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            Research Reports High and Low Annealing Temperatures Increase Both Specificity and Yield in Touchdown and Stepdown peR BioTechniques 20:478-485 (March 1996) Karl H. Hecker and Kenneth H. Roux Florida State University Tallahassee, FL, USA ABSTRACT Touchdown (TD) PCR represents a ver- satile one-step procedure for optimizing PCRs even if the degree of primer-template complementarity is not fully known. The protocol relies on incremental annealing temperature decreases in progress ive cycles designed to bracket the melting temperature (Tm) of the reaction. Here we investigate the characteristics of TD PCR that serve to minimize the need to optimize annealing temperature or buffer conditions and yet produce single strong target amplicons. We demonstrate that priming initiates above the optimum annealing temperature; this helps to ensure a competitive advantage for the target amplicon. On the other hand, as the cycling program progresses, annealing temperatures well below the Tm can serve to significantly increase yields in reactions that would otherwise be marginal due to suboptimal buffer composition and yet do not promote spurious amplification. Modi- fied forms of TD PCR, termed stepdown PCR, consisting offewer but steeper incre- mental declines in annealing temperature, are also shown to be effective and can sim- plify thermal cycler programming. 478 BioTechniques INTRODUCTION A large number of variables can dramatically alter the successful pro- duction of PCR from complex DNA templates . The optimum result from most polymerase chain reactions (PCRs) is a single strongly staining gel band representing the desired product. Frequently, however, weak, multiple or complete absence of bands is observed. A large variety of parameters can in- fluence the outcome of a PCR amplifi- cation. These variables include cycling parameters as well as the concen- trations of Mg++, H+, dNTP, primer, template and added enhancers (5,7,9). Each PCR will have its own optimum for each of the variables, a value that is generally determined empirically. For most variables, shifting the amount or value in one direction favors specificity by diminishing nonspecific priming. The trade-off may well be a somewhat lower yield of the specific product as one moves further from the optimum. Shifting the value of the variable in the opposite direction favors an increased yield but at the expense of specificity. Thus, considerable time and resources can be expended on attempting to balance the opposing tendencies as the many variables are adjusted toward an optimized reaction . Touchdown (TD) PCR (3) repre- sents a fundamentally different ap- proach to PCR optimization. Rather than attempting a variety of buffer and cycling conditions, optimization is accomplished by focusing on a single variable, the annealing temperature. Moreover, a range of annealing tem- peratures is sequentially sampled dur- ing the course of a single cycling pro- gram. This approach has broad applicability. We recently demonstrated the power of TD PCR by amplifying single amplicons from genomic DNA using several primer/template combina- tions that were significantly mis- matched (8). As originally described (3), a thermal cycler is programmed so that the annealing temperature of the initial two cycles is well above the estimated melting temperature (Till) of the pri- mer-template complexes . The annea- ling temperatures of each subsequent two cycles is run at 1°C less than the preceding cycles. Eventually, the Tillof the specific primer-template combina- tion will be reached and amplification will begin. By the time the temperature of the annealing cycles drops to the lev- el where nonspecific priming would or- dinarily occur, the specific product will have a geometric head start and should outcompete any nonspecific product for the remaining resources to yield a sin- gle predominant amplicon. Here we show how TD PCR imparts a significant advantage of added speci- ficity during those cycles above the Till and enhanced efficiency during those cycles below the Tillto simultaneously increase both product yield and homo- geneity even when buffer conditions are suboptimal. Vol. 20, No.3 (1996) 
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Research Reports
 High and Low Annealing Temperatures IncreaseBoth Specificity and Yield in Touchdown andStepdown peR
 BioTechniques 20:478-485 (March 1996)
 Karl H. Hecker and KennethH. RouxFlorida State UniversityTallahassee, FL, USA
 ABSTRACT
 Touchdown (TD) PCR represents a versatile one-step procedure for optimizingPCRs even if the degree ofprimer-templatecomplementarity is not full y known . Theprotocol relies on incremental annealingtemperature decreases in progress ive cyclesdesigned to bracket the melting temperature(Tm) of the reaction. Here we investigate thecharacteristics of TD PCR that serve tominimize the need to optimize annealingtemperature or buffer conditions and yetproduce single strong target amplicons. Wedemonstrate that priming initiates abovethe optimum annealing temperature; thishelps to ensure a competitive advantage forthe target amplicon. On the other hand, asthe cycling program progresses, annealingtemperatures well below the Tm can serve tosignificantly increase yields in reactionsthat would otherwise be marginal due tosuboptimal buffer composition and yet donot promote spurious amplification. Modified forms of TD PCR, termed stepdownPCR, consisting offewer but steeper incremental declines in annealing temperature ,are also shown to be effective and can simplify thermal cycler programming.
