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Abstract

Rapid PCR protocols for the amplification of typing short tandem repeat multiplexes were evaluated on 6 different thermal cyclers.  Through the use of a faster DNA polymerase coupled with the use of rapid thermal cyclers the amplification cycling times were reduced down to as little as 14 minutes using PCR primers from the commercially available multiplex short tandem repeat typing kit Identifiler.  Previously described 2-step and 3-step thermal cycling protocols were evaluated for the 6 thermal cyclers on 95 unique single-source DNA extracts. Capillary electrophoresis characterization of the PCR products indicates good peak balance between loci (median values greater than 0.84), and N minus 4 stutter ratios on averages were 30 % to 40 % higher than for standard Identifiler PCR conditions.  Non-specific amplification artifacts were observed, but were not observed to migrate within the allele calling bins.  With the exception of one locus (D18S51) in a single sample, genotyping results were concordant with manufacturer’s recommended amplification conditions utilizing standard thermal cycling procedures.  Assay conditions were robust enough to routinely amplify 250 pg to 500 pg of template DNA.  This work describes the protocols for the rapid PCR amplification of STR multiplexes on various PCR thermal cyclers with the future intent to support validation for typing single-source samples in a databasing laboratory. 
























 



1 Introduction
The forensic DNA typing community currently has a core set of short tandem repeat (STR) markers that are widely used to generate STR profiles for use in databases and casework applications [1,2].  The process to generate these profiles is currently conducted in 8 to 10 hours.  This process includes DNA extraction, quantitation, multiplex PCR amplification, and fragment separation and detection. Over recent years, significant efforts have been made to enable the rapid generation of STR profiles to include rapid PCR [3-11], direct PCR which bypasses extraction [4-6,9,12], and integrated microfluidic devices for rapid sample to profile processing [5,11,13-18] as alternative approaches.  
Many of the commonly used commercial multiplex STR typing kits are not optimized or intended for rapid PCR thermal cycling. Current protocols for kits such as Identifiler (Applied Biosystems, Foster City, CA) and PowerPlex 16 (Promega Corporation, Madison, WI) require approximately 3 hours for amplifying a multiplex containing 15 STR loci plus amelogenin [19,20].  In recent years, both Applied Biosystems and the Promega Corporation have developed kits which require less than 3 hours for amplification.  GlobalFiler Express (Applied Biosystems) and PowerPlex Fusion (Promega Corporation) amplify a 24plex STR assay in approximately 40 minutes and 85 minutes, respectively [21,22].  A product of establishing faster thermal cycling protocols has been to reduce amplification thermal cycling parameters from a 3-step protocol to a 2-step thermal cycling protocol [3,8,21].  
Alternative DNA polymerases from the commonly used AmpliTaq Gold have enabled the development of rapid PCR protocols.  The processivity of a DNA polymerase refers to the number of nucleotides (nt) incorporated before dissociation.  Work from Pomerantz et al describes a situation where the E.Coli polymerase III processivity was increased when associated with a sliding clamp and replisome subunits from less than 10 nt (< 20 nt/s) to greater than 50 kb (1000 nt/s) [23].  Researchers have also identified a means to increase the processivity of a DNA polymerase by covalently linking a non-specific double-stranded DNA binding protein to the polymerase domain [24].  This has led to the expression of commercial ‘fusion’ DNA polymerases that exhibit higher processivities [25].  This approach demonstrated a 16 to 32 fold increase in polymerase efficacy, but it also demonstrated the ability to amplify DNA with shorter extension times, thus shortening overall PCR thermal cycling times [24]. 
Increasing the speed for multiplex PCR amplification has the potential to not only improve the throughput of a DNA typing laboratory, but would decrease the time required for the overall DNA typing process and thus open new potential biometric applications such as police booking stations and U.S. border crossings.  Currently, much of the rapid PCR use within a DNA laboratory setting is either for single marker targets [26,27], evaluation or optimization of a protocol for rapid PCR amplification [3,7,8], or for the use of rapid direct PCR amplification [4-6,9,14].  In this work the performance of two rapid multiplex PCR amplification protocols using the 16plex forensic genotyping kit Identifiler was evaluated using six different thermal cyclers.  The comparison of a 2-step thermal cycling profile to a 3-step thermal cycling profile was evaluated.  Maximum speed as well as the final time for completion for PCR amplification with each thermal cycler was evaluated.  Results focus on the factors which can impact STR data interpretation such as locus-to-locus and heterozygote intra-locus imbalance, incomplete adenylation, and PCR related artifacts.

2 Materials and Methods

2.1 DNA Samples and STR Typing Kits
Ninety-five samples from a U.S. population set which includes individuals from three self-identified ancestry backgrounds [28] were used for testing rapid PCR protocols.  The samples were previously genotyped [29] using the Identifiler STR typing kit with the standard manufacturer-recommended thermal cycling parameters [19,20].  For all rapid PCR protocols the Identifiler PCR primer mix (separate from the standard polymerase/buffers) was used without any further alteration as described in the PCR conditions.  

