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A B S T R A C T   

Nickel is a toxic heavy metal that may cause negative health outcomes including cancer upon exposure [1]. 
Square wave voltammetry was used to assay DNA directly extracted from nickel-exposed nematodes that had 
originated from either high or low Ni-containing environments in order to assess the role of evolutionary genetics 
in the Ni toxicity process. Extracted DNA was immobilized on pyrolytic graphite (PG) electrodes following layer 
by layer (LbL) protocols and then electrochemically oxidized in the presence of Ru(bpy)3+ to generate electro
catalytic oxidative currents at ~+1.05 V vs. SCE. Both C. elegans and P. pacificus nematodes were utilized, each 
with a volcanic or cosmopolitan soil source strain. DNA oxidative peak currents (Ip) increased for all nematode 
strains upon exposure to 50 μg/L Ni2+, but those originating from volcanic soils exhibited significantly (40–50%) 
lower Ip upon Ni2+ exposure compared to similarly exposed nematodes from cosmopolitan soils. Further SWV 
analysis was performed on DNA from a series of C. elegans N2xCB4856 recombinant inbred advanced intercross 
line populations (RIALs). A continuum of Ip magnitude was seen as a function of Ni2+ exposure among the RIAL 
strains indicating Ni-tolerance is complex and affected by multiple loci. The majority of the DNA from Ni-exposed 
individual RIAL strain cultures produced an increase in oxidative current in comparison to DNA from analogous 
Ni-unexposed cultures of the same RIAL strains. Liquid chromatography tandem mass spectrometry (LC-MS/MS) 
analysis on acid hydrolyzed nematode DNA provided validation of the electrochemical findings. Guanine and 
oxidatively damaged guanine content were monitored via appropriate m/z mass transitions. Guanine content in 
all Ni-exposed RIAL DNA was lower, while oxidatively damaged guanine was elevated compared to unexposed 
nematodes in all but one analyzed RIAL. Combined, the complementary electrochemical and MS/MS data pro
vide evidence that evolutionary genetics leads to genetic protection from environmental toxicants, suggesting a 
possibility that multiple genes are involved in the protection of the organism from Ni exposure.   

1. Introduction 

The presence of nickel (Ni) in the environment is necessary for the 
health and survival of many plants and microbes, and it is introduced to 
the environment naturally via volcanic activity and weathering. Human 
influences such as mining and metallurgy, however, have caused a sig
nificant increase of Ni to be deposited throughout the environment, 
which in turn causes increased concentrations of this heavy metal to be 
deposited in soils and waterways [1–3]. The accumulation of Ni by 
plants and lower order organisms as well as direct intake through 
breathing and drinking of particulate matter can result in the eventual 

increased exposure of this metal to humans and animals [1], which may 
not be well equipped to deal with the resultant toxic effects [3]. 

Human exposure to Ni often results in allergic skin reactions, but it 
has also been linked to respiratory illness and cancer in extreme cases 
[1]. Humans are often exposed to Ni in the form of jewelry, metallic 
clothing additions, or even metallic phone cases[4]. However, envi
ronmental Ni exposure can arise via different means based on the 
exposure medium and other environmental parameters [5–12]. Insol
uble or particulate Ni forms have been shown to exhibit elevated toxicity 
compared to soluble forms resulting in post-translational histone mod
ifications in rats [11]. The elevated toxicity may be due to continual 
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Ni2+ release once taken into cells [13]. Soluble Ni2+ exposure has also 
been linked to both survivorship and fecundity decreases in a concen
tration dependent manner using a nematode model organism [1]. 

Nematode species Caenorhabditis elegans and Pristionchus pacificus are 
often used as inexpensive eukaryotic models to study the effects of 
environmental toxins. Nematodes have been found in a wide range of 
environmental conditions, allowing for the study of myriad survival 
mechanisms and the potential of inherited traits [14–16]. Biological 
assays to search for potential genetic damage are used to monitor these 
impacts. Cell death assays are often used to monitor these impacts as 
genotoxicity caused by toxin exposure can result in apoptosis. Pro
grammed cell death (PCD) is induced in the presence of severe DNA 
damage to avoid negative impacts to the organism overall [17–20]. PCD 
assays often employ dyes or green fluorescent protein (gfp)-modified 
transgenic nematode lines where apoptosis in germline cells results in 
dye marking or in a halo-like sheath engulfment formation from the 
transgenic protein that can be visualized and quantified using fluores
cent microscopic techniques. We previously used this assay to show how 
Ni2+ exposure causes DNA damage, which initiates apoptosis in the 
nematodes [21]. 

