Quantitative heteroduplex analysis and optimization of DNA mixtures for genotyping all SNPs by high-resolution melting.
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ABSTRACT

High-resolution melting techniques can detect heterozygous mutations and most homozygous mutations differences without electrophoretic or chromatographic separations. To address the remaining cases, we propose adding DNA of known homozygous genotype to each unknown before PCR, which enables discrimination among high-resolution melting curves from heterozygous SNP, homozygous SNP, and wild type samples if the fraction of reference DNA is chosen carefully. Theoretical calculations suggest that melting curve separation is proportional to heteroduplex content difference, and that reference DNA at one-seventh of total DNA will produce optimal discrimination between the three genotypes of bi-allelic, diploid DNA. Quantitative analysis of high-resolution melting and temperature gradient capillary electrophoresis data validated the model independently and demonstrated that suboptimal mixtures fail to distinguish some genotypes.  Optimal mixing and high-resolution melting analysis permits genotyping of all SNPs with a single closed-tube analysis. 
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INTRODUCTION

  Heteroduplex analysis is a popular technique to screen for sequence variants in diploid DNA.  After PCR, heteroduplexes are analyzed by separation techniques such as conventional gel electrophoresis [1,2,3], denaturing high pressure liquid chromatography (dHPLC])[4], and temperature gradient capillary electrophoresis (TGCE0 [5].  Recently, heteroduplexes have been detected directly in PCR solution by high-resolution melting analysis.  Either labeled primers [6] or a saturating DNA dye [7] were used to detect a change in shape of the fluorescent melting curve when heteroduplexes were produced by PCR.  High-resolution melting of PCR products from diploid DNA has been used for mutation scanning [8-10], HLA matching [11], and genotyping [7, 12].   

  Heteroduplex analysis techniques using separation are seldom used for genotyping because different homozygotes are usually not separated.  Both dHPLC and TGCE usually fail to detect homozygous single nucleotide polymorphisms (SNPs), as well as small homozygous insertions and deletions.  If suspected, these homozygous changes can be detected by mixing the PCR product of the unknown sample with a PCR product from a known homozygous reference sample, denaturing, then hybridizing the mixture, and performing another separation. Formation of heteroduplexes indicates that the known and unknown samples are of different genotype. Two sequential analyses are required and the concentrated PCR product is exposed to the laboratory, increasing the chance of PCR product contamination of subsequent reactions. 
High-resolution melting can usually distinguish different homozygotes by a difference in melting temperature.  Complete genotyping of human SNPs by high-resolution melting is possible in over 90% of cases [12], though in a small number of SNPs melting curves may not distinguish the mutant homozygote from wild type. Typically, this is due to a nearest-neighbor thermodynamic symmetry where the bases adjacent to the SNP are identical on both DNA strands, and the SNP consists of an interchange between complementary bases. An example is the hemochromatosis (HFE) gene locus for which the melting curves of the three genotypes of the SNP 187C>G are analyzed in Fig. 1 The SNP (underlined) and adjacent bases exhibiting this property are shown below, 
5’-TCA-3’                               to            5’-TCA-3’

3’-AGT-5’  (wild type)                         3’-AGT-5’  (mutant) 
  To address this limitation posed by these SNPs, post-PCR mixing and separation studies can be performed, but the advantage of closed-tube analysis is then lost.  Earlier studies have confirmed that when DNA of mixed genotypes is amplified by PCR for heteroduplex detection, the stoichiometric proportions of strands of different genotypes before and after amplification are nearly the same [2,3].
 This suggests an alternative approach to complete genotyping of these SNPs by mixing unknown and reference samples before PCR instead of after.

