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Abstract

DNA damage has been linked to genomic instability and the progressive breakdown of cellular 

and organismal homeostasis, leading to the onset of disease and reduced longevity. Insults to DNA 

from endogenous sources include base deamination, base hydrolysis, base alkylation and 

metabolism-induced oxidative damage that can lead to single-strand and double-strand DNA 

breaks. Alternatively, exposure to environmental pollutants, radiation or ultra-violet light, can also 

contribute to exogenously derived DNA damage. We previously validated a novel, high through-

put approach to measure levels of DNA damage in cultured mammalian cells. This new 

CometChip Platform builds on the classical single cell gel electrophoresis or comet methodology 

used extensively in environmental toxicology and molecular biology. We asked whether the 

CometChip Platform could be used to measure DNA damage in samples derived from 

environmental field studies. To this end, we determined that nucleated erythrocytes from multiple 

species of turtle could be successfully evaluated in the CometChip Platform to quantify levels of 

DNA damage. In total, we compared levels of DNA damage in 40 animals from two species: the 

box turtle (Terrapene carolina) and the red-eared slider (Trachemys scripta elegans). Endogenous 

levels of DNA damage were identical between the two species, yet we did discover some sex-

linked differences and changes in DNA damage accumulation. Based on these results, we confirm 

that the CometChip Platform allows for the measurement of DNA damage in a large number of 

samples quickly and accurately, and is particularly adaptable to environmental studies using field-

collected samples.
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INTRODUCTION

Global chemical production is increasing exponentially, leading to widespread exposure of 

many organisms and ecosystems to pollutants (Schwarzenbach et al. 2006). Short- or long-

term chemical exposure can cause population decline and even extinction through genetic, 

physiologic, metabolic, behavioral, or ecological alterations (Bruhl et al. 2013; Goulson et 

al. 2015), or can lead to potential adaptation of organisms to pollutants; reviewed in 

(Whitehead 2014). Since chemicals can have diverse impact across organisms and at 

multiple levels of biological organization (e.g., cells, organs, whole individuals), tools are 

needed to rapidly assess the nature and magnitude of effects to a given species or system.

Genotoxicity due to DNA damage is an adverse effect that can result from exposure to 

pollutants. While DNA damage naturally occurs in cells, for example as a result of 

metabolic processes, chemical exposure has been observed to increase the amount of DNA 

damage in organisms (Ojha et al. 2013). For this reason, measures of DNA damage have 

become common markers of environmental genotoxicity (Frenzilli et al. 2009). Genotoxicity 

can be caused by many types of chemicals including metals (Lacaze et al. 2011), 

pharmaceuticals (Parrella et al. 2015), and pesticides (Guilherme et al. 2012; Moreno et al. 

2014). Studies have linked genotoxicants to effects on growth, reproduction, offspring 

survival and development, population size and population dynamics (Devaux et al. 2011; 

Poletta et al. 2011; Sarkar et al. 2017).

Common methods used to detect DNA damage include the presence of micronuclei and 

sister chromatid exchanges; reviewed in (Frenzilli et al. 2009). However, the classical comet 

assay (Single Cell Gel Electrophoresis, SCGE) has become one of the most widely applied 

methods to detect DNA breakage and DNA repair (Azqueta and Collins 2013). Compared to 

other approaches, the comet assay shows higher sensitivity and reliability in measuring DNA 

damage in the nucleus of the cell by detecting multiple types of DNA damage (single-strand 

breaks, double-strand breaks, base damage, DNA cross-links). Further, as a single-cell assay, 

this approach provides DNA damage quantification for individual cells. SCGE relies on 

electrophoresis; negatively charged DNA will migrate in an agarose matrix towards the 

positive anode. When the DNA is undamaged, it remains tightly supercoiled, inhibiting 

movement through the matrix. However, with increasing DNA damage, the DNA becomes 

more relaxed due to loss of supercoiling. The less tightly bound DNA allows for further 

migration in the agarose matrix. The method works for most cell types, requires a small 

amount of starting material, and can be completed within 24 hours (Olive and Banath 2006; 

Karbaschi and Cooke 2014).

