and paraquat resulted in detectable lesions in 

dopaminergic CEP neurons. Individuals possessing lesions displayed different levels of 

damage in their four dopaminergic CEP neurons after exposures to paraquat and UVC 

(Figure 26). The damage ranged from swelling to breaks along the dendrites. Exposure 

to 6-hydroxyl dopamine, on the other hand, resulted in much more severe lesions in the 

dopaminergic neurons, including the complete loss of dendrites or damage to cell 

bodies. Neither significant lesions in the GABAergic dorsal nerve cord (Figure 27) nor 
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any sign of pharyngeal necrosis (measured as described in (Samokhvalov et al. 2008) 

were detected (data not shown).  

 

Figure 26. Dopaminergic neurons 48 hr after early-life exposure to 180 μM paraquat, 10 

J/m2 UV, and 50 mM 6-hydroxydopamine visualized via confocal microscopy (250 x).  
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Figure 27. GABAnergic neurons 48 hr after early-

life exposure to 180 μM paraquat (100 x).  

The time course of neuronal damage caused by aflatoxin B1 and paraquat was 

similar to each other. Exposures to aflatoxin B1 and paraquat resulted in neuronal lesions 

24 hr after the larval exposure (Table 3, Figure 26), but there was significant recovery by 

48 and 96 hr. This was not the result of death of more-injured individuals, since there 

was no detectable lethality.  
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Table 4. Dopaminergic neurodegeneration caused by exposure to aflatoxin B1 and 

paraquat in early stage C. elegans. Neuronal damage was scored from 0 (lowest) to 2.5 

(highest) and assessed statistically using Fisher’s exact test. 

 

 
Figure 28. Dopaminergic (CEP) neurodegeneration in early stage C. elegans 24 hr after 

the exposure to aflatoxin B1 and paraquat. Neuronal damage was scored from 0 (lowest) 

to 2.5 (highest) (0: no damage, 1: swelling or breaks along axons, 1.5: extended break 

along axon, 2: dissolution of axon and cell body, and  2.5: absence of neuron). 
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UVC and ethidium bromide exposures result in dopaminergic 

neurodegeneration. It remained possible that aflatoxin B1 and paraquat exposure led to 

dopaminergic neurodegeneration via a mitochondrial DNA-independent mechanism. 

To test this possibility, C. elegans was exposed to (a) repeated low-dose UVC radiation 

that resulted in persistent DNA damage in the mitochondria but not in the nucleus; 

and/or (b) ethidium bromide that blocks mtDNA replication.   

Exposures to both UVC and combined UVC and ethidium bromide treatment 

resulted in neuronal lesions 48 and 96 hr after the exposure (Table 4, Figure 29). 

Exposure to ethidium bromide, in comparison, resulted in lesions 48 hr after the 

exposure only (Table 4). The combined UVC and ethidium bromide treatment, 

interestingly, did not result in a higher level of lesions as compared to the UVC or 

ethidium bromide treatment alone, but did result in greater persistence of damage.  
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Table 5. Dopaminergic neurodegeneration caused by exposure to ultraviolet C radiation, 

ethidium bromide, and both in early stage C. elegans. Neuronal damage was scored from 

0 (lowest) to 2.5 (highest) and assessed statistically using Fisher’s exact test.  
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Figure 29. Dopaminergic (CEP) neurodegeneration in early stage C. elegans 24 hr after 

the exposure to ultraviolet C and ethidium bromide. Neuronal damage was scored from 

0 (lowest) to 2.5 (highest) (0: no damage, 1: swelling or breaks along axons, 1.5: extended 

break along axon, 2: dissolution of axon and cell body , and 2.5: absence of neuron).      

 

Discussion 

Aflatoxin B1 and paraquat cause dopaminergic neurodegeneration in C. elegans 

via a mitochondrial DNA-dependent mechanisms The current experiment 

demonstrated that aflatoxin B1 and paraquat exposures, which generated bulky mtDNA 

adducts and induced oxidative mtDNA damage, respectively, could both lead to 

dopaminergic neurodegeneration (Table 4). The use of UVC and ethidium bromide 

treatments provided an additional line of evidence to support the hypothesis that 

mitochondrial DNA played a role in the observed dopaminergic neurodegeneration 

(Table 4). The current findings are consistent with the report of Ved et al. (2005) that 
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Parkinson’s disease-related genetic modifications disrupted mitochondrial functions in 

C. elegans. Interestingly, while UVC exposure did not affect the Parkinson’s disease-

related knock-out or knock-in mutants more than the wildtype in the previous study, 

the current study showed that paraquat preferentially attacked mitochondrial DNA 

(Figure 6), suggesting that the DNA damage assay was more sensitive in detecting the 

mitochondria-specific effects of paraquat exposure. 

Mitochondria are vulnerable to environmental exposure to genotoxins in early 

life stage Mitochondrial DNA is likely to be a particularly susceptible target in early 

stages of life, because early life stages exhibit a “bottleneck” characterized by a much 

lower mtDNA copy number (Cao et al. 2007). This may be true in C. elegans as well; 

mitochondria DNA copy number per cell is high in freshly laid eggs, decreases on 

average (ie, across all cells) during development, and is then increased again in newly 

produced oocytes (Bratic et al. 2009; Tsang and Lemire 2002; Table 2). However, germ-

cell specific mitochondria DNA levels have not been reported in C. elegans. The presence 

of a bottleneck means that early life-stage mitochondria DNA damage may be converted 

to mutations and amplified during mitochondria DNA replication. Furthermore, some 

types of mitochondria DNA damage may also inhibit mitochondrial transcription and 

replication (Graziewicz et al. 2004; Cline et al. 2010; Kasiviswanathan et al., 2012). All of 

these effects could lead to mitochondrial dysfunction, which is likely to be especially 

problematic in cells dependent on mitochondrial function such as neurons. The results 
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of the current experiment were consistent with this model: the exposures to aflatoxin B1, 

paraquat, UVC, and ethidium bromide were all conducted at the early larval (L1) stage 

of C. elegans, whereas neurodegeneration was observed from L3 to adult stages. This is 

also consistent with the neurodevelopmental basis of Parkinson’s disease in which 

dopaminergic neurons sustain damage in early life stage, resulting in clinical symptoms 

while their number drops below a critical limit as a part of the aging process (Barlow et 

al. 2007). 

