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Abstract

Caenorhabditis elegans is used extensively as a medical and toxicological model organism. 

However, little is known about background levels of oxidatively induced DNA damage in the 

nematode or how culturing methods affect DNA damage levels. The tough C. elegans cuticle 

makes it challenging to extract genomic DNA without harsh procedures that can artifactually 

increase DNA damage. Therefore, a mild extraction protocol based on enzymatic digestion of the 

C. elegans cuticle with high-salt phase-separation of DNA has been developed and optimized. This 

method allows for efficient extraction of >50 μg DNA using a minimum of 250000 nematodes 

grown in liquid culture. The extracted DNA exhibited acceptable RNA levels (<10% 

contamination), functionality in polymerase chain reaction assays, and reproducible DNA 

fragmentation. Gas chromatography/tandem mass spectrometry (GC-MS/MS) with isotope-

dilution measured lower lesion levels in high-salt extracts than in phenol extracts. Phenolic 

extraction produced a statistically significant increase in 8-hydroxyguanine, a known artifact, and 

*Corresponding Author: bryant.nelson@nist.gov.
‡Present Address: California Department of Pesticide Regulation, Sacramento, California 95814, U.S.A.
#Present Address: Institute for Bioscience and Biotechnology Research, University of Maryland, Rockville, MD 20850, U.S.A.
Author Contributions
L.S. designed and implemented experiments, optimized high-salt DNA extraction protocol, acquired and analyzed MS data, reviewed 
literature, and wrote and edited the manuscript. S.H.C. maintained nematode cultures, acquired and analyzed MS data, assisted with 
the TOC image, and edited the manuscript. P.J. optimized the high-salt DNA extraction protocol, developed LC-MS/MS and GC-
MS/MS methods, acquired mass-spectrometry data, analyzed data, and edited the manuscript. S.K.H. imaged nematode degradation 
plates and constructed figures and edited the manuscript. C.M.S. assisted with mCeHR DNA extractions and edited the manuscript. 
J.L.A. acquired PCR data. D.C. acquired pulse-field gel data. E.C. performed cell-based experiments. R.G. assisted with nematode 
culturing and sample preparation. M.D. developed LC-MS/MS and GC-MS/MS methods, provided laboratory space and equipment, 
and edited the manuscript. B.C.N. planned the project, analyzed data, provided laboratory space and equipment, reviewed the 
literature, and wrote and edited the manuscript.
§Co-first authors: L.D.S. and S.H.C.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.analchem.9b01503.
Figures and tables and experimental procedures for DNA extraction methods and GC-MS/MS methods (PDF)

The authors declare no competing financial interest.

Author Manuscript
Accepted for publication in a peer-reviewed journal

National Institute of Standards and Technology • U.S. Department of Commerce

Published in final edited form as:
Anal Chem. 2019 October 01; 91(19): 12149–12155. doi:10.1021/acs.analchem.9b01503.N

IS
T

 A
uthor M

anuscript
N

IS
T

 A
uthor M

anuscript
N

IS
T

 A
uthor M

anuscript

http://pubs.acs.org/
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01503/suppl_file/ac9b01503_si_001.pdf


additional artifactual increases in 2,6-diamino-4-hydroxy-5-formamidopyrimidine, 4,6-diamino-5-

formamidopyrimidine, and 8-hydroxyadenine. The high-salt DNA extraction procedure utilizes 

green solvents and reagents and minimizes artifactual DNA damage, making it more suitable for 

molecular and toxicological studies in C. elegans. This is, to our knowledge, the first use of GC-

MS/MS to measure multiple 8,5′-cyclopurine-2′-deoxynucleosides in a toxicologically important 

terrestrial organism.