Recently, we developed and validated a high throughput version (CometChip Platform) of 

the classical SCGE methodology to increase the number of samples that can be processed at 

one time, reducing inter/intra assay variability considerably (Sykora et al. 2018). The 

CometChip Platform is comprised of 96 wells in a standard well configuration of 8×12 

wells, with each well consisting of approximately 500 microwells, each able to hold a single 

cell. Cells are gravity-loaded into the chip, allowing for up to 96 individual experiments to 

be conducted in a single assay. Extensive testing and damage measurements using the 

CometChip Platform have been conducted, showing that this method can be used 
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successfully to measure DNA damage in human patient samples as well as cultured adherent 

and suspension mammalian cells (Sykora et al. 2018). Although the utility of this method 

has been demonstrated when screening environmental compounds in a laboratory-based 

setting (Sykora et al. 2018), there is a need for a protocol that can measure DNA damage in 

a large number of field-derived samples both accurately and reproducibly. Furthermore, 

while most of the applications using the CometChip Platform have been carried out on 

mammalian cells, mammalian erythrocytes no longer have a nucleus and hence are 

incompatible with the comet protocol. Since blood is one of the most accessible tissues to 

sample for many vertebrates under field conditions, and since the erythrocytes of non-

mammalian vertebrates are nucleated, application of the CometChip Platform to screen for 

genome damage in field-collected samples of nucleated blood would be of great advantage 

in environmental toxicology. In this work, we consider whether the CometChip Platform can 

be applied successfully to detect DNA damage in blood samples of turtles sampled under 

field conditions. Such a technique would find application in many avenues of environmental 

toxicology requiring field sampling of non-mammalian vertebrates.

MATERIALS AND METHODS

Chemicals

Hydrogen peroxide (H2O2), methyl methanesulfonate (MMS), N-methyl-N′-nitro-N 

nitrosoguanidine (MNNG), DMSO, glycerol and etoposide were purchased from Sigma-

Aldrich (St. Louis, MO). All DNA damaging agents were diluted immediately prior to use.

CometChip supplies

The CometChip Platform is now available from Trevigen, a division of Bio-Techne 

(Minneapolis, MN). This includes the disposable 30 μM CometChips, the CometChip 96-

well magnetically sealed cassettes, the CometChip electrophoresis system and the Comet 

Analysis Software (CAS).

Animal sampling

Box turtles (Terrapene carolina) and red-eared sliders (Trachemys scripta elegans) were 

sampled for comparison in this project. This project was conducted under University of 

South Alabama IACUC permit # 922419. Box turtles were collected by hand, while sliders 

were collected via baited hoopnet traps in freshwater ponds on the University of South 

Alabama campus (Mobile, AL). Carapace length and width of each individual were 

measured using calipers and sex was recorded based on plastron morphology for box turtles 

(St Clair 1998) and body size, front claw length, and tail length and thickness for sliders 

(Readel et al. 2008). Additionally, one common snapping turtle (Chelydra serpentina) was 

sampled for the initial protocol-testing phase of the project. Approximately 200 μl of blood 

was collected from the sub-carapacial sinus of all individuals using a 23-gauge or a 25-

gauge needle and 3 cc syringe and then placed into vacutainer tubes containing lithium 

heparin (BD biosciences, San Jose, CA). Among the tissues that could potentially be used 

for the comet assay, blood samples can be considered minimally invasive compared to 

biopsies from muscles or internal organs (e.g., liver). After sampling, samples were kept on 
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ice until processed for use in the CometChip assay and were transported to the laboratory 

within two hours of drawing blood.

Blood processing

Cell number was determined using the Countess® II automated cell counter (ThermoFisher 

Scientific, Waltman, MA). Blood was serial diluted in PBS to reach an erythrocyte 

concentration of approximately 106 cell per ml. Cell counts were then done in triplicate with 

the final values averaged. Cellular morphology was imaged on an EVOS XL imaging system 

(ThermoFisher Scientific).

Freezing protocols

We tested the effect of freezing the samples following common procedures used during field 

sampling – i.e., blood samples initially stored on ice and then frozen for longer term storage. 

Before freezing at −80°C, blood aliquots were placed in each of the following storage 

solutions to test efficacy: (1) Cryostor CS10 (Stem cell technologies, Cambridge, MA), 

which has 10% DMSO and other unspecified agents; (2) PBS, diluted to 106 cells per ml; (3) 

20% glycerol in PBS, where the blood was again diluted to a working concentration before 

freezing; (4) 10% DMSO in PBS. Blood was also frozen without any dilution or further 

treatment; these samples are designated as “no treatment”. The frozen samples were stored 

at −80°C continuously for 6 months before analysis.