C. elegans demonstrated various degree of recovery from neuronal damage 

after the larval exposures. Exposures to paraquat and ethidium bromide resulted in 

more persistent neuronal damage than exposure to aflatoxin B1 (Table 3 and 4). The 

result was surprising since aflatoxin B1 exposure, but not other chemicals, produced 

persistent mitochondrial DNA adducts, suggesting that C. elegans may have better 

mechanisms to cope with this specific type of damage. UVC exposure, on the other 

hand, resulted in neuronal lesions that persisted throughout the observed period. 

However, it will be difficult to interpret such results until it is clear whether C. elegans is 

able to regenerate its dopaminergic neurons, as was recently demonstrated for 

GABAergic neurons in C. elegans (Hammarlund et al. 2009).  

Dopaminergic neurons are more suspectible to mitochondria genotoxins than 

GABAergic neurons. The current experiment also demonstrated that dopaminergic 

neurons were more susceptible to exposures to aflatoxin B1 and paraquat than 
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GABAergic neurons and pharyngeal muscle cells, although both of those cell types are 

presumably also dependent on mitochondrial function. Dopamine readily oxidizes to 

react with proteins, lipids, and nucleic acids and produces neurotoxic derivatives, 

including 6-hydroxydopamine (Sulzer 2007), which in turn leads to greater reactive 

oxygen species formation. Mitochondrial DNA damage and depletion may synergize 

the endogenous toxicity of dopaminergic metabolism, thereby resulting in selective 

dopaminergic lesions. 

The current experiment attempted to address the susceptibility of dopaminergic 

and GABAergic tissue. It is uncertain, however, whether these two sets of neurons 

respond to the UVC and chemical treatments independent of each other of not. Recent 

studies suggested that stress response in individual cells could be coordinated by 

neuronal signaling and endocrine pathways (Prahlad and Morimoto, 2008). Thus it is 

not clear whether the dopaminergic neurons were more responsive to the stress 

signaling or the cellular damage caused by the UVC and chemical treatments 

themselves. 
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7. Conclusions 

Early life-stage mitochondrial DNA damage can result in adverse effects in 

later life stage in C. elegans Mitochondria represent a susceptible target to 

evnironmental exposure during animal development. The current studies demostrated 

that exposures to paraquat and ultraviolent C radiation could damage mitochondrial 

DNA. Early life-stage mitochondrial DNA damage caused by ultraviolent C radiation 

could lead to later-life changes in mitochondrial DNA content, transcription, ATP level, 

and oxygen consumption as well as degeneration of dopaminergic neurons. 

Interestingly, both drp-1 (mitochondrial fission) and pink-1 (mitophagy) mutations 

reduced mitochondrial DNA content and ATP level, but did not intensify the effect of 

UVC treatment. These results had important implications in both basic biology of 

mitochondria as well as its susceptibility to environmental exposure. 

Exposures to paraquat resulted in mitochondrial DNA damage and later life-

stage dopaminergic neurodegeneration in Caenorhabditis elegans, but further 

experiments are needed to prove a causational relationship Paraquat has been 

frequently used in experimental work to study Parkinson’s disease in rodents (Berry et 

al, 2010). Occupational exposure to paraquat has also been demostrated to correlate with 

Parkinson’s diseases in epideminology studies (Costello et al., 2009; Kamel et al., 2007). 

Since paraquat can undergo one-electron reduction and create a widespread oxidative 

stress in cells (Castello  et al., 2007; Cochemé and Murphy, 2008), it has been suggested 
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that paraquat generated oxidative stress in dopaminergic neurons, resulting in 

Parkinson’s Disease.  

Mitochondria are potential targets of paraquat exposure. Paraquat, for instance, 

has been demostrated to inhibit mitochondrial complex I, thereby resulting in free 

radical leakage from electron transport chain (Cocheme and Murphy, 2008; Cocheme 

and Murphy, 2009). Studies have shown that paraquat exposure can disrupt 

mitochondrial iron uptake and hydrogen peroxide removal (Carroll et al, 2011; Drechsel 

and Patel, 2010). Mitochondria have also been demostrated to be the source of paraquat-

induced reactive oxygen species production in the brain (Castello et al., 2007). The 

current study, in comparison, was the first to demostrate the selective mitochondrial 

genotoxicity of paraquat exposure.  

The current study demostrated the mechanistic connections between 

environmental exposure, mitochondrial genotoxicity, and dopaminergic 

neurodegeneration though two lines of evidence: (1) Exposure to paraquat could result 

in both mitochondrial DNA damage and later-life dopaminergic neurodegeneration, 

and (2) UVC treatment, which resulted in mitochondrial DNA damage, could also cause 

later-life dopaminergic neurodegeneration. Several other studies have demostrated 

similar connections between envionment, mitochondria, and neurodegeneration. The 

pesticides paraquat and rotenone have both been demonstrated to affect mitochondrial 

functions and induce loss of nigral dopaminergic neurons and Parkinson-related 
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behavioral changes in animal models (Henchcliffe and Beal, 2008). Parkinson’s Disease, 

furthermore, was shown to associate with exposures to two groups of pesticles which 

inhibited mitochondrial complex I and caused oxidative stress, respectively, in an 

epideminology study (Tanner et al, 2011). The current study, in contrast, was the first to 

demostrate the later-life neurological effects of early-life stage mitochondrial DNA 

damage in vivo. 

While the current study hypothesized that mitochondrial genotoxicity resulted in 

the observed neurodegeneration, other factors could also involve. Most of the UVC 

radiation was absorbed by nucleic acid, but some could also be absorbed by protein. 

Protein misfolding has been found to be an important stressor responsible for 

neurodegeneration (Prahlad and Morimoto, 2009). Both oxidative stress and UVC 

radiation, in addition, could induce nuclear DNA specific DNA damage responses, such 

as translesion DNA synthesis and cell cycle arrest (Koren , 2007.; Ramos-Espinosa et al., 

2012).  These responses may also affect the development of C. elegans, contributing the 

observed neurodegeneration.  