The drawback to this assay is the necessity of the properly modified 
organism, the time necessary to count the PCD formations, and the lack 
of sensitivity to detect apoptotic events from low concentration toxicant 
exposures. To remedy some of these drawbacks, we reported an elec
trochemical assay to detect damage or mutational content changes 
rapidly and sensitively from DNA extracted from living organisms [21, 
22]. DNA extracted from Ni-exposed C. elegans nematodes was immo
bilized using layer by layer (LbL) techniques and oxidized using square 
wave voltammetry (SWV) in the presence of ruthenium trisbipyridine 
(Ru(bpy)3

2+) [21–25]. Oxidation of DNA in the presence of the ruthe
nium metal catalyst at ~1.05 V vs. SCE produced higher electrocatalytic 
peak currents (Ip) as Ni2+ concentration increased suggesting higher 
DNA damage amounts due to the Ni exposure. These data mirrored the 
dye and gfp-PCD assays, which showed that Ni2+ caused DNA damage; 
however the electrochemical detection approach was significantly more 
sensitive allowing detection of DNA changes at significantly lower Ni 
exposure concentrations [21]. 

Here, we build on this previous report and turn to studying animals 
originating from different Ni-containing environments. First, we elec
trochemically monitored DNA samples extracted from either C. elegans 
or P. pacificus species that had either been unexposed or exposed to Ni2+. 
Within each species, one strain was sourced from a cosmopolitan soil 
containing very little Ni content and one was sourced from volcanic soil 
known to contain elevated amounts of Ni. We also obtained recombinant 
inbred advanced intercross lines (RIALs) generated from these strains 
[26–28]. The purpose here was to determine if evolutionary consider
ations based upon environmental factors influence the DNA damage 
accumulated from Ni exposure, and then attempt to determine if the 
electrochemical assay could identify genetically modified organisms 
exhibiting varied protection to Ni insult. Finally, we validated our 
electrochemical assay findings using previously reported complemen
tary tandem mass spectrometry (MS/MS) techniques [22] to show that 
both guanine and damaged guanine (8-oxo-guanine, 8oxoG) content 
change based on genetic strain and Ni exposure. Overall, the electro
chemical SWV and LC-MS/MS complementary approaches here can be 
used to provide valuable insight into a complicated environmental and 
evolutionary genetic process. 

2. Materials and methods 

2.1. Materials 

Tris buffer was from Fluka, poly(diallyldimethylammonium chlo
ride) (PDDA), poly(sodium 4-styrenesulfonate) (PSS), and tris(2,2′- 
bipyridyl)dichlororuthenium (Ru(bpy)3

2+), formic acid, iron (II) chlo
ride, nickel (II) chloride, hydrogen peroxide, acetonitrile, methanol 

(HPLC Grade), ethanol, phenol and chloroform were from Sigma. Calf 
thymus DNA (sodium salt) was from Calbiochem. Purified 18 MΩ DI 
water was generated using a Siemens high-purity water system. All other 
chemicals for the electrochemical experiments were from Sigma and 
were reagent grade. 

C. elegans nematode strains N2 and CB4856 (CB) and P. pacificus 
nematode strains PS312 (PS) and RS5696 (RS) were used [1]. N2 is a 
C. elegans wild-type strain originally found in England. CB4856 is a 
C. elegans strain sourced from volcanic soil in Hawaii. PS312 is a 
P. pacificus strain sourced from Pasadena Botanical Gardens in Pasadena, 
California. RS5696 is a P. pacificus strain sourced from volcanic soil in 
New Zealand. 

RIALs were bred using a nickel resistant strain (CB4856) and a non- 
resistant nickel strain (N2) [28]. N2 animals were bred with CB4857 
animals, and the hybrid heterozygous F2 progeny were individually 
isolated; single animals were used to start new cultures. This isolation 
was performed for 10 sequential generations for each singled F2 
resulting in each giving rise to a unique strain with a unique combina
tion of heterozygote alleles from the starting populations. Each RIAL has 
its own strain designation to distinguish it from the other strains with 
different gene combinations (Table S1). 

