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This file is meant to be a guide to adapting the QPCR assay to new species, and encompasses steps from primer design through PCR reaction optimization.
1. Primer design. See Supplemental data file 3 for an example of primer design. I have found that the free web program Primer3 generates good primers. Large products should have annealing temperatures in the range of 68-70°C, and small products should be in the 63-65°C range. I typically aim for 20-25 nt primers with 40-60% GC content. Identifying several pairs of primers that meet these relatively stringent criteria can be challenging in organisms for which genome sequence data is scanty, but is simple for organisms with fully sequenced genomes. Small primers should be roughly 100-200 nt in length (longer is bad because there is a greater likelihood that highly damaged DNA will inhibit amplification as length increases), and large ones can be between ~8 and ~25 kb (longer is more sensitive up to a point; beyond ~15 kb, the PCR reaction tends to become somewhat less robust—although the polymerase kits available are improving constantly). In cases of very high levels of DNA damage, it may be necessary to use shorter amplicons (e.g., Eischeid et al., 2009). The region of the genome to be amplified may depend on the biological question (e.g. a highly transcribed vs. nontranscribed locus), but should also be chosen to avoid very highly GC-rich and repetitive regions (Van Houten et al., 2000). Standard primer design criteria (e.g., avoiding primer-dimers and self-annealing) apply.
2. [image: ]Choice of primers. After designing several primers for each product of interest (typically long and short mitochondrial, and long and short nuclear), run a PCR reaction at annealing temperatures close to your goal (e.g., 63°C and 68°C for short and long products). Typical PCR reaction conditions and DNA polymerase used for QPCR are described in Santos et al. (2006), and that article should be read before carrying out these steps. Visualize the products by agarose gel electrophoresis, and choose primers that produce a relatively unique and bright band of the expected size. In the gel shown at the right, the green box encloses bands of the expected size. The best option is circled. Lane 2 shows only smaller bands; lane 3 shows a very faint band; lane 4 shows no (or a very faint) band of the expected size but bright bands of the wrong size; lane 5 shows a band of the right size that is faint. Lane 7 shows the brightest unique band, although lane 8 also contains a bright band. Lane 9 shows a good band of the right size but also an additional bright band of the wrong size.
After identifying a good primer combination, it is important to confirm the identity of the amplified product via sequencing, or restriction digest of the product followed by confirmation of the size of the products. 
3. Optimization of PCR reaction. After choosing a primer combination for each product of interest, optimize magnesium concentrations (usually a range of 1-1.4 mM final concentration is appropriate) and annealing temperatures (usually a range of 4-6°C around the temperature that you designed the primers to work at will work well). The latter is easiest with a thermocycler with gradient capacity. Again, look for a band that is bright and unique (no secondary products). If you are unable to produce one, you need to design new primers. Amplification of bands other than the target band will confound measurements of damage.
[image: ]If there is a chance that your samples will include DNA from another species, you also need to confirm that your primers will not amplify DNA from that species. For example, C. elegans is generally fed a strain of Escherichia coli bacteria in the laboratory, and it is not always possible to eliminate all bacteria from a sample of C. elegans. Therefore, it was necessary to ascertain that the C. elegans primer did not amplify E. coli genomic DNA (Meyer et al., 2007).
4. [image: ]Cycle Optimization. After optimizing the PCR reaction itself, the next step is to identify the cycles over which the PCR reaction is log-linear via cycle optimization. This is carried out by removing an intact tube every 2-3 cycles and quantifying product. The quantification can be carried out with a plate reader since the fluorescence numbers will be more accurate than densitometric gel scanning. However, it is also critical to run the products on a gel: by running products generated at very high cycle numbers (much higher than you would use for the actual assay), you can convince yourself that they product you will actually measure on the plate reader, at mid-range cycles, will be only the band of the correct size. Note that even at very high cycle number where the reaction began to plateau (Excel graphs showing fluorescence of products), other PCR bands are not observed (gels). Some primer-dimer formation is observed; the contribution of such primer-dimers to fluorescence quantification is controlled for by blank subtraction.