The lack of syngeristic effects between mitochondrial fission and autophagy 

mutations and the UVC treatment revealed a more complicate relationship between 

mitohchondrial dynamics,  DNA damage, and C. elegans development Both drp-1 and 

pink-1 mutations have been demostrated to affect mitochondrial structure and function 

in C. elegans. pink-1 mutants, for instance, had reduced cristae length and increased 
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sensitivity to oxidative stress (Sämann et al., 2009). The expression of pink-1 reduced 

mitochondrial fragmentation caused by α-synuclein (Kamp et al., 2010). drp-1 was  

involved in severing of the mitochondrial outer membrane (Labrousse et al., 1999). Both 

drp-1 and pink-1 mutants were found to affect mitochondrial DNA damage removel in C. 

elegans (Bess et al, 2012). 

The current experiment induced persistent mitochondrial DNA damage  using 

UVC at the L1 stage of C. elegans. Mitochondrial DNA copy number, ATP level, and 

oxygem consumption increased several folds 48 hr later in the untreated animals. Since 

both drp-1 and pink-1 were involved in mitochondrial DNA damage removal, the 

mutations were hypothesized to syngerstize the time-delayed effect of UVC treatment. 

The results of mitochondrial copy number and ATP level, however, did not support a 

syngeristic relationship between the UVC treatment and drp-1 and pink-1 mutations.  

The electron microscopy results revealed a sharp morphogical effect caused by drp-1 and 

pink-1 mutations, but not UVC treatment.  

The current results suggested that mitochondrial dynamics and autophagy play 

a more integral role in cell functions than preivously expected. In addtion to energy 

production, the mitochondria are involved in a number of cellular processes, including 

apoptosis, cell signalling, calcium and ion storage, and heme and steroid metabolism 

(Nunnari and Suomalainen, 2012). Many of the proteins involved in mitochondrial 

morphology have dual roles in both dynamics and apoptosis and are tightly regulated 
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depending on cellular signals, environment, and energetic demands of the cell (Palmer 

et al., 2011). The mitochondrial DNA damage could serve as a signal that alter 

mitochondrial morphology and functions, while the mutations in mitochondrial 

dynamics and autophagy disrupted the signaling process. On the other head, the 

mutations in mitochondrial dynamics and autophagy could have a severe impact to 

cellular functions that even further mitochondrial DNA damage could not induce 

further adverse effect. Both scenerios are supported by the current results that neither 

mitochondrial DNA copy number, ATP level, or ultrastructure of drp-1 and pink-1 

mutants was affected by the UVC treatment. 

The current study demostrated several challenges in accessing mitochondrial 

genotoxicity caused by environmental exposure Mitochondrial genotoxicity represents 

an unique challenge in environmental toxicology. Since the mitochondrial DNA 

amplifies throughout animal development, the exposure to mitochondrial genotoxins 

may not have an immediate effect to the organism, but a delayed impact in later life. The 

UVC treatment induced mitochondrial DNA damage at the L1 stage of C. elegans, but 

the effect in ATP level, oxygen consumption, and dopaminergic neurodegeneration did 

not manifest until 48 hr after the treatment, possibly due to the metabolic shift into 

oxidative phosphorylation (Lemire, 2005).  The current results suggested that the 

assessment of mitochondrial genotoxicity was dependent of the developmental and 

metabolic status of the tested model. This finding has important implication in the use of 
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cell culture systems in detecting potential mitochondrial genotoxins in the future 

(Nadanaciva and Will, 2011).  

The another important issue in mitochondrial genotoxicity assessment is the 

tissue specificity of the effect. The current studies assessed mitochondrial DNA copy 

number, DNA damage level, ATP level, and oxygen consumption in the whole 

organism level, but individual tissues in the organism could have very different 

responses toward mitochondrial genotoxicity, depending on their energy demand and 

developmental status during the exposure. The dopaminergic neurons, for instance, 

have been develpoed before the UVC treatment. The level of mitochondrial DNA 

damage as well as its effect could be very different in these neurons as compared to 

other developing body tissue. The recent development of C. elegans cell cultures could 

provide a means to study how individual C. elegans tissue responds to mitochondrial 

genotoxicity (Zhang et al., 2011).  

 

Summary 

The current dissertation demostrated that early life stage mitochondrial DNA 

damage can result in adverse effect in later life in an in vivo model. The results suggested 

that exposure to paraquat, an important herbicide, resulted in dopamingeric 

neurodegeneration due to its mitochondrial genotoxicity. The lack of syngeristic effects 

between drp-1 and pink-1 mutations and UVC-induced mitochondrial DNA damage 
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suggested that a more involved role of mitohchondrial dynamics and autophagy in 

cellular functions and animal development. The results also highlighted several 

challenges of mitochondrial genotoxicity assessment which remained to be improved in 

the future. 
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Appendix A: Evaluation of nuclear DNA damage resulted 
by exposures to benzo[a]pyrene and aflatoxin B1 in 
Caenorhabditis elegans 

The nematode Caenorhabditis elegans is emerging as an important model in 

pharmacology and toxicology (Leung et al., 2008; Peterson et al., 2008). Caenorhabditis 

elegans is similar to higher eukaryotes in many molecular and cellular pathways (Kaletta 

and Hengartner, 2006) and offers unique advantages over conventional mammalian 

models, including the ease of maintenance, short life cycle, genetic manipulability, and 

high-throughput capability. Caenorhabditis elegans–based assays are increasingly used to 

evaluate potential toxicity of different stressors in humans (Boyd et al., 2010b; Dengg and 

van Meel, 2004; Rajini et al., 2008; Sprando et al., 2009) and mechanisms of toxicity after 

chemical exposures (Cui et al., 2007; Donohoe et al., 2006; Valmas and Ebert, 2006). 

A limitation associated with using C. elegans as a model in toxicology is 

incomplete understanding of its response to human mutagens. The DNA damage 

response appears to be generally similar in C. elegans and higher eukaryotes (Leung et 

al., 2008; O'Neil and Rose, 2005; Stergiou and Hengartner, 2004), and some direct-acting 

DNA-damaging agents that have been commonly used in C. elegans produce comparable 

responses to those observed in mammals (Ahringer, 2006; Anderson, 1995; Greber et al., 

2003; Hartman et al., 1995; Ishiguro et al., 2001; Meyer et al., 2007; Stewart et al., 1991). 