 478 BioTechniques
 INTRODUCTION
 A large number of variables candramatically alter the successful production of PCR from complex DNAtemplates . The optimum result frommost polymerase chain reactions(PCRs) is a single strongly staining gelband representing the desired product.Frequently, however, weak, multiple orcomplete absence of bands is observed.A large variety of parameters can influence the outcome of a PCR amplification. These variables include cyclingparameters as well as the concentrations of Mg++, H+, dNTP, primer,template and added enhancers (5,7,9).Each PCR will have its own optimumfor each of the variables, a value that isgenerally determined empirically. Formost variables, shifting the amount orvalue in one direction favors specificityby diminishing nonspecific priming.The trade-off may well be a somewhatlower yield of the specific product asone moves further from the optimum.Shifting the value of the variable in theopposite direction favors an increasedyield but at the expense of specificity.Thus, considerable time and resourcescan be expended on attempting tobalance the opposing tendencies as themany variables are adjusted toward anoptimized reaction.
 Touchdown (TD) PCR (3) represents a fundamentally different approach to PCR optimization. Ratherthan attempting a variety of buffer andcycling conditions, optimization is
 accomplished by focusing on a singlevariable, the annealing temperature.Moreover, a range of annealing temperatures is sequentially sampled during the course of a single cycling program. This approach has broadapplicability. We recently demonstratedthe power of TD PCR by amplifyingsingle amplicons from genomic DNAusing several primer/template combinations that were significantly mismatched (8).
 As originally described (3), athermal cycler is programmed so thatthe annealing temperature of the initialtwo cycles is well above the estimatedmelting temperature (Till) of the primer-template complexes . The annealing temperatures of each subsequenttwo cycles is run at 1°C less than thepreceding cycles. Eventually, the Tillofthe specific primer-template combination will be reached and amplificationwill begin. By the time the temperatureof the annealing cycles drops to the level where nonspecific priming would ordinarily occur, the specific product willhave a geometric head start and shouldoutcompete any nonspecific product forthe remaining resources to yield a single predominant amplicon.
 Here we show how TD PCR impartsa significant advantage of added specificity during those cycles above the Tilland enhanced efficiency during thosecycles below the Tillto simultaneouslyincrease both product yield and homogeneity even when buffer conditionsare suboptimal.
