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Abstract The quantitative PCR (QPCR) assay for DNA

damage and repair has been used extensively in laboratory

species. More recently, it has been adapted to ecological

settings. The purpose of this article is to provide a detailed

methodological guide that will facilitate its adaptation to

additional species, highlight its potential for ecotoxico-

logical and biomonitoring work, and critically review the

strengths and limitations of this assay. Major strengths of

the assay include very low (nanogram to picogram)

amounts of input DNA; direct comparison of damage and

repair in the nuclear and mitochondrial genomes, and dif-

ferent parts of the nuclear genome; detection of a wide

range of types of DNA damage; very good reproducibility

and quantification; applicability to properly preserved fro-

zen samples; simultaneous monitoring of relative mito-

chondrial genome copy number; and easy adaptation to

most species. Potential limitations include the limit of

detection (*1 lesion per 105 bases); the inability to dis-

tinguish different types of DNA damage; and the need to

base quantification of damage on a control or reference

sample. I suggest that the QPCR assay is particularly

powerful for some ecotoxicological studies.

Keywords Mitochondrial DNA � DNA damage �
DNA repair � Genotoxicity � Biomarker

Introduction

The quantitative polymerase chain reaction (QPCR) assay

for DNA damage and DNA repair has been used to mea-

sure DNA damage and DNA repair for nearly 20 years

(Kalinowski et al. 1992), mostly in laboratory model

organisms. Primers and assay conditions have been

described for Mus musculus, Rattus norvegicus, Drosoph-

ila melanogaster, Caenorhabditis elegans, Saccharomyces

cerevisiae, Escherichia coli, Danio rerio, as well as for

human samples (Hunter et al. submitted; Meyer et al. 2007;

Santos et al. 2006). From an environmental perspective, it

has been adapted to soybean (Cannon et al. 1995) and more

recently the Atlantic killifish (Fundulus heteroclitus; Jung

et al., 2009) and adenovirus (Eischeid et al. 2009), with

other species anticipated (e.g., Daphnia magna; William

Baldwin, personal communication). I refer to this assay as

the ‘‘QPCR’’ assay since this is the historically used name.

However, more recently, the term ‘‘long-amplicon quanti-

tative PCR’’ (‘‘LA-QPCR’’) has been used (Jung et al.

2009) to distinguish the assay from real-time PCR, some-

times also referred to as ‘‘quantitative PCR.’’

The QPCR assay works by amplifying large (typically

10–15 kb) stretches of genomic DNA. Under quantitative

conditions, any damage to the DNA that is able to stop or

significantly inhibit the progression of the DNA polymerase

used in the PCR reaction results in reduced amplification.

Large amplicons are employed in order to improve the

sensitivity of the assay by increasing the likelihood that a

given amplification reaction will encounter damage. DNA

damage detected by this assay has typically been referred to

generically as ‘‘lesions’’ since many different types of

damage (strand breaks, adducts, dimers, crosslinks, etc.)

could inhibit the polymerase. All amplifications are per-

formed under quantitative conditions (verified as described
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below in ‘‘QPCR development’’ parts 4 and 5), such that the

amount of PCR product is dependent on the amount of

starting template and the integrity of that template. To

ensure that differential amplification reflects only damage,

the reaction is carried out either using identical amounts of

starting DNA template for all samples, or normalizing the

amount of the large amplicons produced to the amount of

small (usually 100–200 bases) amplicons produced. The

small size of the normalization amplicons means that only a

very high amount of DNA damage would inhibit their

amplification. Finally, amplification of all samples is com-

pared to amplification of control samples that are consid-

ered ‘‘undamaged’’ for the purposes of the assay. Any

decrease in amplification from a sample compared to the

control samples can be converted mathematically to a

number of lesions per kb or 10 kb DNA, as described by

Ayala-Torres et al. (2000), based on the assumption of

random distribution of damage. Methods papers describing

this assay have been published (Ayala-Torres et al. 2000;

Hunter et al. submitted; Santos et al. 2006), but none have

described the process of adapting the assay to new species,

which is the goal of this technical note.

Figure 1 is a schematic that illustrates the large and

small amplicons in a portion of a mitochondrial genome.