2.2. Nematode cultures and harvesting 

Nematodes were grown on K-media agar plates seeded with Escher
ichia coli, strain OP50. Nematodes were grown on 3 large K-media agar 
plates with and without nickel at 20 ◦C until the plate became visibly 
food limited but not starved. Plates without nickel grew for 5 days to a 
full culture, while plates containing nickel needed 6 or 7 days to obtain a 
dense enough culture for harvesting. These plates were then washed 
using phosphate-buffered saline (PBS) and transferred to a 15 mL 
conical tube. The tube was centrifuged at 2000 rpms for 5 min, and the 
supernatant discarded leaving a pellet of worms. 3 mL additional PBS 
was pipetted into the conical tube with the nematodes, followed by 
washing by inversion and again centrifuged. This was repeated until the 
supernatant appeared clear of foggy bacterial contamination. 1 mL of 
worm lysis buffer was then added to the Falcon tube prior to freezing. 

2.3. DNA extraction 

After thawing the pellet, 100 μl of proteinase K at a concentration of 
1 mg mL−1 was added and then placed in a shaking incubator at 55 ◦C 
for 2 h, and then repeated. After the second incubation, the Falcon tube 
was heated to 95 ◦C for 10 min and then placed on ice. 2 μl of RNAse A 
was added and the solution was placed in the shaking incubator at 37 ◦C 
for 30 min and repeated. 1 mL 50:50 tris saturated phenol (pH 8): 
chloroform mixture was added directly to the supernatant and mixed. 
The solution was then centrifuged at 2000 rpm for 5 min. The top layer 
was decanted to a new tube and the phenol: chloroform step was 
repeated twice. This was followed by 3 separate washes of 1 mL chlo
roform. After the last chloroform wash, the top aqueous layer, con
taining the DNA, was placed in a new tube and approximately 1/10 vol 
of 5 M NaCl solution was added followed by the addition of two 
equivalents of ice-cold ethanol prior to gentle mixing. The ethanol so
lution was placed in the freezer for storage and to allow precipitation of 
genomic DNA. 

The genomic DNA in ethanol was centrifuged at 4000 rpm for 15 
min, followed by decanting of ethanol from the pellet. The pellet was 
then washed with 2 ml of 70% ethanol and again centrifuged at 4000 
rpm for 10 min followed by ethanol decanting. The pellet was air-dried 
until the outside of the pellet appeared clear but the inner core remained 
lightly cloudy. 75 μl of distilled water was added and the tube was left to 
settle at 4 ◦C. After solubilization of DNA, it was centrifuged at 4000 rpm 
for 10 min to pellet insoluble material. The concentration of soluble 
nucleic acid was determined using a Thermo Nanodrop and quality 
ensured using an ethidium bromide stained agarose gel alongside 1 kb 
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ladder standards. 

2.4. Electrode preparation 

Pyrolytic graphite (PG, McMaster-Carr (Elmhurst, IL) source) elec
trodes (2 mm dia.) were manufactured in-house and abraded on 800 grit 
SiC (Buehler) paper followed by rinsing and sonication in DI H2O. After 
drying under an argon stream, the electrodes were then exposed to the 
following solutions: PDDA (30 μL droplet, 3 mg mL−1 in DI H2O with 50 
mM NaCl) for 15 min followed by PSS (3 mg mL−1 in DI H2O with 50 
mM NaCl). These steps were repeated twice. DNA was applied from 
solutions 0.100 mg mL−1 in 10 mM Tris, pH 7.4 (initial analysis, Fig. 1) 
or 0.100 mg mL−1 in 10 mM Tris + 50 mM NaCl, pH 7.4 (RIAL DNA) for 
30 min substituting for PSS in the following rounds. The electrode was 
rinsed with DI water between each layer. The final film formation for the 
electrodes was (PDDA/PSS)2(PDDA/DNA)2. 

2.5. Electrochemical measurements 

All electrochemical measurements were performed using a CH In
struments (Austin, TX) Model 660A potentiostat. Modified electrodes 
were placed in a standard three-electrode electrochemical cell (Pt 
counter, saturated calomel (saturated KCl) reference in 10 mL buffer (10 
mM tris, 10 mM NaCl, pH 7.4) with 50 μM Ru(bpy)3

2+. Square-wave 
voltammograms (SWV) were obtained using the following parameters: 
scan from 0 to +1.3 V, 15 Hz frequency, 4 mV step height, 25 mV 
amplitude. 