 Vol. 20, No.3 (1996)
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Table 1. Calculated Melting Temperatures
 Calculated MeltingTemps. [OC]2
 Primer Primer Sequencerremplate1 2+4 GC LS IS t:,.3 C4
 A1AF AGCNACTCCTGGCCGGACCTCATTGC 86 81 59 68 27 -7.4
 C A
 A1AR TTATGAGCATTCATGAACTTCTGGAGG 76 73 52 60 24 -7.4
 G A
 1BF AGGGATCGGGTGAAAGGGGTCTCAGC 84 81 59 68 25
 CA T T1CF TTTGTGAAATCCATCTCCTGCCAG 68 71 49 58 22 -20.8
 TG G T C
 1CR AAAACCTTGACTTGTANCTTCAGCTCC 78 75 53 62 25 -7.4G A
 A C C1DF GGAATGGGGGATGTGAGTGAGAAGC 78 78 56 65 22 -20.8
 A C G CT
 T A1DR GACTCATCTGCCAGCATAAGACAC 72 74 52 61 22 -16.7
 C T A G
 2F CTGTCATTTCATGTCTCTATTGCCAG 74 73 51 60 23
 2R CATCATTGTTAGTCTGAGTCAGG 66 70 48 57 22
 MF CGTTGTAAAACGACGGCCAG 62 70 49 57 21
 MR CAGGAAACAGCTATGAC 50 61 40 48 21
 T3 AATTAACCCTCACTAAAGGG 56 64 43 51 21
 T7 GTAATACGACTCACTATAGGGC 64 70 48 57 22
 Programming for TD PCR can bequite cumbersome and can consume alarge amount of programming filespace on those machines not equippedwith the ability to automatically andincrementally reduce cycle segmenttemperature in progressive cycles. In asecond set of experiments, we testedthe effectiveness of stepdown (SD)PCR (i.e., simplified versions of theTD PCR strategy) . Rather than programming a decline at the rate of 1°Cevery second cycle over 30 cycles as inTD PCR, we show that the same number of cycles dispersed over fewer butlarger steps (3° to 5°C) (i.e., so PCR)were often as effective as TD PCR inreducing or eliminating spurious product formation.
 An unanticipated observation fromthis investigation was that initialcycling at temperatures above the Tmi.e., at temperatures that do not yield avisible amplicon after 30 cycles upongel electrophoresis, can significantlyreduce the appearance of spuriousamplicons when followed by a traditional 30-cycle amplification at a lowertemperature.
 MATERIALS AND METHODS
 1The primer sequences are given. Degeneracies within the primer sequence are indicated above the primer sequence. Mismatches between the primer and templateare indicated (as template sequence) below the primer sequence. All other primersare fully complementary to the template.
 2Melting temperatures were calculated using the Oligo 4.0 software package (11)and are given in °C. Values listed under (2 + 4) were calculated using the formulaTm =2°C (A + T) + 4°C (G + C). Values listed under GC were calculated using theformula of Baldino et al. (1) with a modified correction term for the length of theprimer and assuming a 1 M monovalent ion concentration (Tm =81.5 + 16.6 log [K+]+ 0.41 (%GC) - 675/N, where N is the length of the primer) . Columns LS and ISshow the corresponding Tm values for low salt buffer (50 mM monovalent cation)and intermediate salt buffers (165 mM monovalent cation), respectively.
 3~ gives the difference between lowest and highest calculated melting temperature.
 4C is the correction needed to estimate the approximate Tm of the mismatchedprimer, C = (% mismatch).
 The initial step in designing anyPCR thermal cycling program is tocalculate the Tm of the primer-templatepairs. Unfortunately, the variousmethods for accomplishing this give abroad range of values (1,11). Table 1shows the calculated TmS for theprimers used in this study and someother commonly used primers . Some
 Vol. ZO, No .3 (1996)
 individual primers display a range ofcalculated TmS of up to 27°C. Even themost sophisticated formulas do not takeinto account all of the factors influencing PCR (10). TD PCR caneffectively straddle a broad range ofTmS' obviating the need for close orempirical determination through repeated amplification attempts.
 For our test system, we used primersthat were fully or nearly complementary to the template, rabbit genomic liver DNA (Tables 1 and 2). Multiple reaction samples were derivedfrom a single master mixture to minimize inter-sample variations within agiven experiment. Master mixturesconsisted of 1.5 mM MgCl z (unlessotherwise indicated), 50 mM KCI, 10mM Tris-HCl, pH 9.0, at 25°C, 0.1%Triton® X-lOO, 0.2 mM dNTPs and200 ng of each primer. Fifty-microliterPCRs using 400 ng of purified rabbitgenomic liver DNA were set up in 0.6mL standard (thick)-wall reaction tubesand overlaid with 50 !J.L of mineral oil.All reactions were performed in duplicate in a Perkin-Elmer DNA ThermalCycler (Norwalk, CT, USA) . Cyclingconditions consisted of 1 min denaturation at 94°C, 2 min annealing(temperatures as indicated in eachexperiment) and 3 min primer extension. A 3-min denaturation step (94°C)preceded cycling and a 7-min primer
 BioTechniques 479
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 6560555045 40 TO M 656055504540 TO
 Figure 1. Comparison of standard and TD PCR protocols. Amplicons (403 bp, left, and 187 bp, right)were generated by 40 cycles at the annealing temperatures shown above each lane (in °C) or by a 40cycle TD PCR (TD lane) protocol consisting of two cycles/tC declining at 1°C increments from 60° to46°C followed by 10 cycles at SO°C. M =marker lane.