However, activation-dependent mutagens (i.e., promutagens) have not been well 

studied in C. elegans and might produce different responses in C. elegans and mammalian 
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models because of differences in xenobiotic metabolism (Lindblom and Dodd, 2006). In 

particular, Gotoh (1998) provided phylogenetic evidence that C. elegans lacked 

cytochrome P450 (CYP1) family genes that are responsible for the activation of many 

promutagens. 

Aflatoxin B1 and benzo[a]pyrene are two commonly used model promutagens. 

Aflatoxin B1 is a naturally occurring mycotoxin found in foods such as corn, peanuts, 

various other nuts, and cottonseed (Groopman et al., 2005). It remains an important 

environmental carcinogen in many developing countries (Vineis and Xun, 2009). 

Benzo[a]pyrene is a model carcinogenic polycyclic aromatic hydrocarbon (PAH). PAHs 

are environmental carcinogens that occur at high and increasing levels in the 

environment and result from incomplete combustion of organic compounds including 

fossil fuels, wood, cigarettes, and food (Van Metre and Mahler, 2005). Aflatoxin B1 and 

Benzo[a]pyrene share a similar general mechanism of mutagenesis, requiring metabolic 

activation by CYP enzymes to form epoxide metabolites. The electrophilic epoxides in 

turn bind to DNA molecules, resulting in bulky, DNA helix–distorting DNA lesions that 

are repaired by NER in the nuclear genome. However, a key difference between 

aflatoxin B1- and benzo[a]pyrene-induced DNA damage in mammals is that whereas 

aflatoxin B1 is activated in mammals by CYP1, CYP2, and CYP3 family enzymes, 

benzo[a]pyrene is activated only by CYP1 family enzymes. 
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This chapter was an auxiliary project which investigated the potential role of 

CYPs in the genotoxicity and metabolism of aflatoxin B1 and benzo[a]pyrene in C. 

elegans. We took three complementary approaches. First, we generated a phylogenetic 

tree of CYPs in C. elegans and other species. Second, we quantified DNA damage caused 

by exposure to aflatoxin B1 and benzo[a]pyrene using a quantitative PCR (QPCR)–based 

assay. Chlorpyrifos (an organophosphate pesticide) and β-naphthoflavone (a 

noncarcinogenic PAH) were also evaluated. Our third approach was to investigate the 

genotoxicity of aflatoxin B1 and benzo[a]pyrene exposure in C. elegans using genetic 

approaches. In the first genetic experiment, we assessed the metabolic activation of 

aflatoxin B1 and benzo[a]pyrene in C. elegans in vivo by comparing the relative 

susceptibility of DNA adduct repair–deficient (xpa-1) and DNA adduct repair–proficient 

(N2) strains to aflatoxin B1 and benzo[a]pyrene exposure. In the second genetic 

experiment, we evaluated the importance of the CYP system in aflatoxin B1 activation by 

comparing the relative susceptibility of CYP-nicotinamide adenine dinucleotide 

phosphate (NADPH) reductase deficient (emb-8) and wild-type (N2) strains to aflatoxin 

B1 exposure. The results suggested that (1) C. elegans lacks CYP1 family enzymes; (2) 

aflatoxin B1, but not benzo[a]pyrene, produced a biologically significant level of DNA 

adducts; and (3) the CYP system played an important role in activating aflatoxin B1 in C. 

elegans. This important difference between the xenobiotic metabolism of C. elegans and 
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higher eukaryotes needs to be taken into account when using this alternative model in 

pharmaceutical and toxicological research. 

  

Materials and Methods 

Phylogenetic analysis. Gene models in publicly available nematode genomes 

were searched using Hmmer (v2.3.2: Eddy, 1998). Amino acid sequences were aligned 

using Muscle (v3.6: Edgar, 2004) and automatically masked based on the alignment 

quality score assigned by Muscle. A maximum likelihood phylogenetic tree was 

constructed with RAxML using the Whelan and Goldman model of amino acid 

substitution and a gamma distribution of rate categories (Stamatakis, 2006). Previously 

unnamed nematode CYPs in C. briggsae were assigned names by the Cytochrome P450 

Nomenclature Committee and are available at the Cytochrome P450 homepage (Nelson, 

2009); CYPs in Meloidogyne incognita, and Brugia malayi have not been formally named 

yet. 

Caenorhabditis elegans culture. The wild-type N2 (Bristol), emb-8 (CYP-NADPH 

reductase–deficient MJ69), and glp-1 (germ line–deficient JK1107) strains of C. elegans 

were obtained from the Caenorhabditis Genetics Center (University of Minnesota). xpa-1 

(NER-deficient strain RB864) was previously outcrossed three times (Meyer et al., 2007). 

Populations of C. elegans were maintained on K agar plates seeded with OP50 bacteria 

(Lewis and Fleming, 1995) at 20°C unless otherwise stated. Semisynchronized 
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populations of nematodes were obtained by bleach-sodium hydroxide isolation of eggs 

(Lewis and Fleming, 1995). L1 growth-arrested (starved) larvae were obtained by 

hatching eggs in complete K-medium (Boyd et al., 2009) overnight with shaking (Lewis 

and Fleming, 1995). All transfers were made by washing nematodes off of agar plates 

and rinsing in K-medium (Williams and Dusenbery, 1990) after centrifugation at 2000 × 

g for 2 min. 

Chemical exposures. Aflatoxin B1, benzo[a]pyrene, chlorpyrifos, and β-

naphthoflavone (Sigma Chemical Co., St Louis, MO) were dissolved in dimethyl 

sulfoxide (DMSO) to prepare stock solutions. Three hundred glp-1 adults were 

dispensed into each well of a 12-well plate. Each well contained a mixture of 990 μl 

complete K-medium, 10 μl stock solution dissolved in DMSO, and OP50. The 1% DMSO 

was found not to affect nematode growth or reproduction (data not shown). The 

exposure concentrations were selected based on preliminary lethality assays (data not 

shown) or solubility, such that the highest concentration was either that which first 

showed mortality or the highest achievable based on solubility if lethality could not be 

reached. This was the case for aflatoxin B1 and benzo[a]pyrene, which had solubility 

limits of ∼100μM in complete K-medium with 1% DMSO. Caenorhabditis elegans showed 

normal behavior at all concentrations of aflatoxin B1, benzo[a]pyrene, and β-

naphthoflavone and lower concentrations of chlorpyrifos but were paralyzed at 100μM 

of chlorpyrifos. 
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QPCR-based DNA damage assay. Nuclear DNA damage was evaluated using a 