General CometChip protocol

The general CometChip protocol was further optimized from the manufacturer’s instructions 

(Trevigen) and our own previous experiments during the development of the CometChip 

technology (Sykora et al. 2018). Each well in the 96-well CometChip contains 

approximately 500 microwells (microwell width of 30 μM). Cells were loaded into the 

CometChip apparatus at an initial concentration of 50,000 cells per well (Figure 1) which 

was reduced to 10,000 cells per well for subsequent experiments. Cells were gravity loaded 

into the 30 μM microwells for 30 min at room temperature (RT). DNA damaging 

compounds or vehicle controls were diluted in PBS and applied immediately after the cells 

were loaded into the CometChip. For repair capacity measurements, cells were exposed to 

DNA damaging agents in the CometChip for 1 hour at RT, washed three times with PBS and 

allowed to repair in PBS for 1 hour at RT. After treatment (H2O2, MMS or etoposide) in the 

CometChip apparatus, the chip was washed multiple times with PBS and sealed with low 

melting point agarose (LMPA) (Topvision, ThermoFisher Scientific) (7 ml; 0.8% LMPA/

PBS). The CometChip was then submerged in lysis solution with Triton X-100 detergent 

(Trevigen) for 40 min at 4°C. The CometChip was run under alkaline (pH>13) conditions 

(200 mM NaOH, 1 mM EDTA, 0.1% Triton X-100). Electrophoresis was conducted at 22 V 

for 50 min at 4°C. After electrophoresis, the CometChip was re-equilibrated to neutral pH 

using Tris buffer (0.4 M Tris·Cl, pH 7.4). Subsequently, the DNA was stained with 1× SYBR 

Gold (ThermoFisher Scientific) diluted in Tris buffer (20 mM Tris·Cl, pH 7.4) for 30 min 

and de-stained for 1 h in Tris buffer (20 mM Tris·Cl, pH 7.4).
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Automated image acquisition

Image acquisition was conducted on the Celigo S imaging cytometer (Nexcelom Bioscience, 

Lawrence, MA) at a resolution of 1 micron/pixel with whole plate imaging to avoid imaging 

variability. Image analysis was conducted using the dedicated Comet Analysis Software 

(CAS) with the box size set to 220 × 180 pixels which represented a box size that would 

capture comets from heavily damaged cells without box overlap. Data acquired were 

exported to Excel (Microsoft) and subsequently to GraphPad (Prism) for statistical analysis.

Statistical Analysis

All statistics and significance analysis was calculated in GraphPad (Prism). Two group 

comparisons were conducted using unpaired two tailed t-test with Welch’s correction.

RESULTS

Assessment of DNA damage in nucleated erythrocytes using the CometChip Platform

To determine the feasibility of evaluating levels of DNA damage in erythrocyte cells by the 

CometChip Platform, initial testing was conducted using the whole blood of a single 

Trachemys scripta elegans (T. scripta) animal. It was determined that the number of cells in 

the blood sample was between 108 and 109 cells per ml. While validating the CometChip 

Platform, we found an optimal number of cells to be at a concentration of 1–5 × 105 cells 

per ml or greater. Therefore, the whole blood was initially loaded at a concentration of 5 × 

105 cell per ml (Figure 1), to ensure that all microwells were filled. Subsequent experiments 

used a loading concentration of 105 per ml. After loading, the cells were exposed to three 

established DNA damaging agents, each able to induce a different form of DNA damage. 

Hydrogen peroxide (H2O2) produces a range of oxidative DNA damage and DNA single-

strand breaks (SSBs). At high concentrations (greater than 1 mM), H2O2 has been reported 

to also induce DNA double-strand breaks (DSBs) (Dahm-Daphi et al. 2000). An acute 

exposure (30 minutes) of the T. scripta erythrocyte cells to H2O2 produced an increase in the 

amount of DNA in the comet tail compared to the relatively immobile nucleoid, consistent 

with an increase in DNA damage (Figure 1A). Further, H2O2 at both 100 and 1000 μM but 

not 10 μM induced DNA damage (>20% tail DNA) in the blood cells. Etoposide, in contrast 

to H2O2, induces DSBs at low micromolar concentrations in proliferating mammalian cells. 