Since the mitochondrial genomes of most organisms are

\20 kb in length, this assay typically amplifies the

majority of that genome. The assay works in an analogous

fashion in the nuclear genome. Figure 2, adapted from

Ayala-Torres et al. (2000), is a schematic that illustrates

how a QPCR experiment is carried out from exposure or

environmental sampling (beginning) to calculation of

lesion frequency (end). Additional descriptions of how the

assay works are found in Van Houten et al. (2000), Ayala-

Torres et al. (2000), and Santos et al. (2006).

DNA repair can also be measured, by sampling DNA

immediately after genotoxin exposure and at later time

points. However, care must be taken to avoid potentially

confounding effects of cell division or genome replication,

as well as simultaneous damage and repair if the damaging

agent is still present (such as would be the case for a

chemical that is relatively long-lived in the organism).

In this technical note I provide a detailed guide to adapting

the assay to new species, briefly and critically review major

strengths and limitations of the QPCR assay, and summarize

the potential of the assay for ecotoxicological research.

Strengths and limitations of the QPCR assay

Strength #1

Very low (nanogram–picogram) amounts of DNA are

required for analysis, since the assay is PCR-based.

QPCR reactions are typically performed on 5–15 ng

template (input) DNA. Since the QPCR results are easier to

interpret and more reliable if all reactions for all samples

have a similar amount of input DNA, in most cases

researchers start with larger (microgram) amounts of DNA

that can be measured fluorometrically and diluted to equal

concentrations. This is still a relatively low amount of

DNA. Nonetheless, it is possible to use very small amounts

of DNA. We have recently described analysis of DNA

damage in individual larval and adult C. elegans (Boyd

et al., 2010), which are composed of 500–1,000 cells or

*50–150 pg total genomic DNA. This input amount rivals

that required by the COMET assay and is far less than

most other genotoxicity assays, which typically require

10–50 lg (e.g., Southern blot, HPLC, antibody-based, etc.).

Strength #2

DNA damage and repair can be directly compared in the

nuclear and mitochondrial genomes, since the QPCR assay

is primer-based.

The mitochondrial genome is more sensitive than the

nuclear genome to many genotoxins. For example, mito-

chondrial DNA is more vulnerable than nuclear DNA to

exposure to oxidative damage of various sorts (Cover et al.

Fig. 1 Schematic rendering of the basis of the QPCR assay as it

functions in the mitochondrial genome. The circular mitochondrial

genome is represented as a white circle, the long amplicon (10–15 kb)

is represented as a grey crescent that amplifies the majority of this

genome, and the small amplicon (*200 bases) is shaded black.

Primers are represented as filled arrows. Lesions are represented as

stars that would inhibit or block the progression of the DNA

polymerase used in the PCR reaction, thus reducing the amplification

of the long product under quantitative conditions. Amplification of the

short product is not inhibited except by very high levels of damage:

since the target is so small, in a large population of mitochondrial

genomes, very few will have damage in the region amplified by the

small product primers
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2005; Hollins et al. 2006; Salazar and Van Houten 1997;

Santos et al. 2003; Yakes and Van Houten 1997), lipo-

polysaccharides (Suliman et al. 2003), benzo[a]pyrene and

other polycyclic aromatic hydrocarbons (PAHs) (Allen and

Coombs 1980; Backer and Weinstein 1980, 1982), photo-

activated methylene blue (Anson et al. 2006), and aflatoxin

(Niranjan et al. 1982). The increased sensitivity ranged in

these reports from threefold (Yakes and Van Houten 1997)

to several 100-fold (Allen and Coombs 1980). However,

this is not true for all compounds. For example, cisplatin

induced slightly more nDNA than mtDNA lesions (Van

Houten et al. 2000). Some of these differences may also be

larger in cell culture systems than in vivo; for example,

PAH exposure seems to cause only several-fold more

mitochondrial than nuclear DNA damage in vivo (Jung

et al. 2009; Niranjan et al. 1982), not several hundred-fold

as suggested by the in vitro studies cited above.

Repair of DNA damage is also different in the nuclear

and mitochondrial genomes: not all nuclear DNA repair

pathways exist in the mitochondria. In most species, it

appears that base excision repair, and possibly mismatch

repair and recombinational repair are present in the mito-

chondria, but nucleotide excision repair (NER) is not

(Anson et al. 2006; Bogenhagen 1999; Croteau et al. 1999;

Kraytsberg et al. 2004; LeDoux et al. 1999; Marcelino and

Thilly 1999; Sawyer and Van Houten 1999). This is sig-

nificant because NER is responsible for the repair of a large

number of environmentally significant lesions (Hanawalt

2002; Hoeijmakers 2001). For example, NER removes and

replaces bulky adducts caused by benzo[a]pyrene diol

epoxide and other metabolites of polycyclic aromatic

hydrocarbons and aflatoxin, as well as ultraviolet light-

induced photodimers (Friedberg et al. 2006c).