QPCR-based method (Meyer et al., 2007) as adapted for use in a small number of 

individual nematodes (Boyd et al., 2010a; Hunter et al., 2010). This assay defines the 

control samples as undamaged and generates a lesion frequency in experimental 

samples based on a decrease in amplification efficiency relative to the control samples 

and has previously been used to detect benzo[a]pyrene-induced DNA damage (Jung et 

al., 2009a,b). Two nuclear genome targets (unc-2 and small nuclear, 9316 and 225 nt, 

respectively; Meyer et al., 2007) were amplified. The amount of long PCR product 

provides a measurement of lesion frequency, whereas the amount of short PCR product 

provides normalization to DNA template amount. Lesion calculations were performed 

as described previously (Ayala-Torres et al., 2000; Meyer, 2010). Nematodes were 

sampled after 48-h exposures. These experiments were carried out using a temperature-

sensitive mutant strain (glp-1) in which maintenance at 25°C blocks germ line 

proliferation and therefore blocks cell division because outside of the germ line, no cell 

divisions occur in adult C. elegans (Sulston, 1988). Because young adult C. elegans have a 

rapidly proliferating germ line, DNA damage caused by chemical exposure could be 

readily “diluted” by the new DNA produced by dividing germ cells, confounding 

measurements of DNA damage (Meyer et al., 2007). Six adults were pooled for each 

biological replicate, and four biological replicates were taken per treatment. A total of 

eight biological replicates per treatment were used in the analysis. 
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Growth assay. Two genetic experiments were carried out to investigate (1) the 

effects of aflatoxin B1, benzo[a]pyrene, chlorpyrifos, and β-naphthoflavone on NER-

deficient (xpa-1) and NER-proficient (N2) strains of C. elegans and (2) the effect of 

aflatoxin B1 on CYP-NADPH reductase–deficient (emb-8) and wild-type (N2) strains of 

C. elegans. The growth of C. elegans was assessed essentially as previously described 

(Smith et al., 2009). In both experiments, growth inhibition was measured as an indicator 

of chemical-induced genotoxicity because xpa-1 larval growth is dramatically impaired 

by DNA damage that requires NER proteins for removal (Astin et al., 2008). 

In the first growth assay, L1 N2 and xpa-1 nematodes were transferred to the 

sample cup of the COPAS Biosort (Union Biometrica Inc., Somerville, MA) and diluted 

to approximately 1 nematode per microliter. Fifty L1s were then added to each well of a 

96-well plate containing a total volume of 50 μl complete K-medium, OP50, and 

chemical stock solution. Caenorhabditis elegans cohorts were incubated for 48 h at 20°C, 

and then size measurements of individual nematodes were acquired with the COPAS 

Biosort ReFLEx as previously described (Boyd et al., 2009). 

The second growth assay was conducted using L1 N2 and emb-8 nematodes. The 

nematodes were hatched overnight at 15°C and then transferred to unseeded 100 mm K 

agar plates containing solvent control (1% vol/vol DMSO), 30μM aflatoxin B1, and 

100μM aflatoxin B1 and incubated at 23°C for 2 days. The MJ69 strain carries a 

temperature-sensitive mutation in the emb-8 gene such that the phenotype is essentially 
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normal at 15°C, but CYP-NADPH reductase activity is impaired at and above 23°C 

(Kulas et al., 2008). The animals were then transferred to seeded K agar plates, incubated 

at 15°C for 2 days, and photographed using a Nikon Eclipse E600 camera (Tokyo, 

Japan). The length of the nematode was determined using Lucia 5 (Laboratory Imaging, 

Prague, Czech). Two separate experiments were conducted and the results combined. 

Statistical analysis. All data were analyzed with Statview for Windows (Version 

5.0.1, SAS Institute Inc., Cary, NC). DNA damage data were assessed using an initial 

two- or three-way ANOVA (ANOVA on exposure level and time point, as well as 

presence/absence of bacteria in the case of the aflatoxin B1 exposure) with a Bonferroni 

correction for five multiple comparisons (four chemicals plus presence/absence of 

bacteria for aflatoxin B1). Post hoc analysis was carried out using Fisher's Protected Least 

Significant Differences test. Growth data were not normally distributed (as assessed by 

the Kolmogorov-Smirnov Normality test) and so were analyzed using Mann-Whitney U 

or Kruskal-Wallis tests followed by Bonferroni corrections for multiple comparisons. p 

Values < 0.05 (after Bonferroni corrections) were considered significant. Box plots 

indicate 10th, 25th, 50th, 75th, and 90th percentiles, plus outliers. 

 Lack of gene sequence–based evidence for CYP1 family CYPs in C. elegans. 

Previous investigations have found no evidence for CYP1 family genes in nonchordates 

(Goldstone et al., 2007). Our investigation of the CYP complements of the four nematode 

genomes reported here (C. elegans, C. briggsae, M. incognita, and B. malayi) support the 
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fact that CYP1s are not present in the nematode genomes. A phylogenetic tree of the 

CYP complements of the four nematodes demonstrates that CYP1 genes are not present, 

although a large number of CYP2-like (Clan 2) genes are present and expressed in C. 

elegans (Figure 30). Many CYP2 genes in vertebrates are xenobiotic (drug)-metabolizing 

genes, and at least one (CYP2S1) is inducible via the important xenobiotic-responsive 

transcription factor aryl hydrocarbon receptor (AHR; Saarikoski et al., 2005). 

 

Figure 30. Maximum likelihood phylogeny of CYPs from four nematode genomes, 

including the free-living C. elegans (orange) and C. briggsae (green) and the parasitic 

Meloidogyne incognita (red) and Brugia malayi (blue). The CYP Clan 2 genes, related to 

vertebrate 
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Aflatoxin B1 exposure results in DNA damage. To empirically test the 

prediction of our phylogenetic analysis, we measured DNA damage after exposure to 

promutagens requiring (benzo[a]pyrene) and not requiring (aflatoxin B1) CYP1-like 

activity for activation using a QPCR assay (Hunter et al., 2010). This assay detects any 

DNA lesions that significantly inhibit the progression of the DNA polymerase used in 

the PCR reaction. aflatoxin B1 exposure resulted in concentration-dependent DNA 

damage (p = 0.0007 for main effect of concentration, two-factor ANOVA) in C. elegans. 