In our experiments, T. scripta erythrocyte cells treated with etoposide induced a moderate 

(>30% tail DNA) level of DNA damage at the highest concentration tested (100 μM) (Figure 

1B). MMS is an SN2 alkylating agent, and the erythrocyte cells of T. scripta accumulated 

greater than 20% tail DNA at all concentrations tested (Figure 1C). Analysis of the comet 

loading (Figure 1D) showed that the CometChip had greater than 99% loading and that the 

damage calculated in Figure 1A–C does correspond to visible comet tails. Therefore, the 

results obtained from tests run on a single animal showed that the CometChip Platform is 

compatible with measuring DNA damage in cells derived from these blood samples.

Determination of CometChip suitability for field-based research

For the CometChip assay to be adaptable to field collected blood samples, it was necessary 

to determine that the samples could be handled and stored in a manner that did not induce 
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artificially high levels of DNA damage. We developed a plan (Figure 2A) in which the 

samples were isolated in the field and then kept on ice for short-term storage while 

transferred to the laboratory. Once in the laboratory, the samples were separated into three 

fractions. The first fraction was dedicated to cell profiling to assess physical parameters of 

the blood including cell number and morphology. The second fraction was used to measure 

DNA damage and perform a limited analysis of DNA repair capacity. Measurements of 

DNA repair could not be done on frozen samples. The third fraction of the collected blood 

was devoted to long-term sample storage. These samples could then be evaluated for 

endogenous DNA damage at a later stage.

To determine the effectiveness of the work plan, we increased our sample size to four 

animals, made up of three species: two individuals of T. scripta (TS), one of T. carolina 
(TC), and one of C. serpentina (CS). The blood was extracted into heparinized tubes and 

kept on ice until analysis (4 hours). We first assessed blood cell concentration (Figure 2B) 

and found that all samples were comparable. Remote site fieldwork may also necessitate 

samples being stored on ice for prolonged periods of time. The samples were inspected for 

any changes in morphology after 4, 10 and 24 hours on ice (Figure 2C). This analysis 

allowed us to determine if there were large amounts of cell death or gross changes in 

morphology. The cells retained morphology on ice up to 24 hours after samples were taken 

in the field. We next investigated if storage conditions impacted the endogenous levels of 

DNA damage when measured in the CometChip Platform. Storage on ice for 10 or 24 hours 

did not cause a significant increase in levels of DNA damage compared to the 4 hour results 

in any of the samples tested (Figure 3). Finally, because field collection may require the 

freezing of samples, either due to the remoteness of the location of the research or the 

duration of sample collection (over many seasons or years), samples need to be stored in 

such a way as to not promote excessive DNA damage. Five freezing protocols were 

evaluated (Figure 3). Dilution of the sample in Phosphate Buffered Saline (PBS) or freezing 

the samples in the heparin tubes in which the sample was originally collected resulted in 

high levels of DNA damage in many of the samples, suggesting that some further 

intervention was required to protect the cells from freezing-induced or freeze/thaw-induced 

DNA damage. Three interventions were tested: (i) 10% DMSO in PBS, (ii) 20% glycerol in 

PBS or (iii) commercial freezing medium (Cryostor CS10, Stem cell technologies). We 

found that any of the three intervention protocols were sufficient to protect the DNA when 

stored at −80°C for up to 6 months. However, the commercial freezing medium offered the 

most consistently low increase in DNA damage after freezing. These results show that long 

term storage of blood samples on ice (up to 24 hours) or frozen at −80°C for up to 6 months 

in freezing medium would both be suitable for studies on DNA damage analysis using the 

CometChip Platform (Figures 3 and S1).