 Table 2. Primer Combinations
 -187bp
 2588
 703
 403
 187
 1AR
 1AR1
 1CR
 1DR
 1AF
 1SF
 1CF
 1DF
 1Primer 1AR is used in combinationwith 1AF as well as 1SF to giveamplicons of 2588 and 703 bp,respectively.
 Amplicon SizePrimer 1 Primer 2 (bp)
 expected. Because of extensive competition with spurious products, the desired product is also decreased andfinally escapes detection at lower annealing temperatures (40°C). Thesesame primer combinations each yieldeda single strong band of the correct sizeusing a TD program in which the annealing temperature is progressivelylowered from 60° to 46°C by 1°C everysecond cycle, followed by 10 additionalcycles at 50°C. The results show thatalthough 30 of the 40 cycles of the TDPCR are run at annealing temperaturesbelow 55°C (a temperature at whichextensive nonspecific priming occurs inconventional PCR leading to spuriousproducts), only the target ampliconswere observed, clearly demonstratingthe advantages of TD PCR .
 403bp
 annealing temperature for PCRs. Thealternative, empirical determinationthrough repeated amplification attempts at different temperatures, islabor-intensive, resource-intensive andtime-consuming. This step can usuallybe avoided through the use of TD PCR.
 A comparison of the results fromclassical and TD PCR optimizationprotocols for two different reactionswith amplicons that are 403 and 187 bpin length are illustrated in Figure 1.Conventional PCRs were run at 40°,45°, 50°, 55°, 60° and 65°C for 40cycles, and a TD PCR program was runover a 60° to 46°C temperature rangefor 40 cycles . Normally, standard PCRsare run for 25 to 35 cycles . However,for comparative purposes, we chose torun the standard and TD PCRs for thesame number of cycles . Because TDprograms start at a temperature abovethe optimal (but unknown) annealingtemperature, the onset of efficient amplification in a TD program usuallydoes not occur until a few (an undetermined number) cycles have been run .To compensate, TD programs inherently are run over a greater number of cycles than conventional PCR programs.
 Both primer combinations result in asingle band at one or more of the fixedannealing temperatures tested (Figure1). The yield of the specific productdecreases at higher annealing temperatures and vanishes where the annealingtemperature exceeds the apparent Tm as
 The initial step in designing ourmodel PCR system focused on a determination of the TmS for the variousprimer-template combinations used.The various formulas used to calculatethe TmS of primer-template combinations each consider different factorssuch as monovalent salt concentration,base composition and overall length ofthe oligonucleotide (1,11). Newer andmore sophisticated programs include intheir calculations the destabilizing effects of bulge loops and primer-template mismatches (10) . Other factorsknown to influence the Tm- such as thesignificant change in template concentration over the course of a PCR,changes in the free Mg+2 concentration, depletion of primer and dNTPconcentrations, are usually not considered. Table 1 gives a summary of Tm
 values calculated using various formulas for the primer-template pairs in thisstudy as well as other commonly usedprimers. Clearly, calculated Tm valuescan vary greatly depending on theequations used. There appears to be nosimple and effective mathematical wayto arrive at a reliable value for an
 RESULTS AND DISCUSSION
 extension step and a 4°C soakfollowed. The "hot start" procedure(2,4,6) was accomplished by adding1.25 units of Taq DNA Polymerase(Ampli'Iaq'P; Perkin-Elmer) to eachreaction tube only after the blocktemperature had risen above 80°C during the initial denaturation step.