  Depending on both the amount of homozygous reference DNA that is added, and whether the genotype of the sample DNA is heterozygous, homozygous of the same genotype, or homozygous of a different genotype, different amounts of heteroduplexes will be produced (none in the case of the same genotype.)  By choosing the amount of reference DNA (e.g., wild type) properly, we would like this genotype-dependent heteroduplex content difference to result in high-resolution melting curves which allow discrimination of all SNP genotypes. 
Previously, we empirically determined that such discrimination was possible with the addition of 15% (w/w) of homozygous reference DNA to 85% of unknown DNA prior to PCR [12]. 
  We have now created a predictive mathematical model for the heteroduplex content of mixtures in terms of the fraction of reference DNA added and the genotype of the unknown DNA, as well as for the effect of heteroduplex content on high-resolution melting curve separation and on the size of TGCE peaks. The primary consequences of this model are: 1) For each reference DNA fraction and after normalization, the difference between melting curves corresponding to different sample genotypes is simply their heteroduplex content difference multiplied by a fixed curve shape, (with a similar result for TGCE peaks); and 2) The reference DNA fraction which optimally distinguishes heteroduplex content is 1/7 of the total DNA, resulting in predicted heteroduplex contents of 0, 12/49, and 24/49 when mixed with wild type, homozygous mutant, and heterozygous genotypes, respectively. This is quite close to the empirically derived value of 15%.

  We then tested the theory by amplifying mixtures representing a full spectrum of mixing proportions and performing quantitative analyses of the high-resolution melting curves and TGCE peaks obtained from these experiments. Substantial agreement was observed among both types of analysis and theory. Both theory and experiments also highlight the sensitivity of the procedure to the variations of the reference DNA fraction from its optimal value: If the reference DNA fraction is sub-optimal, for instance, one-third or one-half of total DNA, some genotypes can no longer be distinguished by high-resolution melting or quantitative TGCE analysis. We note that these findings and the theoretical and experimental techniques they are based on are also relevant to pooled sample studies as well as SNP analysis, since detection or quantification of component species in a pooled sample may also be characterized in terms of  the resulting high-resolution melting and TGCE data.







MATERIALS AND METHODS

   Mathematical methods were used to model, analyze, and optimize high-resolution melting curves and TGCE data from mixtures of reference and sample DNA. The details of these methods may be found in the supplementary material. In this section we will describe the experimental methods we used to obtain high-resolution melting curves and TGCE data from actual mixtures of reference and sample DNA.

DNA extraction and mixing of DNA prior to PCR

   Human genomic DNA was extracted from whole blood using a QIAamp DNA Blood Kit (QIAGEN), concentrated by ethanol precipitation and quantified by absorbance at 260 nm.  The samples consisted of three independent samples for each of the homochromatosis genotypes: wild type, homozygous 187C>G, and heterozygous 187C>G. One of the wild type samples was selected as the reference, and mixed with the other samples prior to PCR, in fractions of total DNA we will refer to as reference fractions, ranging from 1/28 to 14/28 by increments of 1/28, and from 15/28 to 27/28 by increments of 2/28. The reference sample was always used on its own without mixing. A total of 21 different reference fractions were prepared for each of the 8 other samples.
Amplification of the hemochromatosis SNP loci

  All DNA samples with a common reference fraction were amplified together, along with two control samples containing heterozygous DNA with no wild type added. 

  For high-resolution melting analysis, we used small amplicon melting with primers as close to the SNP as dimer and misprime constraints permit, as described in [12]. The amplicon was 40bp long.  The PCR protocol followed here was modified slightly from the protocol described in [12]. PCR was performed in a LightCycler. Ten microliter reaction mixtures consisted of 25ng of genomic DNA, 3 mM MgCl2, 1x LightCycler FastStart DNA Master Hybridization Probes master mix, 1x LCGreen Plus, 0.5 μM forward (CCAGCTGTTCGTGTTCTATGAT ) and reverse (CACACGGCGACTCTCAT) primers and 0.01U/μl Escherichia coli (E. coli) uracil N-glycosylase (UNG, Roche). The PCR was initiated with a 10 min hold at 50◦C for contamination control by

UNG and a 10 min hold at 95◦C for activation of the polymerase. Rapid thermal cycling was performed between 85◦C and the annealing temperature at a programmed transition rate of 20 ◦C/s for 40 cycles. Samples were then rapidly heated to 94◦C and cooled to 40◦C followed by melting curve analysis between 60◦C and 85◦C to confirm the presence of amplicon. Prior to analysis on the HR1, samples were again rapidly heated to 94◦C and cooled to 40◦C to promote heteroduplex formation 