Measuring DNA damage in whole blood samples

An advantage of the high-throughput CometChip Platform is that it is possible to measure 

not only levels of endogenous DNA damage but also measure the change in the levels of 

DNA damage following a repair period (after exposure to DNA damaging agents), providing 

some limited information on DNA repair capacity. Unlike measuring endogenous DNA 

damage, measuring DNA repair must be done on live cells, before freezing. We asked 
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whether the cells would be able to repair DNA damage induced by a short exposure (30 

minutes) to either H2O2 (100 μM) or MMS (100 μM). Another factor tested was whether the 

amount of time the samples were stored on ice would influence repair capacity. We 

compared each species after H2O2 exposure (Figure 4A). The TS samples accumulated less 

DNA damage than the samples from the other two species. After 30 minutes incubation at 

room temperature, the TS samples also repaired significantly more of the DNA damage than 

the other samples. These results were compared to an identical assay conducted on the same 

samples after a further 6 hours (10 hours total) on ice (Figure 4B). The extended period of 

time on ice appeared to increase the amount of initial DNA damage accumulated. Overall, 

results between the two time-points were comparable, with the exception of the CS1 samples 

that showed substantial variation in DNA damage and repair response. MMS is an SN2 

alkylating agent that produces a varied spectrum of DNA damage lesions (Wyatt and 

Pittman 2006). In contrast to the results obtained with H2O2, only limited DNA damage and 

repair was measured after exposure to MMS (Figure 4C), consistent with our previous 

studies evaluating DNA damage in human cells induced by MMS (Sykora et al. 2018). A 

further difference between the two agents was that there was a decrease in DNA damage 

after extended storage (10 hours total) on ice (Figure 4D). This data suggests that when 

performing DNA damage analysis studies for such field-collected cells, all samples should 

be assayed at the same time.

DNA damage analysis in cells from T. scripta

DNA damage parameters were then measured in a larger cohort of 20 T. scripta animals 

(including the previously used animals TS1 and TS3) (Figure 5A) using un-frozen samples. 

The mean level of endogenous DNA damage was 8.6% tail DNA with a standard error of 

± 0.32%. The data were separated according to the sex of the animal (Figure 5B). The 

female animals (n=11) showed a trend of more endogenous DNA damage. The samples 

(TS5-TS22) were then exposed to H2O2 (100 μM) and the initial DNA damage (no repair 

time) as well as the levels of DNA damage after 30 minutes of repair was measured (Figure 

5C). All samples tested had a significant increase in DNA damage after H2O2 exposure. 

However, repair of the DNA damage was minimal with the exception of three samples 

(TS15-TS17). We compared any sex-linked changes in either initial DNA damage 

accumulation or changes in the amount of DNA damage following repair. Levels of DNA 

damage and repair following treatment with H2O2 (100 μM) were normalized by subtracting 

the level of endogenous damage (Figure 5D, E). Both sexes accumulated approximately 

38% DNA damage after H2O2 exposure. However, samples from the males repaired less of 

the damage than that from the females after 30 minutes of repair at room temperature (RT).

DNA damage analysis in cells from T. carolina

DNA damage levels were also measured in a larger cohort of 17 T. carolina animals (Figure 

6A). The mean level of endogenous DNA damage was 8.36%, with a standard error of 

±0.21% tail DNA. When comparing sex related differences in the level of endogenous DNA 

damage, cells isolated from females had statistically higher levels of DNA damage (2.26% 

increase) (Figure 6B). Samples were exposed to the same H2O2 treatment as the T. scripta 
cohort and the cells were allowed to repair for 30 minutes (Figure 6C). DNA damage levels 

and DNA repair capacity did not vary widely within the group. There was also limited 
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difference in the amount of DNA damage accumulated when comparing cells from males 

and females (Figure 6D). Despite there being only modest difference between the amount of 

DNA damage accumulated, females repaired approximately half as much of the accumulated 

DNA damage as compared to the males (Figure 6E).

Comparative analysis of T. carolina (TC) and T. scripta (TS)

The data from the two species were combined and the level of endogenous DNA damage 

was compared (Figure 7A). With % tail DNA values of 8.53 ± 0.06 SEM for the TC and 

8.55 ± 0.08 SEM for the TS group, the levels of endogenous DNA damage between the two 

groups was almost identical. A comparison of the amount of accumulated DNA damage 

after H2O2 exposure clearly showed that the TC cohort accumulated more DNA damage 

(Figure 7B), although the amount of DNA damage repaired was comparable between the 

two species (Figure 7C). Further, when the % damage repaired was compared to the length 

of the animal, which can be used as a proxy for the age of the animal, it was found that TC 
had a limited correlation between length and percentage of repair (Figure 7E), whereas this 

correlation was comparably strong in the TS cohort (Figure 7D).