 Reactions were run at different fixedtemperatures and as a series of variously truncated or modified TD PCRs,each of which was followed by additional fixed annealing temperaturecycles as noted.
 A 5-IlL aliquot of each sample waselectrophoresed on 1.5% low EEOagarose gels containing 0.5 ug/ml.ethidium bromide and photographedunder UV illumination. Each gelincluded a marker lane with band sizesof 2977, 1799, 1509, 724, 676, 517,396,325 and 244/222 bp.
 Melting temperatures were calculated using the Oligo Primer Analysissoftware, Version 4.0 (National Biosciences, Plymouth, MN, USA) (11).
 480 BioTechniques Vol. 20, No.3 (1996)
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 The role that sub-Tm cycles play inTD PCR was first investigated byrunning a series of PCRs in which theTD portion of the protocol was prematurely terminated after a decline in annealing temperatures of 5°, 10° or 15°Cand followed by sufficient cycles at afixed temperature to yield a total of 35cycles as diagrammed in Figure 2. Theterminal fixed temperature cycles wererun either at 60°C, a temperature whichfavors specificity, or at 50°C, a temperature which favors extensive spuriouspriming. These data in Figure 2 showthat, with one exception, all programsyielded a single band of the correctsize. Onlyin the program in which themost truncated TD temperature range(from 65° to 60°C followed by 25cycles at 50°C) was used to produce the403-bp amplicon did minor amounts ofspurious bands appear. For the 403-bpamplicon, the three TD variations hav-
 ing terminal cycles at 50°C each yielded more product than their 60°C terminal cycle counterparts; this showed thatlate lower temperature cycling can improve yield. It is important to note thatall of the TD protocols in this experiment yielded strong bands equivalent inyield to the 60°C control after five additional cycles (data not shown). Thus,even 25 cycles at low temperatures(50GC in this instance) do not yieldbackground bands if preceded by 10cycles under conditions favoring specificity. The differential yield notedabove was not seen for the 187-bp amplicon probably reflecting an inherently more robust reaction in which maximum yield was attained in earliercycles. An analysis of our previouslyreported results (8) on marginal TDPCRs in which primers and templateshad significantly reduced complementarity (i.e., multiple base pair mis-
 TD65 X, , , , , , "60 55 50 60 55 50 60--- ----
 65 60 55 50 50 50 60 60 60 50 M
 403bp
 187bp
 Circle Reader Service No. 221
 Figure 2. The role of suboptimal annealing temperatures on amplicon yield in the latter stages ofTD Pf.R. Amplicons of 403 bp (top panel) and 187 bp (bottom panel) were amplified at 65°, 60° and55°C (standard PCR controls) or by various TD protocols. TD protocols are diagrammed above eachlane. For example, lane 4 (TD65 .. 60150) indicates TD PCR from 65° to 60°C (at 2 cycles 1°C)followedby sufficient cycles at 50°C to give a total of 35 cycles. The total cycle number (35) and number of cyclesper degree decline during the TD portion of each protocol were kept constant. X =no template controllane and M = marker lane.
 Vol. 20, No.3 (1996)
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matches) shows that even annealingtemperatures as low as 40°C in the terminal phase of a TD PCR programyield a product that is not only homogeneous but produced in much greaterquantity than any of the standard PCRconditions tested. This is quite remarkable if one considers that the calculatedTmS for the primer-amplicon (i.e., notthe original template) combinationsranged from 68° to 92°C (using the 2 +4 method) .
 The minimum number of cyclesneeded during the earlier part of the TDprogram to eliminate nonspecific priming would be dependent on the efficiency of amplification during hightemperature cycling. These observations emphasize the importance of thecompetitive advantage afforded the tar-
 get amplicon in the early cycles of theTD program where the annealing temperature favors high specificity (even atthe cost of low efficiency) . The converse is probably also true, i.e., thebriefest amount of time during the initiation of a PCR at temperatures at or below those that invite spurious primingwill foster the amplification of the nonspecific products; hence, the desirabili ty of using the hot start approach(2,4,6) when performing most PCRsand the necessity of its use in TD PCR.