  For TGCE analysis, a longer amplicon was required. The PCR protocol followed here was modified slightly from the protocol described in [14]. The amplicon was 242bp long. PCR was performed in a Perkin Elmer 9700 block cycler. Ten microliter reaction mixtures consisted of 25ng of genomic DNA, 3 mM MgCl2, 1x LightCycler FastStart DNA Master Hybridization Probes master mix, 0.4 μM forward (CACATGGTTAAGGCCTGTTG) and reverse (GATCCCACCCTTTCAGACTC) primers and 0.01U/μl Escherichia coli (E. coli) uracil N-glycosylase (UNG, Roche). All samples were then overlayed with mineral oil to prevent evaporation. The PCR was initiated with a 10 min hold at 25 ◦C for contamination control by UNG and a 6 min hold at 95◦C for activation of the polymerase. Thermal cycling consisted of a 30s hold at 94◦C, a 30s hold at 62◦C and a 1min hold at 72◦C for 40 cycles followed by a 7min hold at 72◦C for final elongation.

Upon completion of these thermal cycles the samples were then heated to 95◦C for 5 min followed by a slow cool over approximately 60min to 25◦C to promote heteroduplex formation.

Fixed most the typos and informal statements. (Without Table 2 (sequence)  should I have the 242bp amplicon somewhere?)
Analysis by high-resolution melting

   Samples with a common reference fraction were analyzed simultaneously. High-resolution melting curves were obtained by inserting capillary tubes containing the PCR mixture into the HR-1 instrument and melting at a ramp rate of 0.3◦C/s while continuously monitoring fluorescence between 65◦C to 85◦C. Resulting melting data were first standardized by removal of background fluorescence. Next, they were temperature shifted to adjust for small variations in reported temperature, by superimposing the ‘toe' feature, or high-temperature region, common to all curves, where only the most stable homoduplexes are left to melt. Difference plots were created by subtraction of a reference curve from sample curves. The amplitude of the difference plots highlight relative variation between genotypes.
Analysis by TGCE

  The protocol followed here is similar to that described in [15]. To prepare samples for TGCE analysis, PCR amplicons were transferred to 24 well TGCE trays and diluted 1:1 with 1xFastStart Taq polymerase PCR buffer (Roche). These samples were then overlayed with mineral oil and the trays loaded into the TGCE instrument. TGCE was performed using the Reveal mutation discovery system, reagents and Revelation software (Spectrumedix). DNA samples were injected electro-kinetically at 2 kV for 45 seconds, resulting in peak heights ranging from 5,000-40,000 intensity units with ethidium bromide staining. Optimal results were obtained when the temperature was ramped from 60-65◦C over 21 minutes and data was acquired over 35 minutes. Sequential camera images were converted to plots of image frame number (time) versus intensity units (DNA concentration).

  Good fits to the data were obtained with a sum of  four exponential distributions, one for each duplex type. The exponential distribution is one-sided (i.e., zero to the left of the initial peak), and the experimental data behaved similarly to a high degree of approximation relative to background. Due to this property and sufficient separation of the two heteroduplex peaks (homoduplex peaks, like melting curves, superimposed closely) we could iteratively solve for the amplitudes and decay rates of successive peaks. Once the constituent peak amplitudes were quantified, the heteroduplex proportion was determined by first computing the ratio of the sum of the derived amplitudes of the two heteroduplex peaks to the sum of these plus the amplitude of the combined homoduplex peak. This ratio was then adjusted by a factor close to 1 to which made the ratio for unmixed heteroduplex control samples equal to the expected value of 0.5.
RESULTS AND DISCUSSION



 The objective of this study was to find an amount of homozygous reference DNA to mix with an unknown sample, in order that the melting curves of mixtures with all three genotypes will be most effectively discriminated from one another. This is of particular interest for the most challenging SNPs with nearest-neighbor symmetry (such as the HFE mutation in Fig 1.) Due to the thermodynamic similarity between the wild type and mutant homozygous DNA samples, we will assume the reference DNA to be wild type, though the roles of wild type and mutant homozygous DNA in what follows may be reversed without affecting the results.