Graphical Abstract

The nematode Caenorhabditis elegans (C. elegans) is used for biomedical, genetic, and 

toxicological research.1,2 It was the first multicellular organism to have its genome 

sequenced,3 and it was instrumental in understanding organismal and cellular development4 

and RNA interference.5 The use of C. elegans as a model organism is expected to increase as 

global toxicology testing moves toward nonmammalian-based assays.6–8

C. elegans were first used to study oxidatively induced DNA damage in 1976, following 

exposure to ionizing radiation.9 Numerous methods, including comet and micronuclei assays 

and qPCR, have been used to quantify oxidatively induced DNA lesions in C. elegans.10–13 

However, these assays do not measure genomic DNA damage in intact nematodes, cannot 

quantify background levels of DNA damage, or do not provide nucleotide-specific 

information.14 Nucleotide-specific information can be obtained with high-throughput 

sequencing,15–17 and 8-hydroxy-2′-deoxyguanosine can be detected with commercial 

antibody kits.18

MS methods provide simultaneous structural elucidation and accurate quantification of 

multiple DNA lesions in a given DNA sample.19 They have been used to identify and 

quantify DNA lesions in biological samples from many species including nematodes 

exposed to nanosilver20 and in nucleotide excision repair-deficient nematodes.21 However, it 

is technically challenging to extract intact DNA from C. elegans: the tough exoskeleton 

consists of extensively cross-linked collagen-like proteins.22 Numerous methods exist for 

disrupting the cuticle, lysing cells, and extracting DNA.23 These methods are time-

consuming, expensive, or have the potential to damage DNA during the extraction process.

Herein, we describe the development and validation of a robust enzymatic digestion and 

high-salt (HS), liquid-phase separation method for the efficient extraction of total genomic 

DNA from wild-type C. elegans. Nematodes were grown in either S basal-complete (SB) or 
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in modified C. elegans Habitation and Reproduction (mCeHR) medium24 to evaluate the 

possible effects of culture medium on endogenous DNA damage levels. The HS extraction 

method was compared to an established phenol/chloroform (i.e., “phenol”) extraction 

method25 to assess the quantity and quality of the extracted DNA. Gas chromatography/

tandem mass spectrometry (GC-MS/MS) with isotope-dilution was used to measure the 

levels of oxidatively induced DNA lesions in C. elegans DNA extracts.

EXPERIMENTAL SECTION

Nematodes.

Nematode Growth and Collection—All reagents are ACS grade or higher if not 

specified. Recipes for all buffers and growth medium are described in our previous work.26 

Briefly, C. elegans wildtype (N2) isolate (Caenorhabditis Genetics Center, University of 

Minnesota) grown on solid nematode growth medium plates were bleached to obtain sterile 

nematode egg solutions. Eggs were resuspended in modified C. elegans Habitation and 

Reproduction (mCeHR) medium with 20% fat-free milk and 100 μg/mL tetracycline 

hydrochloride,24 or in SB medium with 10% volume fraction E. coli OP50 suspension, 1% 

volume fraction Penicillin–Streptomycin–Amphotericin B Solution (ATCC, Manassas, VA) 

and 0.5% volume fraction Amphotericin B (MP Biomedicals, Burlingame, CA). Escherichia 
coli OP50 bacteria stock27 was cultured in Lennox LB Broth (Invitrogen, Carlsbad CA), 

washed, and resuspended in C. elegans M9 growth buffer. Nematodes liquid cultures were 

incubated in the dark at 20 °C for 1 week before splitting by a factor of 1:3 into larger 

volumes of medium for propagation or sample collection. To harvest from mCeHR, 

nematodes were counted, divided into aliquots of 500000 nematodes, centrifuged to remove 

medium supernatant, and frozen at −80 °C. Nematodes grown in SB medium were washed 

via a sucrose float method28 before counting and freezing at −80 °C. All C. elegans counts 

were performed with a standardized method that utilized 10 × 2 μL aliquots of (shaken) 

nematode culture pipetted (pipet tip prewetted) onto a glass slide.26 Slides were visualized 

by light microscopy.