2.6. LC-MS DNA preparation 

Nematode DNA samples (0.100 mg mL-1) were diluted in equal 
volume in 44% formic acid followed by heating for 1 h at 120 ◦C in 1 mL 
vacuum hydrolysis tubes. The solutions were then transferred to Amicon 
Ultra-0.5 mL 3 K filter tubes and centrifuged for 40 min at 30,000 x g. 
The filtrate was then transferred to LC vials containing 10 μL inserts. For 
standard addition analysis, following hydrolysis, 1.0 nmol guanine 

Fig. 1. C. elegans DNA background subtracted SWV comparison showing representative unexposed (black) or 50 μg L−1 Ni2+ exposed (red) responses. DNA was 
extracted from nematodes originating from a) non-volcanic (N2) or b) volcanic (CB4856) soil environments. c) Average peak current (Ip, n = 3) obtained from 
C. elegans and P. pacificus nematodes originating from non-volcanic or volcanic soil environments. Black shows unexposed and red shows DNA from nematodes 
exposed to 50 μg L−1 Ni2+. 
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standard was added before filtration. Following the aforementioned 
filtration steps, the solution was analyzed using LC-MS as described 
below. Standard 24 base DNA oligomers (IDT DNA) containing 0–6 
guanine bases were hybridized with their respective complementary 
strands and diluted to 65 ng μL−1 in 50 mM ammonium acetate buffer 
(pH 6). Fenton reactions were carried out with same DNA concentration 
with 0.25 M H2O2 and 1.5 mM of FeCl2.for 2 h at 37 ◦C. The solutions 
were then prepared for LC-MS analysis as described above. 

2.7. LC-MS/MS 

A SciEx 3200 triple quadrupole LC-MS/MS equipped with a Gemini 
3 μm NX-C18 110 Å LC column (50 × 2 mm) was used. Two MS 
detection methods were developed. First, guanine or adenine content 
was assayed, and second, mass transitions consistent with 8-oxoguanine 
formation were monitored. For guanine content, analysis was performed 
in positive ion multiple reaction monitoring (MRM) mode for two mass 
transitions characterizing fragments of guanine: m/z 152 → 135, con
ditions: 150 msec scan time, 36 V declustering potential, 8 V entrance 
potential, 12 V collision entrance potential, 27 V collision energy, 4 V 
collision exit cell potential and m/z 152 → 110, conditions: 150 msec 
scan time, 36 V declustering potential, 8 V entrance potential, 12 V 
collision entrance potential, 29 V collision energy, 4 V collision exit cell 
potential. LC solvents were Solvent A: 0.1% Formic Acid, 95:5 DI H2O 
and Acetonitrile and Solvent B: Methanol. Gradient elution took place 
via 100% A 0–3 mins, ramp to 75% A mins 3–5. The total analysis time 
was 5 mins. The flow rate was 0.200 mL min-1 and injection volume was 
1.00 μL. Similar protocols for adenine were followed but the monitored 
mass transitions were m/z 136 → 119 and 136 → 92. 

For 8-oxo-guanine content, analysis was performed in positive ion 
MRM mode for two characterizing fragments of 8-oxo-guanine: m/z 158 
→ 85, conditions: 150 msec scan time, 16 V declustering potential, 6.5 V 
entrance potential, 12 V collision entrance potential, 17 V collision en
ergy, 4 V collision exit cell potential and m/z 158 → 126, conditions: 
150 msec scan time, 16 V declustering potential, 6.5 V entrance po
tential, 12 V collision entrance potential, 11 V collision energy, 4 V 
collision exit cell potential. LC solvents were A: 0.1% Formic Acid, 98:2 
DI H2O and Acetonitrile; B: Methanol; C: Acetonitrile. Gradient elution 
took place via 45:50:5 A:B:C for 0–1 mins, decreasing A and increasing C 
by 5%, respectively, for 1–3 mins, holding 35:50:15 A:B:C for 3–4 mins, 
ramping back to 45:50:5 at 4–6 mins by increasing A and decreasing C 
by 5%, respectively. Total analysis time was 6 mins. The flow rate was 
0.100 mL min-1 and injection volume was 1.00 μL. 

2.8. Data analysis 

Statistical analysis was performed using Excel for MAC 2019, version 
16.24 and SCIEX MultiQuant Software, version 3.0. Raw MS and SWV 
were analyzed using OriginPro 9 software. For SWV plots, background- 
subtracting was performed using the same SWV electrochemical 
response for a (PDDA/PSS)2 electrode containing no DNA. Figures were 
modified using Adobe Illustrator CS6. 