  The simplest example motivating our model and theory is provided by a pure (unmixed) heterozygous sample of DNA for which the homozygotes are thermodynamically equivalent. Such a sample contains equal proportions of two types of both forward and reverse template strands. After PCR it will also have equal proportions of the corresponding forward and reverse amplicon strands. When PCR is terminated by a denaturation-annealing step, these strands have an equal chance of forming homoduplexes and heteroduplexes. If the sample is then heated in the presence of  fluorescent dyes which stain dsDNA, the normalized fluorescence  vs. temperature graph we call its melting curve will be the equally weighted superposition of  the normalized melting curves of the four constituent duplexes: two indistinguishable homoduplex curves, and two heteroduplex curves. The total heteroduplex content for this sample at the time of post-PCR analysis is 
[image: image2.wmf]. Fig. 2 shows normalized melting curves of four artificially synthesized duplexes, two homoduplexes and two heteroduplexes having the same sequence as the HFE amplicons whose melting curves were depicted in Fig. 1. It also shows the normalized melting curve of the `artificial heterozygote’ obtained by mixing these duplexes in equal proportion. The artificial homozygote and heterozygote curves reproduce the behavior of the PCR amplicon melting curves, while the heteroduplex curves are never seen individually in post-PCR melting.

  It is reasonable to guess that the heteroduplex component of the amplified heterozygote is responsible for our ability to so easily distinguish the melting curve of the heterozygous sample from the overlapping melting curves of the two homozygous genotypes. Without heteroduplex formation, the heterozygous melting curve should be identical to the homozygous curves. Adding reference DNA to samples before PCR should make genotyping possible if, after PCR, the heteroduplex content of the mixtures are sufficiently different between all three genotypes. When wild type DNA is mixed with wild type samples, there will be no heteroduplex content. In contrast, when wild type DNA is mixed with a homozygous mutant sample, heteroduplexes will be formed at the end of PCR, the amount of which will depend on the amount of wild type DNA added. If wild type DNA is mixed with a heterozygous mutant sample, the mixture prior to PCR will now consist of unequal parts of wild type homoduplexes and mutant homoduplexes. At the end of PCR, a smaller fraction of heteroduplexes will be formed compared to the unmixed heterozygous sample. In the example of melting curve analysis, the heteroduplex-enhanced homozygous mutant sample moves away from the stationary wild type melting curve, while the melting curve of the heteroduplex-reduced heterozygous sample moves toward the other two and eventually crosses between them.  We sought the point where the three curves are best separated.

Results of he mathematical model

  Our mathematical model assumes that when two genotypes of DNA are mixed, the extension phase of PCR replicates the four species of amplicon strand present with equal efficiency. Therefore, at the end of PCR, the relative proportion of these strands, whether in homoduplex or heteroduplex form, is the same as that of the corresponding types of strands in the initial template. The model assumes that the two homozygous genotypes are thermodynamically equivalent, which has two consequences, the first being the simple observation that their normalized fluorescence vs. temperature melting curves are the same. The second is that when PCR is terminated by a denaturation-annealing step, the proportion of homoduplex and heteroduplex species formed is given by the product of the relative concentrations of each strand, i.e., there is no preference for reassociation with exactly vs. nearly complementary strands. Finally, the model assumes that the normalized melting curve resulting from such a mixture of duplexes is given by the weighted superposition of the melting curves corresponding to each duplex, with coefficients given by their relative proportion in the mixture.

  The mathematical consequence of this model is that the difference between melting curves of two such mixtures having a common reference DNA fraction and DNA of different genotypes, is given by the difference in heteroduplex contents of the mixtures, which depends on the reference DNA fraction, times a universal difference curve which does not. Isolating the effects of temperature and heteroduplex content on melting curve separation is what allows us to maximize the maximum difference (or area) between melting curves derived from mixtures with different genotypes in terms of the reference DNA fraction alone. The universal difference curve has a simple form: It is the difference between the common homoduplex (homozygote) melting curve and  and the mean heteroduplex curve. Details of the derivation are given in the supplementary materials. 