DISCUSSION

The ability to measure DNA damage in a large number of samples, quickly and 

reproducibly, is of undeniable importance in biology. We have shown that it is possible to 

take field samples and conduct very precise measurements of DNA damage. In this 

presented research, we measured DNA damage from blood cells in three different species of 

turtle and predict that any nucleated erythrocyte could be successfully used in the 

CometChip Platform (Sykora et al. 2018), as long as the size of the cell is considered. We 

cannot be certain that all the blood cells assessed in the CometChip are erythrocytes. 

However, from visualization of the blood we can estimate that cells other than erythrocytes 

make up less than 1% of the total cell count. Hence, the vast majority of these results are 

from erythrocytes and the influence of any other cell type on the result would be minimal.

The CometChip Platform has the advantage of being able to assess up to 90 samples 

(considering controls) in each assay, substantially reducing worktime but more pertinently 

allowing the research to incorporate “on chip” positive and negative controls. These controls 

can then be used to normalize run conditions and sample variability, as we have described 

(Sykora et al. 2018). Traditional comet inter\intra assay variability has been a major problem 

in human studies. Results from experiments measuring the inter laboratory variability of the 

classic comet assay have proven so large that any actual population differences would be 

potentially masked (European Standards Committee on Oxidative DNA Damage 2003; 

Gedik et al. 2005). However, introduction of normalization parameters has improved 

variability from lab to lab (Collins et al. 2014). An objective of this study was also to create 

a standardized workflow that allowed a researcher to compare samples taken over extended 

periods of time (weeks, months, years). This is undoubtedly a strength of the CometChip 

Platform over current systems. It was successfully shown that samples could be stored long-

term with limited preparation and then assessed for DNA damage. Together with the inbuilt 

controls of each assay run, this will allow field researchers to potentially take samples across 
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an organism’s life span or allow for the measurements of seasonal variations of organismal 

DNA damage.

In this assessment, we also conducted limited measurements of DNA repair capacity and 

observed that the amount of DNA damage repaired was less than expected, based on our 

previous results when evaluating repair in human cells. The low level of DNA damage in the 

erythrocytes could be due to multiple overlapping factors (Sykora et al. 2018). The 

erythrocytes are terminally differentiated cells and as such have attenuated DNA repair 

capabilities compared to actively dividing cells (Sykora et al. 2013). Additional experiments 

may also be required to determine a more optimal medium for the erythrocytes to incubate 

while they are repairing. Whereas we have shown here that the CometChip Platform can be 

used to measure changes in DNA damage levels of the cells from nucleated erythrocytes 

after a short repair period, we encourage investigators to more completely determine assay 

conditions for the species of interest before attempting full repair kinetics. Three different 

DNA damaging agents (H2O2, MMS and etoposide) were assessed for activity in the 

erythrocytes. Etoposide did not induce high levels of DNA damage in the erythrocytes. Most 

likely this is due to the non-proliferating nature of the cells. The mechanism of action for 

etoposide requires actively replicating cells since etoposide forms difficult to resolve DNA/

Topoisomerase II-α complexes during replication (Nitiss 2009). The lack of response to 

etoposide has also been observed in mononuclear cells from human blood (Sykora et al. 

2018). Alternatively, it is possible that etoposide does not damage turtle erythrocytes due to 

differences in the enzyme despite the Topo II family of enzymes having a high level of 

evolutionary conservation (Forterre et al. 2007).

While genotoxic effects of contaminants may be tissue-specific and therefore some tissues 

may show more DNA damage than others (Jha 2008; Blanpain et al. 2011; Jackson et al. 

2013), obtaining more invasive tissue samples may not be feasible for wild species, 

especially if endangered. Furthermore, blood samples allow potential monitoring of the 

same individual at different times (da Silva et al. 2000), a feature that would not be possible 

if the individual has been sacrificed to obtain other tissues. Finally, while it has been shown 

that all tissue types can be used for potential biomonitoring (Belpaeme et al. 1998; Frenzilli 

et al. 2009), tissues other than blood show increased DNA breakage when frozen in liquid 

nitrogen, a potential requirement of sampling under field conditions (Belpaeme et al. 1998).