3. Results 

3.1. Electrochemical analysis 

Our first focus was to monitor DNA extracted from nematodes 
sourced from different environments. We utilized previously established 
LbL immobilization and electrochemical protocols to assess the biolog
ical DNA samples [21–25,29–32]. Detection takes place via oxidation, 
and primarily, guanines in the immobilized DNA films are detected on 
the PG electrodes due to the lower oxidation potential in comparison to 
other bases [33,34]. The oxidative current is enhanced via an electro
catalytic redox mediator, ruthenium trisbipyridine (Ru(bpy)3

2+) [20,21, 
29], that is oxidized at the electrode and regenerated by oxidizing 

accessible guanines in the DNA according to the following [29,35]: 

Ru(bpy)3
2+→Ru(bpy)3

3+
(at electrode) (1)  

Ru(bpy)3
3+

+G(DNA)→G•+(DNA)+Ru(bpy)3
2+ (2) 

The electrocatalytic signal is heavily dependent on guanine and 
guanine content in the films. As guanines in the film are damaged, the 
ruthenium compound can more closely interact with the DNA, which 
leads to a faster kinetic turnover rate, and higher currents. Therefore, 
both increases and decrease in Ip compared to a control state may sug
gest guanine-related cellular DNA changes [34,36–38]. In our previous 
report, we showed that exposure to Ni2+ resulted in higher peak cur
rents, and hypothesized that Ni promoted reactive oxygen species (ROS) 
generation and the formation of 8-oxoG in the nematode DNA [21]. In 
order to further explore this possibility, additional strains of nematodes 
from both volcanic and non-volcanic environments were analyzed. 

Fig. 1a-b shows a typical background-subtracted SWV response 
comparison where Ni-exposed nematode extracted DNA was compared 
to unexposed nematode DNA. The figure shows an oxidation Ip centered 
around +1.05 V vs. SCE that is significantly larger in the Ni-exposed 
sample. Similar current responses were seen in all nematode species 
and strains where the Ni-exposed samples exhibited higher peak cur
rents. Representative background-subtracted SWV plots for the 
remaining nematode samples are shown in Figure SI1. 

Fig. 1c shows the average peak currents that were detected upon 
analysis of each of the nematode species and strains within each species. 
Four nematode DNA samples in total were analyzed. The four DNA 
samples were sourced one each from two C. elegans and two P. pacificus 
strains. For each species, one DNA sample derived from a low-nickel 
environment, Bristol England (C. elegans) or Pasadena, CA 
(P. pacificus), and one was sourced from volcanic soils with high-nickel 
exposure, Hawaii (C. elegans) or New Zealand (P. pacificus). Oxidation of 
DNA from volcanic soil-sourced nematodes resulted in decreased Ip in 
comparison to the non-volcanic counterparts when exposed to equal 
concentrations of Ni. This suggests that nematodes originating from 
environments with continued exposure to Ni may have acquired some 
genetic protection from accruing DNA damage. 

This extends our previous report by demonstrating that we can 
elucidate how different environments influence the electrochemical 
DNA oxidation current generated upon analysis. DNA from both species 
sourced from low-nickel environments, the N2 and P5312 strains of 
C. elegans and P. pacificus, respectively, exhibited higher peak currents 
than the respective volcanic high-nickel sourced strains for the species, 
CB4856 and RS5696, as those worms were exposed to Ni2+ due to 
originating in high-nickel environments. Thus, nickel impacted the DNA 
of low-nickel sourced nematodes in a more negative manner than the 
volcanic strains. Those particular strains would have been exposed to 
very low, if any, concentrations of Ni at their respective source locations 
and not have been well-adapted to the Ni containing environment 
examined here [39]. In contrast, nematodes that had evolved in loca
tions of volcanic activity resulting in soil containing higher natural 
amounts of Ni show some protection from the toxic effects of Ni [40,41]. 