Nematode Cuticle Degradation and DNA Extraction Optimization.—Seven 

commonly used nematode cuticle degradation/cell lysis methods and three different DNA 

extraction methods (Supporting Information, Table S1) were tested in pilot studies to 

determine which combination of methods was most robust and reproducible. Genomic DNA 

extraction methods included enzymatic digestion,29 grinding in liquid nitrogen coupled with 

anion-exchange resins,20,21 and a high-salt, mammalian-cell method.30 Lysates were imaged 

with an automated Zeiss microscope (Axio Vert.A1, Carl Zeiss Microscopy) with a 5× 

objective lens to qualify degradation. DNA concentrations were measured with a Qubit High 

Sensitivity dsDNA Assay Kit/Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, 

MA), a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), 

and a Beckman Coulter DU 640 spectrophotometer (Beckman, Brea, CA) for comparative 

purposes; final DNA concentrations represent Beckman Coulter readings.
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DNA Extraction and Analysis.

High-Salt (HS) DNA Extraction.—The HS DNA extraction protocol for C. elegans is 

detailed in the Supporting Information (SI). The protocol was loosely based on a method 

developed by Miller et al. for extracting genomic DNA from human cells.31 Frozen samples 

containing ≈500000 nematodes were thawed at 37 °C and pelleted by centrifugation. The 

nematode pellet was resuspended in 2 mL of lysis buffer (10 mmol/L Tris-HCl pH 8.2, 2 

mmol/L EDTA, 0.4 mol/L NaCl, 1% SDS)30 containing 2 mg/mL Proteinase K (Life 

Technologies, Carlsbad, CA; enzyme added on day of use) in a 15 mL, sterile plastic 

centrifuge tube rated to 15000 × g (GeneMate by BioExpress, Kaysville, UT). Nematode 

samples were incubated at 55 °C for 2 h before high-salt phase separation. Approximately 

50 μg of genomic DNA was obtained from each DNA sample.

Phenol/Chloroform DNA Extraction.—The phenol/chloroform extraction protocol25 

and lysis buffer recipe32 are detailed in the SI. Briefly, nematodes were thawed and pelleted, 

degraded with Proteinase K and SDS, and treated with RNase A/T1 before liquid-phase 

extraction with phenol/chloroform/isoamyl alcohol buffered with Tris (Sigma-Aldrich, St. 

Louis, MO).

Assessment of DNA Quantity and Quality.—The amount (μg) of DNA extracted from 

nematodes was determined with UV–visible spectrophotometry; the measurement accuracy 

of the spectrophotometer (Beckman Coulter DU 640, Beckman, Brea, CA) was verified with 

National Institute of Standards and Technology (NIST) DNA Standard Reference Material 

(SRM) 2372. RNA levels were measured on a Qubit 2.0 fluorometer with the High 

Sensitivity RNA Assay Kit (Thermo Fisher Scientific, Waltham MA); DNA samples 

containing ≤10% total RNA were considered acceptable for further analyses. Protein 

contamination was measured with a Coomassie Protein Assay Kit (Thermo Fisher Scientific, 

Waltham MA). DNA fragmentation and size of extracted DNA fragments were measured 

with pulse-field gel electrophoresis on a 1% agarose gel using a Sage Science PippinPulse 

PFGE (Beverly, MA) power supply and a Galileo Biosciences gel tank (Cambridge, MA). 

Polymerase chain reaction (PCR) amplification performed to test DNA quality and 

functionality used C. elegans-33 and E. coli-specific (Margaret Kline, NIST) primer 

sequences designed on the Integrated DNA Technologies Web site and ordered from 

idtDNA.com (Skokie, IL) and Eurofins Genomics (Folsom, CA). Primer sequences are 

provided in Table S2.