Damage was detectable after exposures of 30 and 100μM aflatoxin B1. benzo[a]pyrene, β-

naphthoflavone, and chlorpyrifos exposure did not result in any detectable DNA 

damage (p = 0.615, 0.161, and 0.454, respectively, for the effect of concentration) (Figure 

31). The limit of detection of the QPCR assay is approximately 1 lesion per 105 bases 

(Hunter et al., 2010). 

In order to determine whether the OP50 strain of Escherichia coli (i.e., the C. 

elegans food source) might be responsible for the production of carcinogenic aflatoxin B1 

metabolites in our experimental system, we repeated aflatoxin B1 exposure without 

adding bacteria to the exposure medium (Figure 31). The exclusion of bacteria did not 

abrogate the induction of DNA damage (p = 0.0005 for main effect of concentration, two-

factor ANOVA on OP50-fed nematodes only), indicating that C. elegans was responsible 

for metabolizing aflatoxin B1 to the activated form. In fact, exposure without bacteria 

actually resulted in a slightly greater level of DNA damage than exposure with bacteria 
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(p = 0.039 for interaction of presence of bacteria and concentration, three-factor 

ANOVA). 

 

Figure 31. DNA damage is caused by exposure to aflatoxin B1 (with and without 

bacteria), but not benzo[a]pyrene, chlorpyrifos, or β-naphthoflavone in C. elegans. 

Young adult glp-1 nematodes were exposed for 48 h in liquid medium and sampled at 24 

and 48 h (total n = 8 nematodes per concentration per chemical per time point). Aflatoxin 

B1 exposure in C. elegans resulted in concentration-dependent DNA damage (p < 0.001, 

main effect of concentration in two-factor ANOVA); concentrations at which the 

aflatoxin B1-induced DNA damage measured was significantly different from controls (p 

< 0.05 by Fisher's Protected Least Significant Differences) are indicated by asterisks. 

Benzo[a]pyrene, chlorpyrifos, and β-naphthoflavone exposure did not result in a 

detectable level of DNA damage (p = 0.615, 0.161, and 0.454 respectively). The 

experiment was carried out twice (n = 4 each) and the results combined. 

 

DNA repair–deficient nematodes are more sensitive than wild type to the 

growth-inhibitory effects of aflatoxin B1 and chlorpyrifos but not benzo[a]pyrene or 

β-naphthoflavone. It remained possible that benzo[a]pyrene, β-naphthoflavone, or 

chlorpyrifos caused DNA damage at a level not detected by QPCR but nonetheless 

biologically relevant. To test this possibility, we employed the xpa-1 strain. The xpa-1 
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strain carries a large deletion in the nematode homolog of the xeroderma pigmentosum 

group A gene, which is required for NER (Berneburg and Lehmann, 2001). Many 

structurally dissimilar environmental genotoxins, including PAHs such as 

benzo[a]pyrene, mycotoxins such as aflatoxin B1, and ultraviolet C radiation can 

produce helix-distorting DNA lesions that are removed by NER (Hanawalt, 2002; Sancar 

and Reardon, 2004). xpa-1 nematodes are exquisitely sensitive to DNA damage that is 

repaired by the NER pathway (Astin et al., 2008; Boyd et al., 2010a; Hartman and 

Herman, 1982; Meyer et al., 2007). In particular, larval growth of xpa-1 nematodes is 

highly sensitive to such DNA damage (Astin et al., 2008). Therefore, if any of these 

chemicals cause biologically significant helix-distorting DNA damage, xpa-1 nematodes 

would show more growth inhibition than N2. 

Exposure levels of aflatoxin B1, benzo[a]pyrene, β-naphthoflavone, and 

chlorpyrifos that would lead to larval growth inhibition in the wild-type N2 strain were 

identified first. β-naphthoflavone caused the strongest growth-inhibitory effects (Figure 

32), causing a > 40% size reduction as compared with controls at the concentration of 

1μM (based on comparison of median values). Exposures to aflatoxin B1, chlorpyrifos, 

and benzo[a]pyrene resulted in a similar growth-inhibitory effect at the concentrations 

of 3, 3, and 10 μM, respectively. 
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Figure 32. Aflatoxin B1 and chlorpyrifos inhibited growth more in a DNA repair–deficient strain 

(xpa-1, white) than in the wild-type (N2, black) strain of C. elegans. Exposure to benzo[a]pyrene and 

β-naphthoflavone inhibited growth of both strains to a statistically indistinguishable degree; n = 

25–143 nematodes per concentration per strain per chemical; results include three separate 

(pooled) experiments. See Supplementary table 1 for statistical details. Size measurements were 

taken on day 2 after feeding began and are presented here as length (time of flight) measurements. 
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As shown in Figure 32, exposure to aflatoxin B1 and chlorpyrifos resulted in a greater 

growth inhibition in xpa-1 as compared with N2. Benzo[a]pyrene and β-naphthoflavone 

resulted in comparable responses in N2 and xpa-1 (p > 0.05 for N2 vs. xpa-1 at all 

concentrations for all three chemicals). Because larval growth inhibition is a very 

sensitive indicator of DNA damage in xpa-1 nematodes and sensitivity to DNA damage 

is the only phenotype documented in xpa-1 nematodes (Boyd et al., 2010), these results 

suggest that aflatoxin B1 and chlorpyrifos, but not benzo[a]pyrene or β-naphthoflavone, 

produced DNA damage (of the type repaired by NER) at a biologically significant level 

in C. elegans. 