In the Excel graphs shown, fluorescence indicative of amplification is graphed as a function of cycle number.
In the gels shown, cycle number is indicated across the top. BLK indicates a no-template blank; this sample was cycled at the highest number (27 for mitochondrial, 29 for nuclear) to detect any primer-dimer formation, etc. formation. Two different amounts of template input were used: 7.5 and 15 ng. A 1 kb ladder is used with a 1% agarose gel for the large products; a 100 bp ladder and 2% gel is used for the small products. The dyes were bromophenol blue and xylene cyanol.
[image: ]Next, identify the range of cycles over which the reaction is log-linear. In the example shown, appropriate ranges would be 21-22 cycles for the large mitochondrial product, and 24-25 cycles for the large nuclear product. If you run the assay at too few cycles, you will lose sensitivity because the noise will increase (even the best-amplifying samples will not be much above background). If you carry out the assay at too many cycles, the less-damaged samples will amplify less well than they should, since the reaction will begin to plateau. 
[image: ]It is typically the case that many fewer cycles are needed for mitochondrial than nuclear products, since the mitochondrial genome is present at much higher copy number per cell. Fewer cycles are also usually required for the large than the small products (both genomes) because the product is so much larger and thus more fluorescent on a per-PCR product basis.
5. [image: ]Template test. Once a cycle number is identified that will be in the log-linear range and thus permit quantitative PCR, test that the results are in fact quantitative by carrying out a template test. In this example, since I often start with 10 ng DNA template per reaction, I carried out a cycle test at 20 ng (to ensure that the best-amplifying samples are well within the log-linear range) and down to 2.5 ng (to ensure that I will be able to detect samples that are quite damaged and amplify quite poorly). As before, you should analyze the results both via agarose gel electrophoresis and plate reader quantification of the product. It is also possible to test the effect of various blank controls (e.g., small products template tests image).
In the examples shown, the reactions are linear up to 10 ng input, but then begin to plateau (See Excel graphs). This indicates that the reaction should be run with 5-10 ng of template, or perhaps at one cycle less.
[image: ]When the assay is carried out on real samples, 50% controls are always run to verify that the chosen cycle number is still in the quantitative range (Santos et al., 2006). The template test demonstrates the basis for that control. If a 50% control is not between 40 and 60%, it should be considered a failure. Examples are provided in Supplemental data file 5.
6. Test with a positive control. Supplemental data file 5 is an Excel spreadsheet that can be used to quantify lesions in a sample according to Ayala-Torres et al. (2000) and Santos et al. (2006). In this case, there are three primer pairs used (i.e., three products): long nuclear, long mitochondrial, and short mitochondrial. As described (Santos et al., 2006), the purpose of the short mitochondrial product is to permit normalization to mitochondrial copy number, which can vary with exposure to environmental stressors, developmental stage, tissue type, etc. A short nuclear product is sometimes also used, especially in cases where obtaining sufficient DNA for quantification of total genomic template (input) DNA is challenging. For example, when we carry out QPCR on small batches (4-6 individuals) of nematodes (Boyd et al., in press), it is not possible to verify that equal numbers of nematodes were present in all samples by DNA quantification, so we verify equal input by quantifying PCR output of a small nuclear product. If the output is not equal in all cases, the normalization process is entirely analogous to that used with the small mitochondrial product.
Additional notes
At least 2, and sometimes 3, replicate QPCR reactions are used per sample. It can be helpful to carry out regression analysis on the replicate PCR reactions to identify potential outliers. An “n” of 4-6 individual samples per treatment is usually sufficient to permit a limit of detection of ~1 lesion/105 bases. 
Some researchers use a standard curve for determination of QPCR product as well as template (genomic) DNA input. 
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