Measurement of DNA Lesions by GC-MS/MS with Isotope-Dilution.—Samples 

containing 50 μg of genomic DNA extracted from nematodes were digested with E. coli Fpg 

and E. coli Nth to release lesions, derivatized by trimethylsilylation, and analyzed using GC-

MS/MS with isotope-dilution for the measurement of five base lesions:20–35 4,6-diamino-5-

formamidopyrimidine (FapyAde), 2,6-diamino4-hydroxy-5-formamidopyrimidine 

(FapyGua), 8-hydroxyadenine (8-OH-Ade), 5-hydroxycytosine (5-OH-Cyt), and 

8hydroxyguanine (8-OH-Gua).

A second set of DNA samples was digested with nuclease P1, phosphodiesterase 1 and 

alkaline phosphatase, derivatized by trimethylsilylation, and analyzed using GC-MS/MS 
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with isotope-dilution for the determination of (5′R)-8,5′-cyclo-2′deoxyadenosine (R-cdA), 

(5′S)-8,5′-cyclo-2′-deoxyadenosine (S-cdA), (5′R)-8,5′-cyclo-2′-deoxyguanosine (R-

cdG), and (5′S)-cyclo-2′-deoxyguanosine (S-cdG).36–43 The sample preparation and 

instrumental analysis details for both the base and 8,5′-cyclopurine-2′-deoxynucleoside 

lesion measurements are fully described in the SI.

Control Experiments: Measurement of DNA Lesions in Human Breast Cells.—
Mammary gland epithelial cells (MCF 10A) and mammary gland epithelial adenocarcinoma 

cells (MCF7) were purchased from ATCC and cultured as in our previous work,44 per 

manufacturer’s recommendations. The human cells were obtained and utilized according to 

protocols approved by the NIST Institutional Review Board. DNA was extracted using the 

HS or phenol/chloroform DNA extraction protocols developed herein. DNA lesion levels 

were measured utilizing GC-MS/MS as described above.

Statistical Analyses.—GraphPad Prism 7.0 software was used to conduct statistical 

analyses. Normality of data sets was tested with the Shapiro-Wilk normality test. Statistical 

significance between DNA extraction yields, protein contamination, the ratio of nucleotide 

to protein absorbance values (260 nm/280 nm), and DNA lesion levels were analyzed with 

the Student’s t test (one comparison), or, for more than one comparison, one-way analysis of 

variance (ANOVA, parametric) or Kruskal–Wallis test (nonparametric); corrections were 

made for multiple comparisons (Tukey or Dunn tests). Outliers (four samples, total) in the 

raw DNA lesion data were identified with the Grubb’s outlier test. All reported standard 

deviations in individual data sets (e.g., error bars) represent one standard deviation.

SAFETY CONSIDERATIONS

No unexpected, new, or significant hazards or risks are associated with this work.

RESULTS AND DISCUSSION

Degradation of Nematodes.

Cuticle degradation/cell lysis is critical for efficient C. elegans DNA extraction. When 

visualized microscopically and measured spectrophotometrically (Figures 1, S1, and S2), 

enzymatic digestion with proteinase K resulted in the best nematode cuticle degradation.

DNA Yield and Quality.

The HS DNA extraction protocol successfully allowed for reproducible extraction of at least 

50 μg of DNA from aliquots of ≈250000 to ≈500000 nematodes. The overall DNA yield 

(average ng DNA/1000 nematodes ± SD) for the HS DNA extraction method was similar to 

that obtained using phenol (HS average = 426.4 ± 84.2, phenol average = 306.7 ± 66.3, two-

tailed t test, p = 0.2719, n = 18 each, Figure S3). This is equivalent to a yield of 

approximately 213 μg of DNA from 500000 nematodes for the HS methods and 153.4 μg of 

DNA from the phenol method. If we assume that in a mixed-population culture there are 

approximately 2000 somatic and germ cells per nematode, with 0.2 pg DNA per cell, we 

would expect to obtain 200 μg of DNA per extraction.