Aflatoxin B1-mediated larval growth inhibition is partially rescued in 

nematodes deficient in CYP-NADPH reductase activity. We hypothesized that 

aflatoxin B1 activation to a genotoxic form was CYP mediated based on the presence of 

CYP2 and CYP3 family homologs in C. elegans. To test this hypothesis directly, we 

compared the effect of aflatoxin B1 toxicity in N2 and emb-8 nematodes. emb-8 nematodes 

carry a point mutation in the gene coding for CYP-NADPH reductase (Rappleye et al., 

2003), resulting in temperature-sensitive disruption of function. Because aflatoxin B1 

activation via CYP catalytic activity requires CYP-NADPH reductase, emb-8 mutants are 

deficient in CYP activity at the nonpermissive temperature (Kulas et al., 2008). Exposure 

to aflatoxin B1 resulted in less growth inhibition in the emb-8 than the N2 strain (Figure 

33), confirming a role for CYP enzymes in aflatoxin B1 toxicity. Aflatoxin B1 inhibited 
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growth in both strains (p < 0.0001 and p = 0.0006 for N2 and emb-8, respectively, Kruskal-

Wallis test). However, although emb-8 nematodes were somewhat smaller than N2 

under control conditions (emb-8 median ∼86% of N2; p = 0.0002, Mann-Whitney U-test), 

they were larger after exposure to 100μM aflatoxin B1 (emb-8 median ∼140% of N2; p = 

0.0007). There was no difference in size at 30μM aflatoxin B1 (p = 0.1376). 

   

 

 Figure 33. Aflatoxin B1 inhibited the growth of a CYP-NADPH reductase–

deficient strain (emb-8, white) less effectively than growth of wild-type (N2, 

black) C. elegans (p = 0.0002, 0.1376, and 0.0007, strain comparisons at 0, 30, and 

100μM AFB1 by Mann-Whitney U-test); n = 17–24 nematodes, two separate 

biological experiments pooled. 
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Discussion 

Caenorhabditis elegans appears to lack CYP1 family enzymes and the 

corresponding ability to enzymatically activate the procarcinogen benzo[a]pyrene. 

CYPs play critical roles in normal metabolism as well as in xenobiotic metabolism. Our 

phylogenetic analysis suggests that although C. elegans has a large number of CYPs (83), 

it lacks family 1 genes. Our molecular and genetic experiments indicated that 

benzo[a]pyrene, an environmentally important and well-studied promutagenic PAH, is 

not activated to a DNA-reactive form at biologically significant rates in C. elegans, 

indicating that C. elegans lacks a CYP capable of this CYP1-like activity. 

A previous study by Gotoh (1998) also failed to identify CYP1 family homologs 

in C. elegans. However, Chakrapani et al. (2008) suggested that C. elegans contains a 

CYP1A2 homolog and found that this gene (cyp-14A3) was induced by both 

benzo[a]pyrene and (to a lesser extent) β-naphthoflavone. In addition, Schäfer et al. 

(2009) showed that cyp-14A3 and related genes were able to hydroxylate polychlorinated 

biphenyl (PCB52). Finally, improved and much-expanded sequence data have become 

available for C. elegans and other nematode and nonnematode species. Therefore, we 

carried out additional phylogenetic analyses but still failed to identify any CYP1 family 

genes in C. elegans. Nematodes have other Clan 2 genes, including the CYP2-like CYP14, 

CYP33, CYP34, and CYP35 families (Abad et al., 2008; Gotoh, 1998). In particular, C. 

elegans CYP35 genes are responsive to a variety of xenobiotic stressors (Menzel et al., 
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2001, 2005; Reichert and Menzel, 2005), and a number of other CYPs have been shown 

via microarray to be induced by PCB52 (Menzel et al., 2007), including members of 

families CYP13, CYP14, CYP25, CYP29, CYP33, CYP34, and CYP37. 

The promutagen aflatoxin B1 causes DNA damage detectable by QPCR 

analysis in C. elegans, but benzo[a]pyrene does not. Aflatoxin B1 and benzo[a]pyrene 

are both promutagens that require metabolic activation before reacting with DNA. 

Aflatoxin B1 and benzo[a]pyrene are similar in size and structure, both requiring 

addition of an epoxy group to become DNA reactive (Figure 34). The electrophilic epoxy 

metabolites attack the nucleophilic centers of the DNA molecule, such as the ring 

nitrogen (i.e., N7) of guanine. The resultant large DNA adducts, often referred to as 

“bulky lesions,” distort the DNA helix and can interfere with DNA transcription and 

replication. Some can also detach along with the adducted base from the DNA strand, 

resulting in abasic sites. Although the metabolic activation of both aflatoxin B1 and 

benzo[a]pyrene in mammals requires CYP-mediated hydroxylation, different CYP 

family members are involved. The activation of aflatoxin B1, for instance, can be carried 

out by mammalian CYP1A2, CYP2A6, CYP2B6, and CYP3A4 (Egner et al., 2003; Mace et 

al., 1997). In contrast, the activation of benzo[a]pyrene (and other PAHs) in mammals is 

mainly catalyzed by CYP1 family enzymes, especially CYP1B1 and CYP1A1 (Shimada, 

2006; Shimada and Fujii-Kuriyama, 2004). 
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Figure 34. Aflatoxin B1 and benzo[a]pyrene and their DNA-reactive 

epoxide metabolites.  

 

Our results indicate that C. elegans can metabolize aflatoxin B1 into DNA-binding 

metabolites and that this activation is CYP dependent. We have previously observed 

that xpa-1 nematodes are more sensitive than N2 to aflatoxin B1-induced growth 

inhibition (Meyer et al., 2010) and here extend that result with more extensive growth 

analysis, direct measurements of DNA damage, and genetic data indicating that the 

aflatoxin B1 activation is CYP mediated. In contrast, C. elegans cannot activate 

benzo[a]pyrene, at least not sufficiently to lead to DNA damage detectable by the QPCR 

assay. Although it is impossible to entirely rule out the possibility that some low amount 

of benzo[a]pyrene-metabolizing capacity exists in C. elegans, the lack of a growth-

inhibitory effect in the xpa-1 strain indicates that any such capacity that might exist is too 
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small to be biologically relevant for C. elegans. A similar apparent lack of effect of 

benzo[a]pyrene was previously observed by Miller and Hartman, (1998) working with 

the independently isolated rad-3 (allelic to xpa-1: Astin et al., 2008) strain, as well as with 

additional radiation-sensitive strains of C. elegans. 