  Our model also gives simple analytical expressions whose graphs are given in Fig. 3 for the pre-melting heteroduplex content of  mixtures of each genotype with reference DNA comprising a fraction x of the mixture. Taking the reference DNA to be of wild type, if the sample is wild type, the mixture has heteroduplex content zero for all values of x. If the sample is mutant homozygous, the mixture has heteroduplex content m(x)=2x(1-x). This formula agrees with our intuition that a mixture of wild type reference DNA fraction 0 or 1 with complementary fraction 1 or 0 mutant homozygous DNA produces heteroduplex content m(0)=0 or m(1)=0, and a mixture of 
[image: image3.wmf] wild type reference DNA and
[image: image4.wmf] mutant homozygous DNA behaves like an artificial heterozygote, and produces heteroduplex content m(
[image: image5.wmf])=
[image: image6.wmf]. If the sample is heterozygous, the mixture has heteroduplex content h(x)=
[image: image7.wmf](1-x2). This formula also recovers the correct heteroduplex content of an unmixed natural heterozygote, h(0)=
[image: image8.wmf]. Derivations of these formulas may be found in the Supplementary Materials.

  The value of  the reference DNA fraction which, according to this model, maximizes the smallest heteroduplex content difference and hence melting curve separation between its mixtures with any two distinct genotypes is x=
[image: image9.wmf] . Details of the analytical argument and a heuristic explanation may also be found in the Supplementary Materials, but it makes immediate sense that the optimal value should be where the heteroduplex content of the mixture with homozygous mutant m(
[image: image10.wmf])=
[image: image11.wmf] is exactly halfway between the the heteroduplex content of the mixture with heterozygous sample h(
[image: image12.wmf]) =
[image: image13.wmf] , and zero, the heteroduplex content of the mixture with wild type, as indicated in Fig. 3.

Comparison with results of High-resolution Melting Analysis experiments

 The values of the maximum difference between the the average of the wild type melting curves and the melting curves of mixtures with homozygous and heterozygous genotypes were calculated and divides by twice the average value of the maximum difference for unmixed heterozygous control samples. With this scaling, the value 0.5 for unmixed heterozygotes corresponds to the heteroduplex concentration 0.5 in the theoretical model, making it possible to compare the experimental values with the model, plotted simultaneously as a function of the reference DNA fraction in Fig. 4. The squared correlation between the experiment and the model, satisfies R2>.99 for the heterozygous samples, and R2>.98 for the homozygous samples. Normalized melting curves for certain representative values of reference DNA fraction are shown in Fig. 5.  Most importantly, Fig. 5a shows the normalized melting curves corresponding to the optimal reference DNA fraction, 
[image: image14.wmf]= 
[image: image15.wmf]. Melting curves of the three different genotypes are equally separated  and may easily be classified by the observer's eye or by automatic classification  software. Replicates of a common genotype cluster indistinguishably, appearing as one curve. This figure provides the most convincing demonstration of  the effectiveness of using the optimal reference DNA fraction for genotyping. The improvement from the Fig. 1 in which melting curves of the homozygous SNP and the wild type samples overlapped each is unmistakable. For comparison, Fig. 5b and 5c show the standardized melting curves corresponding to reference DNA fractions 
[image: image16.wmf] and 
[image: image17.wmf], in which it is again difficult to distinguish the homozygous and heterozygous samples as our model predicts. Fig. 5d show the melting curves at reference DNA fraction 
[image: image18.wmf] near the value of the reference DNA fraction providing the best separation after it has made the homozygous mutant and heterozygous melting curves cross each other. These figures demonstrate the importance of the correct reference DNA fraction. Mixing equal proportions, or arbitrary small proportions such as 
[image: image19.wmf] is little if any better than not mixing at all!