Scanlan et al. Page 5

Anal Chem. Author manuscript; available in PMC 2020 October 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Nematodes from mCeHR cultures produced larger DNA yields compared to nematodes from 

SB cultures with both the HS protocol (two-tailed t test, p = 0.011, n = 6 SB and 12 

mCeHR) and the phenol protocol (two-tailed t test, p = 0.0488, n = 6 SB and 12 mCeHR). It 

is interesting to note that nematode pellets (i.e., 500000 nematodes) from mCeHR cultures 

were visually larger in size than pellets from nematodes cultured in SB. Nematodes grow at 

different rates and reproduce at different rates in different media,26,45 but we hoped to 

control for differences in growth and reproduction by using nonsynchronized, mixed-age 

cultures and standardized counting methods. Further investigation is needed to understand 

differences in DNA from nematodes grown in different cultures

The quality of the extracted DNA was evaluated in terms of RNA and protein contamination 

levels. RNA levels averaged ≤10% RNA (per DNA sample mass). High-salt mCeHR extracts 

displayed a higher proportion of samples with higher RNA levels (12/29 samples or 41% 

compared to 0/12 phenol samples). Protein contamination in the DNA extracts was initially 

higher in the HS extracts than in the phenol extracts (two-tailed t test, phenol mCeHR vs HS 

mCeHR p ≤ 0.0001, phenol SB vs HS SB p = 0.0462, Figure S4). The purity of DNA 

extracts was confirmed by ultraviolet absorbance at 260 and 280 nm. Reducing the number 

of nematodes per sample significantly reduced the protein levels and increased 260/280 

ratios, indicating that the extracted DNA obtained via the HS extraction protocol is of 

similar quality to the DNA obtained using the phenol protocol.

Additional quality metrics included DNA fragmentation and suitability for use in qPCR. 

DNA extracts from SB and mCeHR cultures using both protocols produced pulse-field gel 

bands that were similar in size, appearing from approximately 10 to 55 kB (Figure S5). 

DNA extracted from nematodes grown in both media types was readily amplified with PCR, 

suggesting that the DNA was suitable for genomic methods such as PCR as well as for 

analytical assays.

DNA Lesions in Nematode Extracts.

A distinct trend of significantly lower lesion levels in HS extracts compared to the phenol 

extracts was observed (Figure 2). Summing the total lesion level in DNA extracted with each 

protocol showed an increased (average ± standard deviation) number of lesions in DNA 

extracted with phenol (8.74 ± 0.96 lesions/106 bases) compared to HS (6.09 ± 0.86 

lesions/106 bases, p = 0.042, n = 74 samples for HS, n = 81 samples for phenol). An increase 

in 8-OH-Gua levels using the phenolic extraction protocol has been reported previously and 

is attributable to the ability of phenol to sensitize guanine residues to enhanced damage from 

oxygen.46,47 In the present study, the levels of 8-OH-Gua were found to be statistically 

significant and higher in DNA extracted using phenol from nematodes grown in both 

mCeHR and SB media (p ≤ 0.05 to 0.001, Figure 2A). We also observed an increase in 

FapyAde and FapyGua, major promutagenic lesions in mammalian cells, in DNA extracted 

with the phenol extraction protocol from nematodes cultured in both mCeHR and SB media. 

Interestingly, the observed levels of FapyAde and FapyGua in DNA extracts reached the 

level of statistical significance (p ≤ 0.05 to 0.01, Figure 2D,E) in nematodes cultured in 

mCeHR medium, but not in nematodes cultured in SB medium. The level of 8-OH-Ade 

(Figure 2B) was found to be increased in DNA extracts from nematodes cultured in either 
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mCeHR or SB media due to the phenol extraction protocol. To the best of our knowledge, 

this is the first report on either eukaryotes or prokaryotes detailing increased oxidatively 

induced DNA lesions, other than 8-OHGua, via the use of a phenolic extraction protocol.