Because β-naphthoflavone is not a carcinogenic PAH, it was not surprising that 

β-naphthoflavone exposure resulted in no detectable DNA damage or differential 

inhibition of growth in xpa-1 nematodes. We did not detect statistically significant DNA 

damage after chlorpyrifos exposure by QPCR analysis, but the xpa-1 nematodes were 

somewhat more sensitive than wild type to chlorpyrifos-induced growth inhibition 

(although the difference was quantitatively less than for aflatoxin B1). There is evidence 

that exposure to chlorpyrifos may result in oxidative DNA damage under some 

circumstances (Crumpton et al., 2000); our results support the likelihood that high 

concentrations of chlorpyrifos (close to those that caused paralysis in our experiments) 

can cause DNA damage. It is unclear why xpa-1 growth was more inhibited than N2 

growth by chlorpyrifos, despite a lack of detectable DNA damage as assessed by QPCR. 

We have previously shown that xpa-1 nematodes have very few if any phenotypes in 

unstressed conditions, yet are highly sensitive to DNA damage (Boyd et al., 2010a). It is 

conceivable, however, that there is a phenotype that can only be observed after exposure 

to a neurotoxin. Neurodegeneration is one of relatively few phenotypes observed in 

NER-deficient humans, and there is evidence that this may result at least in part from 
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unusual types of oxidative DNA damage that are only repaired by NER (Brooks, 2008). 

Other potential explanations for the discrepancy would be if the growth assay is more 

sensitive than the QPCR assay or if chlorpyrifos causes a type of DNA damage that the 

QPCR assay detects inefficiently (Meyer, 2010). 

Comparative biology of CYP1 family activity and PAH metabolism in C. 

elegans. Some invertebrates do metabolize common vertebrate CYP1 family substrates 

such as benzo[a]pyrene, although typically relatively slowly compared with vertebrates 

(den Besten, 1998; Jorgensen et al., 2005; Little et al., 1985; McElroy, 1990); many others 

do not (James and Boyle, 1998; Lee, 1998; Rewitz et al., 2006). Although β-

naphthoflavone and benzo[a]pyrene were both shown to induce some CYPs in C. elegans 

(Menzel et al., 2001), C. elegans would appear to be among the invertebrates that do not 

metabolize benzo[a]pyrene. Another important difference between C. elegans (and many 

other invertebrates) and higher eukaryotes is that C. elegans homologs of the AHR do not 

bind to 2,3,7,8-tetrachlorodibenzo-p-dioxin or β-naphthoflavone (Butler et al., 2001; 

Powell-Coffman et al., 1998). Thus, the CYP induction and growth inhibition resulting 

from these two chemicals are presumably AHR independent. The physiological 

significance of the AHR pathway in C. elegans is currently relatively poorly understood, 

although there is evidence that it plays a role in developmental neurobiology (Huang et 

al., 2004; Qin and Powell-Coffman, 2004; Qin et al., 2006). Similarly, the gene regulatory 

pathways controlling CYP expression in C. elegans will be an important area of future 
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research both from the perspective of using C. elegans as a model organism and to 

understand the evolution and function of the C. elegans response to environmental cues 

(Braendle et al., 2008). 

Toxicity of aflatoxin B1, benzo[a]pyrene, chlorpyrifos, and β-naphthoflavone 

in C. elegans. β-naphthoflavone was the most potent growth inhibitor in our study and 

benzo[a]pyrene the least. That finding appears to contradict the observation of Menzel et 

al., (2001) in which the effective concentration (EC)10 values of benzo[a]pyrene and β-

naphthoflavone in a reproductive assay were 1 and 18μM, respectively. We carried out 

preliminary studies to test the effect of aflatoxin B1, benzo[a]pyrene, chlorpyrifos, and β-

naphthoflavone on reproduction using published methods (Boyd et al., 2010b) and 

found a similar order of reproductive toxicity as for growth inhibition (β-

naphthoflavone > aflatoxin B1 ≈ chlorpyrifos > benzo[a]pyrene, with xpa-1 more sensitive 

than N2 only to aflatoxin B1). Therefore, the difference between our rank order and that 

of Menzel et al. (2001) presumably results from differences in experimental procedures. 

Although benzo[a]pyrene exposure did not result in detectable DNA adducts in 

C. elegans, it did inhibit the growth of C. elegans. This likely occurred via a nongenotoxic 

mechanism because xpa-1 nematodes were no more sensitive than wild type. One 

possibility is that benzo[a]pyrene caused narcosis (Di Toro et al., 2000; Schultz, 1989), 

although we do not have data to indicate either how much benzo[a]pyrene is taken up 

by C. elegans or at what level benzo[a]pyrene causes narcosis in this species. The 
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presumably very slow metabolism of benzo[a]pyrene in C. elegans increases the 

likelihood of this possibility. Another possibility is altered gene expression. Menzel et al. 

(2001), for instance, reported that benzo[a]pyrene can induce CYP35 expression in C. 

elegans at 1μM. Although the functional consequences of CYP35 (and other gene) 

induction require further investigation, it is possible that it may interfere with 

developmental processes in C. elegans; PAHs are potent developmental toxicants in some 

species, and not all act via AHR agonism (Billiard et al., 2008). 

Similarly, the mechanism of toxicity of β-naphthoflavone in C. elegans is unclear 

because it presumably does not act via AHR agonism, the best described mode of action 

of this chemical. Like benzo[a]pyrene, it may also act through altered gene transcription. 

It affects expression of CYPs and many other genes in C. elegans and other invertebrates 

(Reichert and Menzel, 2005; Watanabe et al., 2008). 

Implications and conclusions. We identified an important difference in chemical 

mutagenesis between the model organism C. elegans and vertebrates, resulting from 

differences in CYP-mediated xenobiotic metabolism. Although both aflatoxin B1 and 

benzo[a]pyrene are routinely used in mammalian models in cancer research, exposure to 

aflatoxin B1 but not benzo[a]pyrene resulted in detectable DNA damage through 

metabolic activation in C. elegans. Our results suggest that CYP1 family–like enzymatic 

activities in general are lacking in C. elegans. If so, this will result in altered 

pharmacokinetics and toxicokinetics for many important xenobiotics, causing either 
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more or less toxicity as compared with most vertebrates because of decreased clearance 

and/or decreased metabolic activation. This finding highlights the importance of 

considering xenobiotic metabolism in the interpretation of toxicological data from this 

alternative model. 
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