Since the QPCR assay is primer-based, differential

treatment in order to separate mitochondrial from nuclear

DNA is not required. This is critical since such differential

treatments can lead to artifactual damage (Anson et al.

2000; Beckman and Ames 1999).

Strength #3

The QPCR assay permits simultaneous monitoring of

alterations in relative mitochondrial genome copy number.

Mitochondrial genome copy number can vary in

response to a variety of stressors (Lee and Wei 2005), as

well as in different tissues, developmental stages, etc.

Comparison between samples of the degree of amplifica-

tion of the small mitochondrial product allows quantifica-

tion of any change in the relative copy number of the

mitochondrial genome compared to the nuclear genome.

Strength #4

DNA damage and repair can be directly compared in dif-

ferent parts of the nuclear genome.

By using primers that amplify different portions of the

nuclear genome (Meyer et al. 2007; Van Houten et al.

2000), it is also possible to test whether different parts of

Fig. 2 Schematic outline of

how a QPCR experiment is

carried out (adapted with

permission from Ayala-Torres

et al. 2000). The genotoxin-

exposed biological sample of

interest (e.g., cells in a petri dish

or a fish from a polluted site) is

sampled, and total genomic

DNA is extracted, quantified,

and QPCR-amplified using the

same amount of template

genomic DNA input. Relative

amplification of all samples is

compared to amplification of

control/reference samples to

calculate DNA damage (lesion

frequency)
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the nuclear genome are more damaged or differentially

repaired. For example, more transcriptionally active por-

tions of the nuclear genome that are less packaged may be

more exposed to genotoxins (Friedberg et al. 2006b), and

more transcriptionally active regions of the genome may be

more quickly repaired (Hanawalt and Spivak 2008).

Strength #5

Since the QPCR assay detects any damage that inhibits

polymerase progress, a wide range of types of DNA

damage can be detected.

Thus, it is not necessary to know ahead of time what

lesion type(s) are most important. Nor are multiple analy-

ses of different types of damage required to quantify a

‘‘total’’ (summed) level of damage. Finally, it is unneces-

sary to introduce damage-specific breaks in DNA before

measuring the damage (as required in some cases for the

COMET and Southern blot assays).

Strength #6

Because the QPCR assay is primer-based, it can easily be

adapted to any species for which significant genomic DNA

sequence exists or can be obtained.

The database of such genomic sequence is expanding

very rapidly, and is already very large for mitochondrial

sequences. Sequence data can be obtained from general

multi-organismal databases such as GenBank (http://www.

ncbi.nlm.nih.gov/Genbank/) or, when available, organism-

specific genome sequence databases (e.g., http://wfleabase.

org/database/ for Daphnia). The ability to obtain de novo

sequence information has also increased dramatically.

Strength #7

Since the QPCR assay is primer-based, the presence of

DNA from other species in a sample will not bias

measurements.

This assumption can and should be tested empirically.

Strength #8

The QPCR assay can be performed on properly preserved,

frozen samples.

In particular, tissue samples or organisms can be stored

at -80�C for months or years.

Strength #9

The QPCR assay yields highly reproducible and quantifi-

able results.

Ultraviolet (UV) C radiation-induced DNA damage has

been most studied by different researchers using QPCR,

and results have been quite reproducible. Eischeid et al.

(2009) graphed UV-induced DNA damage measured in

several types of samples and by different researchers. For

the cell lines, bacteria and virus samples examined, the

damage induced fit one dose–response curve; slightly more

damage was induced in naked DNA, as expected given the

lack of any shielding. There are relatively few assay

parameters that will lead to large inter-laboratory differ-

ences with the QPCR assay. This is not the case for some

other common biomonitoring genotoxicity assays, such as

the COMET assay (Frenzilli et al. 2009; Lee and Steinert

2003; Valverde and Rojas 2009). Furthermore, it is possi-

ble to define an actual number of lesions per kb genomic

DNA (Ayala-Torres et al. 2000), which is also difficult

with the COMET assay (Friedberg et al. 2006a).

Limitation #1

The limit of detection of the QPCR assay is *1 lesion per

105 bases.