It is also worthwhile to point out the relative differences between the 8-OH-Gua and 8-OH-

Ade levels in the nematode DNA extracts. In general, the oxidatively driven formation of 

8OH-Gua from the guanine base is more energetically favorable than the oxidatively driven 

formation of 8-OH-Ade from the adenine base due to the substantially lower reduction 

potential of guanine. Thus, when one compares the relative levels of 8OH-Gua/8-OH-Ade 

(Figure 2) across all four of the culture/DNA extraction conditions (the ratios are 1.9, 8.7, 

13.4, and 23.8 for HS-mCeHR, phenol-mCeHR, phenol-SB, and HS-SB, respectively), it is 

notable that the ratio is always >1, effectively demonstrating the enhanced background levels 

of 8-OH-Gua in N2 nematodes. The ratio of 8-OH-Gua/8-OH-Ade is the lowest under the 

HS-mCeHR and phenol-mCeHR extraction conditions and the highest under the phenol-SB 

and HS-SB extraction conditions which could suggest that the SB nematode culturing 

conditions might have had an influence on the oxidation of the guanine base. However, the 

data shown in Figure 2a does not support this hypothesis, and in fact, clearly demonstrates 

that the presence of phenol in the extraction medium had a more significant effect on the 

measured levels of 8-OH-Gua than the SB culturing conditions. It is not clear to us why the 

ratio of 8-OH-Gua/8-OH-Ade is not constant across the culture/DNA extraction conditions 

since both guanine and adenine are oxidized by the presence of phenol in the extraction 

medium. The observed differences in the 8-OH-Gua/8-OH-Ade ratios may be due to 

multiple interacting experimental factors, including the differences in the extraction media, 

nematode culturing conditions, and the kinetics and extent to which phenol induces the 

formation of 8-OH-Gua versus 8-OH-Ade in DNA extracts.

The levels of 8-OH-Gua, 8-OH-Ade, FapyAde, and FapyGua in nematode DNA extracted 

with the HS protocol were significantly lower than those reported by Arczewksa et al. in 

DNA from nematodes grown on solid agar, ground with a mortar and pestle under liquid 

nitrogen, and extracted using anion-exchange resins.21 We report 3× lower levels of 

FapyAde, 9× lower FapyGua, 26× lower levels of 8-OH-Ade, and 62× lower levels of 8-OH-

Gua. The total combined lesion level (mean ± standard deviation) was (25.4 ± 4.2) lesions/

sample in the Arczewska extracts compared to (3.8 ± 0.9) lesions/sample in the current HS 

extracts (p ≤ 0.0001, n = 16 Arczewska, n = 37 this work). It is possible that the increase in 

DNA lesion levels presented in Arczewska’s work was caused by the presence of additional 

oxygen during the nematode grinding step.

Control experiments were performed in an orthogonal model, MCF7 and MCF-10A human 

breast cells, to confirm that the phenol extraction protocol increased oxidative damage. For 

both cell lines, the levels of FapyAde and FapyGua were significantly increased after phenol 

extraction (Table S3), mimicking the observed increases in FapyAde and FapyGua following 

nematode extraction with phenol (Table S4). It is important to note that the observed 

increases in these lesions appears to be independent of nematode culturing conditions (SB vs 

mCeHR) or cell culturing conditions. 8-OHGua was not increased in the phenol extract from 

the MCF7 cells but was increased in the phenol extract from the MCF-10A cells, which may 
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be due to the overexpression of DNA repair proteins and a resultant increase in the DNA 

repair capacity of the cancer cells.48

GC-MS/MS was further utilized to measure the background levels of the 8,5′-
cyclopurine-2′-deoxynucleosides in HS and phenol DNA extracts from nematodes grown in 

mCeHR (Figure 3). The 8,5′-cyclopurine-2′-deoxynucleosides are known to block 

transcription and to inhibit gene expression in mammalian cells and are typically repaired 

via the nucleotide excision repair pathway49–54. Neither R-cdA nor S-cdA were detected in 

nematode extracts using the present methodology (Figure 3A). However, the levels for both 

R-cdG and S-cdG were detectable and were significantly higher (p = ≤ 0.0001) in phenol 

extracts than in HS extracts (R-cdG HS n = 5, phenol n = 4; S-cdG HS n = 5, phenol n = 5).