Based on the results described above, a series of recombinant inbred 
advanced intercross lines (RIALs) were obtained [28]. The RIALS were 
formed by crossing parents from N2 and CB4856 C. elegans strains. The 
RIALs were then grown in duplicate cultures one with and one without 
Ni2+, and the DNA was harvested. Here, RIALs were exposed to a higher 
Ni2+ concentrations that more accurately model that found in volcanic 
soil [3]. Extracted DNA was immobilized on PG electrodes and oxidized 
following similar basic steps as the earlier study (Fig. 1). Fig. 2 shows the 
peak current percent changes comparing DNA extracted from 
Ni-exposed worms to that from nonexposed worms. Here, a positive 
percent change suggests that the Ni-exposed worm DNA exhibited 
higher Ip compared to the non-exposed worm DNA. It must be noted that 
the DNA for this study was ultimately extracted into and adsorbed to the 
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electrode from a higher ionic strength buffer, so the absolute peak cur
rent increases or decreases cannot necessarily be interpreted in the same 
manner as the data seen in Fig. 1. What is clear is that the different RIAL 
strains exhibit differing resistance to Ni2+ induced DNA damage based 
on the wide range of ΔIp exhibited. Generally, Ni2+ exposed RIAL DNA 
exhibited larger peak currents suggestive of the accumulation of higher 
amounts of DNA damage compared to unexposed worms. Further, the 
RIAL strains varied in their nickel response in a relatively linear fashion, 
i.e. not a clustered step function. The large ΔIp range suggests that 
multiple genes are likely involved in protecting the organism from metal 
toxicity as similar clustered responses would likely be seen across all 
offspring if protection result of only a few genetic changes in a small 
number of loci. Interestingly, based on the minimal ΔIp change when 
comparing DNA extracted from unexposed to Ni-exposed worms, RIALs 
QX544 and 518 seem to have inherited a combination of genetic loci 
that endow these organisms with significant protection from Ni-insult. 

3.2. Mass spectrometry 

To understand and explore the DNA changes occurring due to 
exposure to Ni2+, worm-extracted DNA was exposed to acid hydrolysis 
conditions followed by mass spectrometry (MS) analysis. This technique 
has been instrumental in providing detailed DNA composition analyses 
[42–44]. We have previously used similar techniques to validate elec
trochemical results and determine mutation rates in mice mitochondrial 
DNA in response to the loss of Brca1 [22]. Similarly, we focused here on 
both guanine and 8-oxoguanine (8oxoG) due to the importance of this 
base in the electrochemical analyses. 

Fig. 3 shows an initial TOF-MS analysis comparison of hydrolysate 
from DNA that was extracted from both unexposed (Fig. 3a) and Ni2+

exposed (Fig. 3b) N2 C. elegans. m/z 152 in both spectra is guanine [M +
H], the analysis of which we return to below. The main difference be
tween the two spectra is the emergence of the m/z 158 species from the 
Ni-exposed sample. Fig. 3c is the product ion spectrum of this m/z 158 
species. We had previously suggested that Fenton reaction conditions 
play a part in the increased oxidative Ip detected when analyzing nem
atode DNA based on the ability of Ni2+ to foster these conditions [21]. 
We did not find m/z 168 representing 8oxoG [M + H] in appreciable 
quantities in the Ni-exposed sample, but m/z 158 is a known guanidi
nohydantion rearrangement product of 8xoG. This m/z has been shown 
to be a more reliable marker of 8oxoG formation following hydrolysis 
[45,46]. The MS/MS spectrum did indeed produce product ions that 
were indicative of guanidinohydantion formation, and we have previ
ously proposed a fragmentation scheme leading to the observed MS/MS 
spectrum [22]. Based on this analysis, we monitored the product ion 
transitions 158→85 and 158→126 to provide relative quantitative 
analysis of 8oxoG formation in the DNA. We have also shown that the 
presence of this 158→85 or 126 species increases as a function of Fenton 
condition reaction exposure [22]. 

Guanine content was quantified from the DNA by monitoring m/z 
152→135 and 152→110 transitions [22]. Fig. 4a-b shows representative 
LC-MS/MS chromatograms for the guanine and 8oxoG main quantifying 
transitions from DNA hydrolysis product from unexposed and 
Ni-exposed worms. The chromatogram peak areas demonstrate that 
there is a decrease in guanine that is accompanied by an increase in 
species consistent with 8oxoG. This general trend was seen when 
analyzing the parent nematode strains as well as selected RIALs. These 
data are summarized in Fig. 4c. 

Fig. 4c shows that very little guanine/8oxoG differences were 
detected between DNA samples that had been exposed to 50 or 500 mg 
L−1 Ni2+. Remaining RIAL DNA was exposed to 500 mg L−1 Ni2+ as it 
more accurately mimics the concentrations seen in volcanic soil [3,47]. 
The guanine and 8oxoG percent changes for these analysis mainly all 
show that a decrease in guanine is accompanied with a similar increase 
in 8oxoG. This lends additional evidence to ROS generation as the 
culprit for Ni-induced toxicity. We also monitored adenine content from 
the N2 and CB strains in the presence or absence of Ni2+ using a similar 
methodology as described for guanine. Adenine content was consistent 
when comparing Ni2+ exposed to unexposed organisms, and these data 
are summarized in Table S2. Stable adenine content despite Ni2+