 During traditional optimization ofconventional PCR, not only must thebest temperature for the annealingstage of the cycle be determined but sotoo must the optimal concentration ofthe key buffer constituents (e.g., Mg+2).We addressed the value of TD PCR in
 TD69T T
 65 5565 55 -55 55 X
 I ILO LO LO LO
 Mg+2 0 C'! LO 0 C\I LO 0 C\I LO C! C\I LO o M,..: ,... ,... ,... ,... ,..: ,... ,... ,... ,... ,... ,... ,...
 2588bp
 703bp
 Figure 3. TD peR compensates for suboptimal buffer conditions. Amplicons of 2588 bp (top panel)and 703 bp (bottom panel) were amplified using standard PCR at 65°C (lanes 1-3; 65) and 55°C (lanes4-6; 55) and two TO PCR protocols (T069 ~ 65 I55 and T065 ~ 55 I55 lanes, symbols explained inFigure 2). Each protocol was run at three different Mg+2 concentrations, 1.0, 1.25 or 1.5 mM Mg+2, asindicated above each lane. X =no template control and M =marker lane.
 Vol. 20, No.3 (1996) Cir cle Reader Service No. 222
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 minimizing or eliminating this task bydetermining whether the lower temperatures of the latter cycles in a TD PCRprogram could contribute to an increasein yield for marginal reaction s due toenhanced amplification efficiency during those cycles. For this purpose , twoprimer combinations yielding amplicons of 2588 and 703 bp were chosen.Each was run at three Mg+2concentrations to ensure that at least some of thereactions would be cycled under lessthan optimal buffer conditions. The cycling regimes tested (35 cycles each)included standard PCR at high stringency (65°C) and low stringency(55°C), truncated TD PCR (69° to65°C at 2 cycles/fC followed by 25cycles at 55°C) and standard TD PCR(69° to 55°C at 2 cycles/X' followed by5 cycles at 55°C).
 The results (Figure 3 ) were quite informative in several respects . The standard PCRs clearly showed that lowertemperatures greatly enhanced theoverall yield in those reactions thatwere marginal at the higher temperature. This was particularly obvious forthe 2588-bp amplicon that was weak orundetectable at medium and low Mg+2concentrations, respectively, at 65°Cbut gave moderate and strong (albeitcontaminated) bands at medium andlow Mg+2 concentrations, respectively,at 55°C. It is interesting to note that thebest (strongest and most homogeneous)reactions occurred when one high stringency parameter (high temperature orlow Mg+2) was counterbalanced with alow stringency parameter (low temperature or high Mg+2). It is also apparentthat TD PCR, even in an abbreviatedform, was almost uniformly capable ofyielding a single target band for therange of Mg+2concentrations tested byovercoming both the spurious primingobserved at low stringency temperatureand Mg+2combinations and the lack ofdiscernible product at high stringencytemperature and Mg+2 combinations.Although, for the 2588-bp amplicon ,the 69° to 55°C and, to a lesser extent,the 69° to 65°C TD protocols containedfewer robust cycles (i.e., at or below theoptimal annealing temperature) andthus had weaker bands, additional cycles (beyond the 35 shown) at 55°Cwere able to boost the yield (data notshown). Though not tested , it seems
 484 BioTechniques
 reasonable to presume that suboptimalconcentrations of those other PCRbuffer components that influenceprimer efficiency would be similarlycompensated for in TD PCR.