  Fig. 6a shows experimental difference curves between wild type melting curves and the other two genotype melting curves no reference DNA added and Fig 6b shows the same curves when the optimal amount of reference DNA is added. These figures give experimental confirmation of the theoretical prediction that result the every difference curve is a multiple of one universal difference curve, by the predicted heteroduplex content of the corresponding mixtures. 

Comparison with results of TGCE experiments

  TGCE provides a means to detect heteroduplexes but has not been used for quantification. Here, the TGCE data obtained from mixtures of reference  DNA and samples of three genotypes was analyzed quantitatively to provide an independent test of our model.   Duplexes in a sample are separated by gel electrophoresis and quantified as they pass an end-point detector. The quantity of each duplex species arriving at the detector has a characteristic distribution depending on its conformation. The `bubbles’ of heteroduplexes delay the center of their distributions several frames in comparison with homoduplexes, and typically with each other as well. These peaks exhibit simple mathematical behavior which makes it possible to separate and quantify the relative contributions of the heteroduplexes.
The relative heteroduplex contribution to a TGCE data set was defined as the sum of the derived amplitudes of the two heteroduplexes distributions over the sum of the derived amplitudes of all duplex distributions.

  The relative heteroduplex contribution from of mixtures with homozygous and heterozygous genotypes and their theoretical heteroduplex contents were plotted simultaneously as a function of the reference DNA fraction in Fig. 7. The squared correlation between the experiment and the model, satisfies R2>.97 for both heterozygous and homozygous samples.  TGCE data of mixtures with each genotype at the theoretically optimal reference DNA fraction 
[image: image20.wmf] are shown in Fig. 8, with the main peaks shifted to a common frame and scaled to a common height. The heteroduplex peaks of the mixtures with homozygous mutant DNA appear approximately halfway between those of  the mixtures with heterozygous genotypes and the wild type baseline curves with no heteroduplex peaks. Replicates of a common genotype cluster well, though not as perfectly as their melting curves. Mixtures with the suboptimal 
[image: image21.wmf] and 
[image: image22.wmf] reference DNA fractions whose normalized melting curves failed to distinguish homozygous and heterozygous mutant samples in Fig. 5 also failed to be distinguished by normalized TGCE data (not shown). Agreement between the results of TGCE analysis, melting curve experiments and the theory not only confirms the theory but also suggests that quantitative TGCE (qTGCE) estimation of heteroduplex content of mixed or pooled samples is feasible and informative.

Discussion
  The experimental results confirm the main points of the theory. The maximum difference between melting curves and the heteroduplex concentrations inferred from TGCE experiments agree with each other and with the theoretical predictions of heteroduplex concentration with considerable accuracy over a wide range of reference DNA fractions. The area between melting curves and the location of the maximum difference between curves also behave as predicted (not shown). The plots of these quantities follow the quadratic behavior of the model qualitatively and quantitatively over a full range of reference DNA fractions.


Deviations from the model are most pronounced at reference DNA fractons greater than one-half, and correspond to heteroduplex contents larger than those predicted by the theory. Because the heteroduplex content is a decreasing function of reference DNA fractions in this range, this also behaves as if reference DNA fractions was lower than its measured value in its upper range. Selective amplification (unequal efficiencies) in PCR or amplification of initial variations that diminish final concentration of wild type DNA at higher concentrations could have such an effect.  If complementary and nearly-complementary strands anneal preferentially rather than independent of their differences, the assumptions of the model would be violated, although this should favor more rather than less heteroduplex formation. 

  Apart from these relatively minor deviations, this method successfully gives a systematic and robust  protocol for  pre-PCR mixing which enables resolution of all genotypes of any SNP which could be fully genotyped by melting analysis with no or improper mixing. 
Here are some issues Noriko pointed out which I have not discussed, and as with the introduction, perhaps, this is one place I’m not nearly as qualified to comment as Carl on the clinical context and would welcome input!

· The optimum is 1/7. How widely would this apply?

· Theory may apply independent of amplicon size (although in general, genotyping is done on relatively short fragments)

· Suboptimal mixing ratios
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