exposure lends additional evidence that guanine damage leads to Ip in
creases and lower guanine content detected upon MS/MS analysis. 
Accordingly, the RIAL data in Fig. 4 mirror the electrochemical Ip data 
shown in Figs. 1 and 2. DNA exhibiting large Ip increases were accom
panied by increased 8oxoG content and by extension a decrease in native 
guanine. However, the data also show some interesting genetic trends 
from the pairing of the two parental strains. Interestingly, RIAL QX565, 
which showed a decrease in ΔIp when comparing non-Ni exposed to 
Ni-exposed DNA, exhibited decreases in both guanine and 8oxoG, sug
gesting additional genetic processes, such as mutation to other bases 
may be occurring as well. We discuss this possibility below. 

3.3. 8-oxoguanine content 

The MS/MS data show that the decrease in guanine is accompanied 
with an increase in 8oxoG, likely as a result of nickel exposure. In an 
effort to provide a level of quantitation for 8oxoG formation, we created 
an indirect standard plot based on the guanine MS/MS response. 

Double stranded DNA oligomers containing known guanine amounts 
were acid hydrolyzed before and after exposure to Fenton reaction 
conditions. LC-MS/MS m/z transitions for both guanine and 8oxoG were 
monitored before and after the Fenton exposure. The difference in 
guanine detected between undamaged and Fenton-damaged treatments 
was taken to be the amount of 8oxoG generated due to Ni2+ oxidative 
damage conditions. The observed m/z 158→85 LC-MS/MS peak area 
was then plotted vs. this calculated 8oxoG concentration. The linear 

Fig. 2. Average percent Ip change for denoted RIAL-extracted DNA comparing 
0 μg L−1 Ni2+ to 500 μg L−1 Ni2+ exposed responses. Error bars represent s.d. for 
n = 3. 
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response is shown in Figure S2. Linear regression allowed the means to 
assign the m/z 158→85 peak area to an 8oxoG concentration upon 
monitoring the biological DNA samples. Based on the known bp length 
and GC content of the C. elegans genome [48], we were able to calculate 

the number of damaged bases detected due to Ni2+ exposure. The data 
from this analysis is summarized in Table 1. 

Overall, the quantitative data show that nickel induces 8oxoG for
mation in the different RIALS all within the same damage site per gua
nine magnitude. Negative values for QX518 equate to less detected 
8oxoG damage for the nickel treatment case. The LC-MS/MS elucidated 
8oxoG formation frequency is consistent with damage rate findings in 
other nematode models that looked at base substitution rates in DNA 
repair mutants [49] and overall 8oxoG accumulation to monitor aging 
impacts [50]. 

4. Discussion 

We have previously shown that Ni2+ unequivocally causes DNA 
damage. Here, we show that not only does the exposure to Ni2+ induce 
DNA damage, but the damage is dependent on the genomic makeup of 
the nematode strain. Strains collected from nickel-poor environments 
show a greater susceptibility to damage from nickel exposure than those 
collected from nickel-rich environments. The electrochemical results in 
Fig. 1 shows that the Ip that is generated after the worms were exposed to 

Fig. 3. ESI+ MS spectra of C. elegans extracted hydrolyzed DNA that was exposed to a) 0 or b) 50 μg L−1 Ni2+. c) m/z 158 product ion spectrum.  

Fig. 4. Normalized LC-MS/MS chromatograms monitoring hydrolyed DNA 
products a) m/z 152 → 135 and b) m/z 158 → 85 from N2 nematodes exposed 
to 0 μg L-1 Ni2+ (black) or 500 μg L−1 Ni2+ (red) . Intensity was normalized to 
starting DNA concentration. c) Average % difference peak area comparison 
between exposed (500 μg L−1 Ni2+or denoted concentration) and non-exposed 
nematodes for guanine (blue) and 8oxoG (orange). 

Table 1 
Additionala 8oxoG detected following Ni2+exposure to different C. elegans 
strains.  