 One of the disadvantages of TDPCR is that, for many thermal cyclers,each incremental drop in annealingtemperature necessitates the programming of an additional file or series ofsteps. This need can tie up a large segment of the programming capacity andmake cumbersome any adjustments inthe range of annealing temperatures tobe used. With this in mind , we testedthe effectiveness of SD PCR, a modified form of TD PCR in which fewerbut steeper steps separate the maximumand minimum annealing temperaturesin a program. Tested program variations of SD PCR included SD over a15°C range (69° to 55°C) in five 3°Csteps at 3 cycles per step with 20 additional cycles at a 55°C; and a two-stepPCR with 10 cycles above (at 70°C)and 35 cycles below (at 55°C) the em-
 70+
 TO SO 55 55 70 M
 703bp
 Figure 4. Comparison of TD PCR, SD PCR,and standard PCR. Tested program variationsof SD PCR included SD over a 15°C range (70°to 55°C) in five 3°C steps at 3 cycles/step with 20additional cycles at a 55°C (SD lane). Four-stepand three-step protocols run over the same temperature range and followed by 10 cycles at 55°C(as described in the text) gave results (data notshown) identical to those shown in the SD lane. Atwo-step PCR with 10 cycles above (at 70°C) and35 cycles below (at 55°C) the empirically determined annealing temperature was also tested (70+ 55 lane). For comparison, TD PCR (2 cycles/rCfrom 69°C) over 5° (TD lane), 10° and 15°C(data not shown but identical to TD lane)followed by sufficient cycles at a fixed annealingtemperature to yield a total of 35 cycles were runas described in the text. M = marker lane.
 pirically determined annealing temperature. For comparison, TD PCR (2cycles/X' from 69°C) over 5° (Figure4), 10° and 15°C (data not shown) followed by sufficient cycles at a fixed annealing temperature to yield a total of35 cycles was run as described above.
 As before, the full and truncated TDPCR protocols yielded single specificproducts , and the standard PCR run atsuboptimal annealing temperature(55°C) yielded the desired product contaminated with background bands (Figure 4). SD PCR over a 15°C range in3°C steps gave good results equivalentto those of TD PCR. Other variations ofthe SD PCR protocol were similarly effective on this primer-template combination yielding a single strong product(data not shown). Each of the threevariations tested (SD in three, four orfive steps) included a 30-cycle SD segment (from 70° to 58°C) followed by10 cycles at 55°C (i.e., three steps of10 cycles per step and a 6°C drop perstep; four steps with the first three at 8cycles per step and the fourth at 6 cycles and a 4°C drop per step; and fivesteps of 6 cycles per step and a 3°Cdrop per step). Surprisingly, even a single initiall0-cycle step at 70°C (a temperature above the Tm that does notyield a detectable product after 35 cycles) served to minimize spurious bandformation when followed by 35 cyclesat 55°C. Thus, it would appear that asufficient amount of specific primingoccurs above the empirically determined Tm to foster the generation of ahomogeneous product. This demonstrates that some of the earliest hightemperature cycles in the TD PCR program can make a significant contribution to amplicon specificity. Becausethe Tm of the individual primers of ourgiven primer pairs differ signific antlyfrom one another (from 4° to 10°C depending upon the primer pair and thecalculation used), it seems likely thatunidirectional asymmetric amplification (by the higher Tm primer) precedesgeometric amplification involving bothprimers and may contribute to the efficiency and specificity of TD and SDPCR. Our results also indicate that, forthose PCRs that are initially onlyslightly suboptimal, an initial step ortwo, or a truncated TD PCR series runslightly above the previously selected
 Vol. 20, No.3 (1996)
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annealing temperature, are likely to bebeneficial.
 In summary, TD and SD PCR thermal cycler programming fosters bothspecificity and maximal yield, twoqualities that, in traditional PCRs, represent a compromise between sets ofopposing forces. Three observationsexplain the unique aspects of these procedures. First, low-level, but highlyspecific, amplification begins early inthe cycling regime even at temperaturessignificantly above "optimum" annealing temperature. Second, the competitive advantage of the desired ampliconwidens further during those cycles thatare run between the Tm of the targetamplicon and the TmS of any spuriousamplicons. Finally, the lower temperature cycles can significantly increasethe yield of reactions that would otherwise be marginal, while at the sametime minimizing the amplification ofspurious products.
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