This limit of detection permits good sensitivity, but is

higher than that of at least one other DNA damage assay,

the COMET assay. For example, the COMET is reported

to detect approximately UVC-induced DNA damage at

0.2 J/m2 in HeLa cells (Collins et al. 1997), which corre-

sponds to [tenfold more sensitivity than the QPCR assay.

Limitation #2

The inability to distinguish different types of DNA damage

may be a limitation for some studies.

While this feature is in some ways advantageous

(Strength #5), it can be problematic if the goal is to study a

specific type of damage. One solution is to follow up the

QPCR assay, when warranted, with a more specific assay.

Relatedly, the degree to which different types of lesions

inhibit the commercial DNA polymerase preparations used

for the assay is not fully characterized (Santos et al. 2006;

Sikorsky et al. 2004). However, the assay has been used to

successfully detect DNA damage caused by dozens of

different genotoxins causing a wide range of damage

including bulky DNA adducts, alkylating agents, oxidative

damage, and strand breaks (Ayala-Torres et al. 2000).

Limitation #3

Damage is measured by comparing amplification of ‘‘test’’

samples to amplification from control (or reference)

samples.

While the lesion numbers generated are absolute and not

relative, they are calculated from a baseline that is defined
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as zero; i.e., the amplification of the control samples is

considered to represent amplification of lesion-free DNA.

This concern is likely to be less important in a laboratory

setting where background lesion frequencies are unlikely to

be detectable by this assay, but is potentially an issue in the

context of ecotoxicological studies. This can be addressed

by careful choice and/or testing of reference sites.

Limitation #4

The QPCR assay is not cell-specific.

The QPCR assay has so far not been carried out on

single cells, but rather on batches of cells. Thus, potential

cell-to-cell variability is not measured. The assay itself is

highly reproducible, assuming training in molecular biol-

ogy and adequate quality control in sample processing (see

below).

Potential of the QPCR assay for biomonitoring

and mechanistic ecotoxicology

Genotoxicity is an important area of ecotoxicological

research from both mechanistic and biomonitoring per-

spectives (Anderson et al. 1994; Depledge 1998; Hinton

et al. 2005; Jha 2004; Wirgin and Waldman 1998). The

QPCR assay has the potential to contribute to both. It has

already been used extensively for mechanistic studies,

generally in the context of human health (reviewed in

(Santos et al. 2006). It has also been applied to a limited

degree for biomonitoring in humans (Haugen et al. in

press) and the ecological sentinel species F. heteroclitus

(Jung et al. 2009). A complete comparative review of

different genotoxicity biomarkers is outside of the scope of

this manuscript, and different assays clearly have different

strengths and limitations. The COMET assay is one of the

most frequently used assays for DNA damage in biomarker

studies (Dusinska and Collins 2008), and so I have drawn

some comparisons to the COMET assay. I highlight below

how the strengths of the QPCR assay (detailed above)

contribute to its potential utility for ecotoxicological

studies.

From a biomonitoring perspective, the QPCR assay

offers the ability to measure DNA damage in very small

samples, because of the low amount of input DNA

required. This might allow examination of damage in very

small species (e.g., nematodes, water fleas, etc.) or biopsies

or blood samples from larger individuals. Since most non-

mammalian vertebrates have nucleated red blood cells,

there is an excellent potential for such studies in many

wildlife species. Another reason that the QPCR assay may

be particularly advantageous for wildlife biomonitoring is

its utility for the measurement of mitochondrial DNA

damage. As discussed above, mtDNA is especially vul-

nerable to some types of genotoxins, and the types of

damage that can be repaired are limited in the mitochon-

drial compared to the nuclear genome. Thus, mtDNA

damage detected by the QPCR assay has been previously

suggested as a biomarker of oxidative DNA damage

(Mandavilli et al. 2002) and PAH exposure (Jung et al.

2009). Finally, as also previously indicated (Jung et al.

2009), the QPCR assay may be particularly easy to adapt to

many non-laboratory species for which molecular tools are

otherwise lacking, because of the widespread availability

of mitochondrial genome sequences obtained for phylo-

genetic and evolutionary studies. The same should be true

of very highly-conserved nuclear-encoded genes (e.g.,

ribosomal RNA genes).