C. elegans Strain 8oxoGb RSD (%)c 8oxoG per Guanined 

N2 3.53 12.0 0.00763 
QX565 2.75 12.1 0.00600 
QX585 1.37 15.2 0.00300 
QX544 0.71 3.5 0.0015 
QX518 −1.50 7.9 −0.00322  

a 8oxoG difference between 0 and 500 μg L−1 Ni2+ exposure. 
b ng (ng DNA)−1. 
c n = 3. 
d Calculated based on GC content in C. elegans genome. 
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Ni2+ was lower for worms that were originally from higher volcanic 
activity soils. It has been extensively shown that the SWV Ip increases as 
guanines become more accessible – i.e. as the DNA is damaged – 
therefore, the lower Ip seen for the volcanic Ni-exposed worms suggests 
less guanine damage in those DNA extracts. The MS/MS data suggest 
that this is consistent with lower amounts of Ni-related ROS damage. 
The volcanic soils in which these worms were sourced are known to 
contain over 500 μg mL−1 nickel. Therefore, these data are consistent 
with nematodes residing in the volcanic soils/environs adapting to these 
conditions and evolving protective mechanisms to counteract Ni- 
induced toxicity that are inherited through the genome. 

These genetic considerations were further seen in the RIAL analysis 
(Fig. 2). The electrochemical Ip data show that non-volcanic soil (N2) 
and volcanic soil (CB) parents produced RIAL strains exhibiting a wide 
range of DNA damage in response to Ni2+ exposure. The linear range of 
RIAL ΔIp suggest that multiple genes are involved in the Ni2+ response 
adaptation, which putatively involves protein complexes and sophisti
cated genetic regulatory circuits [51–54]. The observed Ip differences 
represent molecular and genetic differences in these mechanisms 
contributing to differing nickel susceptibility. In order to potentially 
identify the specific genes involved, further RIALs must be tested and 
full quantitative trait loci analyses must be performed. However, even 
amongst the electrochemically screened RIALs already tested, some 
exhibited very limited DNA Ip increases (QX 544) or even decreases (QX 
518) upon Ni2+ exposure. These RIALs represent an initial starting point 
to begin further development of hundreds of RIALs to fully understand 
the genetic mechanisms involved in nickel toxicity protection. 

The mass spectrometry findings complement the electrochemical 
data by showing that the SWV Ip increases are likely due to the formation 
of 8oxoG due to Ni2+ exposure. A decline in guanine content in Ni2+

exposure samples was detected in both parent strains and RIALs. This 
decrease was typically accompanied with similar levels of increase in m/ 
z species consistent with 8oxoG formation in the DNA. These data are 
consistent with the conversion of guanine to 8oxoG in the DNA due to 
Ni2+ exposure, leading to the increased SWV Ip. Further supporting our 
previous findings hypothesizing that ROS likely led to the increased Ip 
for DNA that had originated from Ni2+ exposed worms. 

The increases in 8oxoG content do not completely mirror the guanine 
content losses, as the 8oxoG increases are typically not as high as gua
nine loss. This is clearly evident in the RIALs that exhibit lower or 
negative Ip comparisons upon Ni2+ exposure. This suggests additional 
genetic or chemical processes occur to the guanine bases upon Ni2+

exposure. While N2 and CB strains exhibited consistent adenine content 
despite Ni2+ exposure (Table S2), one possibility is that 8oxoG forma
tion could lead to point mutations. It has been shown that the conversion 
from G→A occurs in worms due to ROS induced damage [55,56]. This 
could also explain the loss of guanine in the QX 544 and 518 RIALs 
without the concomitant increase in 8oxoG. Future MS analyses will be 
performed to explore this possibility. 

5. Conclusion 

Overall, we have used an electrochemical platform to rapidly analyze 
DNA from live animals to study environmental genetic adaption to toxic 
heavy metal insult. DNA extracted from nickel-exposed nematode 
strains that originated in soils/environs where nickel was more preva
lent exhibited lower amounts of damage compared to that from nema
todes strains from non-volcanic low-nickel soils/environs. This suggests 
an enhanced ability of the adapted worms to protect themselves from 
genetic damage upon metal exposure. Complementary tandem MS 
analysis showed that the SWV peak current increases are likely due to 
guanine content decrease accompanied with 8oxoG formation in the 
DNA. Furthermore, RIAL strains derived from a genetic cross between 
non-volcanic and volcanic derived parent strains exhibited a wide range 
of SWV Ip upon DNA analysis suggesting a complex genetic and 
biochemical mechanism involved in the toxicity protection. MS analysis 

showed that RIAL strains that were more resistant to Ni2+ damage as 
monitored using SWV exhibited less 8oxoG content compared to RIAL 
strains exhibiting elevated Ip upon Ni2+ exposure. Results presented 
here show that an electrochemical platform and complementary MS 
analysis can provide insight into a complicated environmental genetic 
adaptation mechanism. 
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