We found intra-specific variation in DNA damage levels and DNA repair capacity in both 

species (T. carolina and T. scripta). Intra-specific variation in DNA damage is commonly 

used in biomonitoring studies to compare samples from sites experiencing different levels of 

contamination (Bonisoli-Alquati et al. 2010; Zapata et al. 2016) or different stress levels 

(Robert and Bronikowski 2010). In this study, individuals were all sampled at the same site 

and during the same season and therefore the detected differences in levels of DNA damage 

among individuals are most likely not due to contamination, stress, or seasonal variation 

among samples; see (Jha 2008) for potential sources of variation. Intra-individual variation 

in DNA damage has been reported to be affected by age and reproductive status, although 

comparative data across organisms on the relationship between DNA damage, DNA repair, 

age and sex differences are lacking (Jha 2008). While published studies have demonstrated 

increased effects in human and mosquito fish (Gambusia affinis) females vs males in the 
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micronucleus test (Caliani et al. 2009; Fenech and Bonassi 2011), we did not find similar 

evidence in the literature for the comet assay; this is possibly because the micronucleus test 

detects a wider array of genotoxic effects (Bhagat 2018). In T. carolina, distinct levels of 

DNA damage between males and females were observed, with the females showing more 

damage, probably as a result of lower capacity of DNA repair than males. Furthermore, in T. 
scripta, we observed a positive relationship between size, used as a proxy for age of the 

animal, and level of DNA repair. It has been suggested that older individuals may repair 

more DNA damage (Heuser et al. 2008), but they may also accumulate more damage 

(Fenech and Bonassi 2011).

Finally, both species showed similar levels of endogenous DNA damage, although their 

sensitivity to treatment with a damaging agent (H2O2) is different, with T. carolina being 

more affected than T. scripta. Both species have similar longevity (around 40 years, although 

records of an individual of T. carolina living up to 138 years have been reported) indicating 

that similar levels of endogenous DNA damage may reflect comparable life histories. 

Distinct sensitivity to damaging agents may be an intrinsic characteristic of the species or 

due to adaptive mechanisms, which cannot be tested with the current data set. However, T. 
scripta is widespread and successful as an invasive species (Rodder et al. 2009), able to 

survive and reproduce in contaminated sites (Ferronato et al. 2009). The lower sensitivity to 

DNA damage may be a species-specific trait conferring more resilience to this species.

The field of environmental toxicology is in need of a new generation of methods that can 

screen for genotoxic effects across the many chemicals and species co-occurring in the 

environment. Here, we show that a high-throughput version of the traditional comet assay 

can be used to measure levels of DNA damage from the blood of many individuals in a 

single comet run. Moreover, our results report effective methods to preserve samples for 

short- and long-term storage so that samples can be collected at different time points with 

minimal artificial damage occurring during the storage process. Although this study was 

performed in turtles, the approach can be applied to all non-mammalian vertebrates with 

nucleated erythrocytes. We found evidence for differences in induced DNA damage between 

the turtle species tested, as well as differences in DNA damage among sexes in T. carolina. 

These results indicate that the high-throughput CometChip Platform can be used to 

understand how species and individuals respond differently to genotoxicant exposure.
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Figure 1. Assessment of nucleated erythrocytes using the CometChip Platform
Whole blood from a T. scripta was exposed to (A) H2O2, (B) Etoposide or (C) MMS for 30 

minutes and measured using the CometChip assay. The CometChip was able to measure 

DNA damage accumulation, which increased with the concentration of DNA damaging 

agent. (D) Representative images of the cells after loading into the CometChip and the 

extent of DNA damage after exposure. (n=3964–4277 from duplicate experiments). Error 

bars represent mean ± 95% confidence interval.
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Figure 2. Determination of CometChip suitability for field-based research
(A) Plan for the collection and utilization of blood samples collected in the field. Steps in 

green are conducted in the field, the steps in blue are conducted in the laboratory. (B) Cell 

counts were taken from each of the four turtles: T. scripta (TS), T. carolina (TC) and C. 
serpentina (CS). All turtle species had a high cell count. Each count was measured in 

triplicate. (C) Morphology of erythrocytes from the different turtle species. Magnified image 

of the cells after 4, 10 and 24 hours on ice. Storage on ice did not visibly effect cellular 

morphology. Erythrocytes from the CS animal had a distinct morphology compared to TS 

and TC cells. Scale bar represents 200 μm. Inserted box is 20 μm.
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Figure 3. Effect of various storage conditions on levels of endogenous DNA damage
Adaptability of erythrocytes to freezing and thawing. Cells were frozen under multiple 

treatments and the effect on the levels of endogenous DNA damage was evaluated. As 

expected, PBS alone and no treatment resulted in high levels of DNA damage. The results 

suggest that any of the three interventions adequately protect the cell. The commercial 

freezing medium had the greatest protective effect closely followed by samples frozen in 