From a mechanistic perspective, the QPCR assay is

frequently utilized for analyses comparing damage and

repair in mitochondrial versus nuclear DNA. The only

other assay that offers this capacity without differential

extraction is the Southern blot assay (Anson et al. 2006),

which has a much higher requirement for input DNA and

requires the introduction of DNA damage-dependent strand

breaks. The ability to measure damage and repair in dif-

ferent regions of the nuclear genome is also powerful, as

discussed above. Finally, from a specifically ecotoxico-

logical mechanistic perspective, the relative importance of

the mitochondrial genome as a target of genotoxins is

almost entirely unexplored outside of the realm of human

health, where it is increasingly understood to play a critical

role (Penta et al. 2001; Van Houten et al. 2006; Wallace

2005; Weissman et al. 2007). We simply do not know how

important mtDNA damage may or may not be in other

species, and the QPCR assay is the best tool to use to

address this question. Further reason to suspect that looking

for mtDNA damage would be worthwhile is the observa-

tion of elevated mtDNA heteroplasmy in both human

(Forster et al. 2002) and wildlife (Matson et al. 2006)

populations exposed to genotoxins.

A final important consideration is logistical. Equipment

required is for the most part standard for a molecular

biology laboratory and relatively inexpensive, with the

exception of high quality thermocyclers and a fluorescence

plate reader. A thermocycler with gradient capacity facil-

itates PCR optimization but is not essential. Processing

(from DNA extraction to data analysis) costs are \$10/

sample with two PCR replicates and analyzing both nuclear

and mitochondrial genomes, if DNA is sampled via sample

lysis. The cost rises to *$15/sample if larger samples are

homogenized and DNA extracted. Different extraction

options are described below. With sample lysis, processing

can be carried out in 1–2 days; 4–8 h of processing time is

added when DNA is extracted from larger samples,

depending on the number of samples.
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Guide for adaptation to additional species

Adaptation of the QPCR assay to a new species is fairly

straightforward if significant genomic DNA sequence is

available or can be obtained. Two protocols will need to be

optimized: extraction of high molecular weight, high

quality DNA, and the QPCR assay itself. The following

guide is designed to orient a person already familiar with

basic molecular biology techniques (e.g. DNA extraction,

gel electrophoresis, primer design, and PCR).

DNA extraction

Since the QPCR assay involves amplification of large

([10 kb) products, it is critical that it be carried out on high

molecular weight, high quality DNA. For larger organisms

from which soft tissues are sampled, DNA may be

extracted via homogenization as previously described

(Santos et al. 2006) for laboratory organisms. However, for

organisms with barriers such as cuticles, additional

extraction steps may be required. For example, DNA is

best extracted from batches of C. elegans by first freezing

the batch and then grinding it in liquid nitrogen. Phenol-

based extraction is not recommended, as it can result in

oxidation of DNA (Helbock et al. 1998). A protocol for

extraction of high molecular weight DNA from C. elegans,

including extraction kit suggestions and methods for

evaluating the integrity of the extracted DNA, is presented

as Supplemental data file 1.

In some cases, it is possible to carry out QPCR directly

on proteolytically digested lysates of very small samples.

For example, we found that it was possible to measure

DNA damage in a single nematode after lysis/digestion

(Boyd et al. 2010). The protocol used for that procedure is

presented as Supplemental data file 2 (see also Boyd et al.

2010). However, there is too little DNA present in such

samples to be analyzed for integrity by gel electrophoresis.

Therefore, before accepting such an approach, it is critical

to compare damage levels as measured in the same sample

using a traditional DNA extraction approach (e.g., liquid

nitrogen grinding followed by column separation) with

those obtained using novel extraction methods.

QPCR development

Detailed protocols for how to carry out the QPCR assay

have been published (Hunter et al. submitted; Meyer et al.

2007; Santos et al. 2006) and will not be repeated here.

However, those protocols should be read prior to carrying

out the following steps. They include guidance on quanti-

fication of template DNA using picogreen dye and a plate

reader, typical PCR reaction conditions, choice of DNA

polymerase, quantification of product using picogreen and

a plate reader, and primer sequences. The requirement to

not open PCR reactions in the same room where DNA is

extracted and PCR reactions are set up is critical!