The 8,5′-cyclopurine-2′-deoxynucleoside levels found in the present work were not 

significantly different from the 8,5′cyclopurine-2′-deoxynucleoside levels previously 

reported by Arczewksa et al.21 This is noteworthy because Arczewksa et al. utilized a 

different DNA extraction protocol and DNA lesion measurement technique. Importantly, the 

non-8,5′-cyclopurine-2′-deoxynucleoside levels in the analytical control samples (DNA 

lesions measured in calf-thymus DNA using GC-MS/MS, Table S5) in the present work 

were not significantly different from the levels reported by Arczewska et al. (Table S5). This 

finding suggests that the differences in the average non-8,5′-cyclopurine-2′-
deoxynucleoside nematode levels reported in this work (Figure 3) are due to the nematode 

culturing or to the DNA extraction protocol.

CONCLUSIONS

The HS DNA extraction method can be reliably utilized to obtain microgram quantities of 

genomic DNA from cuticular nematodes and, thus, to quantitatively evaluate effects of 

emerging chemical and biological toxins on DNA. The high quality of the extracted DNA 

obtained in the present study highlights the method’s potential utility in other DNA damage 

measurement techniques such as quantitative polymerase chain reaction (qPCR), enzyme-

linked immunoabsorbant assays (ELISAs), DNA slot-blot assays, and electrochemical 

biosensors. The collected data from these measurement techniques would enable a 

comprehensive hazard assessment of the effects of chemical and biological toxins on the 

induction of DNA damage in nematode models. The ability to quantitatively study chemical 

and biological toxicity in the nematode can help to advance the understanding of toxicology 

and cancer biology in human tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Standard Reference Material (SRM) 2372 was provided by Margaret Kline at NIST. Certain commercial equipment, 
instruments and materials are identified in this paper to specify an experimental procedure as completely as 
possible. In no case does the identification of particular equipment or materials imply a recommendation or 
endorsement by the National Institute of Standards and Technology nor does it imply that the materials, 
instruments, or equipment are necessarily the best available for the purpose.
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Figure 1. 
Degradation of nematodes. Bright-field snapshot from a 0.2 mL sample in a 24-well cell 

culture plate. (A) Control nematodes, frozen at −80 °C and thawed at room temperature. (B) 

Nematodes frozen in dry ice (−78.5 °C) and thawed at 37 °C, repeated six times. (C) 

Nematodes digested with mammalian cell lysis buffer containing 2 mg/mL Proteinase K. 

(D) Nematodes ground with a mortar and pestle in liquid nitrogen.
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Figure 2. 
Quantification of DNA base lesions in C. elegans DNA extracts. C. elegans were cultured in 

either SB or mCeHR media. DNA was extracted with either the HS or the phenol extraction 

protocol. (A) 8-OH-Gua, (B) 8-OH-Ade, (C) 5-OH-Cyt, (D) FapyGua, and (E) FapyAde. 

Asterisks indicate statistically significant differences between samples based on the one-way 

ANOVA. One, two, or three asterisks indicate p ≤ 0.05, 0.01, and 0.001, respectively. All 

data points represent the mean of the measurements for 3–6 independently prepared 

samples. The uncertainties are standard deviations.
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Figure 3. 
Quantification of 8,5′-cyclopurine-2′-deoxynucleosides in C. elegans DNA extracts. 

Quantification and comparison of R-cdA, S-cdA, R-cdG, and S-dG levels in C. elegans 
cultured in mCeHR medium. DNA was extracted using the HS or the phenol extraction 

protocol. Asterisks indicate statistically significant differences between samples based on the 

Student’s t test (unpaired, two-tailed). One and two asterisks indicate p ≤ 0.05 and 0.01, 

respectively. All data points represent the mean of the measurements for 3–6 independently 

prepared samples. ND: not detected. The uncertainties are standard deviations.
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