10% DMSO (n= 350–1642). Error bars represent mean ± 95% confidence interval.
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Figure 4. Measurement of DNA damage levels after exposure to DNA damaging agents when 
cells are stored on ice
Levels of DNA damage measured after 4 and 10 hours on ice. The capacity to repair induced 

DNA damage (exposure period of 30 minutes) was measured following incubation for 30 

minutes at RT. (A) Levels of DNA damage in cells kept on ice for 4 hours (from each turtle 

type) were evaluated by the CometChip Platform. The levels of endogenous DNA damage, 

DNA damage following a 30-minute exposure to H2O2 (100 μM) and the levels of DNA 

damage following an additonal 30-minute repair period are shown. (B) Levels of DNA 

damage in cells kept on ice for 10 hours, as in panel A. (C) Levels of DNA damage in cells 

kept on ice for 4 hours (from each turtle type) were evaluated by the CometChip Platform. 

The levels of endogenous DNA damage, DNA damage following a 30-minute exposure to 

MMS (100 μM) and the levels of DNA damage following an additional 30-minute repair 

period are shown. (D) Levels of DNA damage in cells kept on ice for 10 hours, as in panel 

C. (****= p<0.001, n= 488–1272). Error bars represent mean ± SEM. All experiments 

carried out in unfrozen samples.
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Figure 5. DNA damage analysis in cells from T. scripta
(A) Spread of endogenous DNA damage in the cohort. All data points are shown. Error bars 

are mean ± 95% confidence interval. Female animals are represented in grey, males 

represented in black. (B) Female animals trended towards having a higher endogenous level 

of DNA damage, n= 9859–12852 comets analyzed. (C) Samples were exposed to H2O2 and 

DNA damage measured immediately and after 30 minutes of repair. (D) The amount of 

DNA damage accumulated was normalized by subtracting the level of endogenous damage. 

There were no sex-linked differences in damage accumulation. (E) The % of DNA damage 

that was repaired was also compared. The amount of repaired substrate was also normalized 

by subtracting the level of endogenous damage. Both sexes repaired the induced DNA 

damage poorly. (Male n=9, Female n=9). All experiments were technical duplicates using 

un-frozen samples. Error bars represent mean ± SD.
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Figure 6. DNA damage analysis in cells from T. carolina
(A) Spread of endogenous DNA damage in the cohort, data shows all points. Females are in 

grey, males in black. Error bars are mean ± 95% confidence interval. (B) Female animals 

have a statistically higher endogenous level of DNA damage, n=13457–11412 comets 

analyzed. (C) Samples were exposed to H2O2 and DNA damage measured immediately and 

after 30 minutes of repair. (D) The amount of DNA damage accumulated was normalized by 

subtracting the level of endogenous DNA damage. There were no sex-linked differences in 

damage accumulation but (E) the % of DNA damage that was repaired was statistically 

lower in the female group. Normalization: the % repair data has had the endogenous DNA 

damage levels subtracted from the values. (male n=9, Female n=8), ** = p< 0.01. All 

experiments carried out in unfrozen samples in technical duplicate. Error bars represent 

mean ± SD.
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Figure 7. Comparative analysis of T. carolina and T. scripta
(A) The endogenous DNA damage levels of the two species T. carolina (TC) and T. scripta 
(TS) were compared. Data were compared at the single comet level. Individual comets from 

duplicate assays were evaluated (TC, n= 24869; TS, n=22711). The comparison of the level 

of accumulated DNA damage shows that (B) the cells from T. scripta animals accumulated 

less DNA damage than cells from T. carolina animals after H2O2 exposure and (C) the cells 

from T. scripta animals repaired a greater percentage of the H2O2 damaged DNA than cells 

from T. carolina animals. (TS n=19, TC n= 17), **** p< 0.001, Error bars represent mean ± 

SD. (D) The cells from the T. scripta had a correlation (r= 0.419) between the length of the 

animal and the capacity to repair DNA damage. (E) This correlation was less evident in the 

cells from the T. carolina cohort (r= 0.078).
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