Following are the steps involved in adapting the QPCR

assay to a new species:

1. Determine what gene or genomic area(s) you wish to

amplify in the QPCR reaction, and design primers for

short and long products for those targets. Primers for

one long (10–15 kb) and one short (*200 bp) product

from each genome will be sufficient for most research-

ers whose objective is to develop a tool for detecting

damage in wildlife samples. Multiple targets are

probably not important if the intended use of the assay

is as a biomarker, since very dramatic differences in

damage in different regions of the nuclear genome

have not been reported with this assay (although this

could conceivably change in the future). Similarly, it is

not especially important from the biomarker perspec-

tive which portion of the nuclear genome is amplified

(coding, noncoding, etc.): any region will do and is

assumed to be reasonably representative of the rest of

the nuclear genome. However, researchers interested

in detecting possible differential damage or repair in

different regions of the genome (e.g., transcribed vs.

nontranscribed, as described in Strength #4) will want

to design primers for multiple targets. In addition, as

noted earlier, it is important to separately assess

damage to the nuclear and mitochondrial genomes,

since damage and repair are often quite different.

Finally, highly repetitive regions of the nuclear

genome should be avoided as they will make the

amplification of a highly specific product difficult.

The primers can probably be designed with any

software, but should allow for a very high annealing

temperature (typically near 70�C for large products,

and 65�C for small products) in order to generate

unique PCR products (i.e., preclude nonspecific

annealing). Other standard primer design consider-

ations also apply (avoid primer-dimers, self-annealing,

etc.). To save time, order at least three pairs of primers

for each product desired and test all combinations. A

Word file that illustrates the primer design process in

more detail using Primer3 software (Rosen and

Skaletsky 2000) is presented as Supplemental data file

3, and more details and recommendations for primer

design are presented in Supplemental data file 4.

If template DNA will always be extracted by a batch

procedure, it is possible to dispense with designing

primers for a short nuclear product. Since nuclear

DNA normally constitutes [99% of total cellular

DNA, template DNA quantified with picogreen (San-

tos et al. 2006) can be diluted to equal concentrations
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for all samples so that these reactions will not require

small nuclear product-derived normalization.

2. Pick the best primer combinations for each target. The

QPCR reactions should be robust and specific: look for

a product that is very well-amplified and unique or

close to unique on an ethidium bromide-stained gel.

One or a few very minor off-target bands can usually

be eliminated by optimization (step 3, below). An

example of primer testing including a sample gel is

provided as part of Supplemental data file 4. The

identity of the amplified product can initially be

assumed to be correct based on correct product size,

but identity should be confirmed via sequencing or

restriction digest followed by electrophoresis of the

products, to confirm that products of the expected size

are generated.

3. Optimize critical reaction conditions for each QPCR

reaction. Having chosen the best pair of primers for

each target, test a range of magnesium concentrations

and annealing temperatures in order to generate a

unique product that amplifies well. Detailed sugges-

tions are provided in Supplemental data file 4.

4. Carry out a cycle test to determine the cycle range

over which a given amount of input template yields a

log-linear increase. The ‘‘right’’ amount of input

template will depend somewhat on the source of DNA.

For batch-extracted DNA, 10–15 ng is typically used.

It may also be possible to use a biological unit (e.g.,

one nematode), provided that the biology of the sample

is such that the DNA amount will be very similar from

one unit to the next. Example gels for cycle tests are

provided in Supplemental data file 4.

5. Carry out template tests to ascertain that the assay is

performing quantitatively. If the QPCR is performing

quantitatively, reducing to 50% or increasing to 200%

the amount of template DNA input should lead to a

two-fold decrease or increase in PCR product output.

Examples are provided in Supplemental data file 4.

6. Test with positive control. It should be possible to

generate DNA damage and detect that damage using a

model genotoxin. One of the simplest is UVC,

although other genotoxins may be fine. UVC is useful

because it is easy to generate (e.g., a UV crosslinker or

UV lamp with meter) and expected dose-responses are

well-defined. For example, DNA damage generated by

5 J/m2 UVC in ‘‘naked’’ DNA (extracted DNA in a

small volume of Tris–EDTA buffer) should be in the

range of 1.5–2 lesions/10 kb (Eischeid et al. 2009). A

sample Excel spreadsheet with simulated fluorescence

data and conversions to lesions/10 kb is provided as

Supplemental data file 5, with additional details

regarding that spreadsheet provided in Supplemental

data file 4. Supplemental data file 5 also points out how

to use this assay to measure relative mitochondrial

genome copy number changes.

As a final note, this assay has historically been carried

out in a cycle-optimized (endpoint) fashion rather than via

real-time PCR. This is in part because of the challenge of

amplifying large products using real-time PCR. However, a

real-time version of this assay was recently described

(Edwards 2009), so it may be worthwhile to develop this

assay for a real-time thermocycler.
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