2.2 Thermal Cyclers
Thermal cycling experiments were performed on six thermal cyclers.  The six instruments include the 96-Well Gene Amp PCR System 9700 (Applied Biosystems, Foster City, CA), Mastercycler pro S (Eppendorf, Hauppauge, NY), Streck Philisa (Streck, Omaha, NE), Piko (Thermo Scientific, Hudson, NH), Rotor-Gene Q (Qiagen, Valencia, CA), and the SmartCycler (Cepheid, Sunnyvale, CA). The maximum manufacturer stated heating ramp rates for each cycler are as follows: 4 °C/s, 6 °C/s, 15 °C/s, 7 °C/s,  15 °C/s, and 10 °C/s.
The Gene Amp 9700 and the Mastercycler pro S are both peltier based heating blocks which can accommodate 96 samples per run in either plate or 8-strip tube format.  The Rotor-Gene Q is air heated and cooled, and can accommodate 72 samples per run in proprietary tubes supplied by Qiagen.  The SmartCycler uses hot plates for heating and fans for cooling and can accommodate 16 samples per run in proprietary tubes supplied by Cepheid. Both the RotorGene and SmartCycler are real-time PCR instruments and were run without the use of the optics.  The Piko™ uses a peltier based heating block which can accommodate 96 samples per run in proprietary tubes supplied by Thermo Scientific.  The Philisa® also uses a peltier block, and can accommodate 8 samples per run in proprietary tubes supplied by Streck.  For reference, the following abbreviations are used: 96-Well Gene Amp® PCR System 9700 (9700), Mastercycler® pro S (MC), Philisa® (PH), Piko™ (PK), Rotor-Gene® Q (RG), and SmartCycler®(SC).

2.3 Polymerases
A combination of Premix Ex Taq Perfect Real Time 2x mastermix (Takara Bio USA, Madison, WI) and SpeedSTAR HS DNA Polymerase (Takara Bio USA, Madison, WI) were used.  The SpeedSTAR HS DNA polymerase is available separately from buffer and reagent components.  The SpeedSTAR HS DNA Polymerase (approximately 1.25 units) was added to the Premix Ex Taq Perfect Real Time 2x mix to increase PCR efficiency and to promote complete adenylation of PCR amplicons.  The reported rate of nucleotide incorporation of SpeedSTAR HS DNA Polymerase based on product literature is ≈100 nucleotides/s.

2.4 PCR Conditions
PCR was carried out in 10 µL reaction volumes.  A typical reaction consisted of 5 µL Premix Ex Taq Perfect Real Time (2x mastermix), 0.25 µL SpeedSTAR enzyme (5 units/µL), 2 µL of the Identifiler STR primer mix, 0.75 µL water and 2.0 µL of template DNA (0.5 ng/µL).  Thin walled 8-strip tubes (Phenix, Candler, NC) were used to perform PCR on the 9700 and MC rather than traditional 96-well plates for more efficient thermal transfer.  Thermal cycler specific tubes or plates were used to perform PCR on the remaining four instruments.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Three-step PCR amplification conditions as described by Vallone et al [7] consisted of 95 °C for 1 minute followed by 28 cycles of 95 °C 5 s, 58 °C 10 s, 72 °C 10 s, followed by a 1 minute incubation at 72 °C to aid adenylation, and then 25 °C until removed from the thermal cycler.

Two-step PCR amplification conditions as described by Foster and Laurin [8] consisted of 95 °C for 1 minute followed by 28 cycles of 95 °C 5 s, 61 °C 15 s, followed by a 1 minute incubation at 72 °C to aid adenylation, and then 25 °C until removed from the thermal cycler.

Manufacturer’s recommended Identifiler thermal cycling conditions were carried out with a 12.5 µL total volume reaction using the manufacturer supplied Identifiler STR kit components for 95 samples.  A single reaction consisted of 5.25 µL AmpFlSTR PCR reaction mix, 2.75 µL AmpFlSTR Identifiler primer set, 0.25 µL AmpliTaq Gold, 2.25 µL water and 2.0 µL of template DNA (0.5 ng/µL).  

2.5 Sensitivity Study
A single source DNA sample was serially diluted down to 31.3 pg (1000 pg/µL, 750 pg/µL, 500 pg/µL, 250 pg/µL, 125 pg/µL, 62.5 pg/µL, and 31.3 pg/µL).  DNA templates were amplified in duplicate following the 10 µL rapid PCR conditions as described above.  A volume of 1 µL of each concentration of DNA template in 1.75 µL of water were amplified.  Allele calls were performed using a threshold of 50 RFU to evaluate the sensitivity limitations of the protocol.

2.6 Data Collection and Analysis
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Following PCR, 1 µL of the amplified products was diluted into 8.7 µL of Hi-Di formamide (Applied Biosystems) and 0.3 µL of GeneScan 500 LIZ internal size standard (Applied Biosystems).  Samples from the SmartCycler required the use of round gel loading tips due to the small diameter and length of the tip to remove the amplified products from the proprietary tube for analysis.   Samples were electrokinetically injected at 2 kV for 5 s and separated on a 3130xl Genetic Analyzer (Applied Biosystems) using POP-4 polymer (Applied Biosystems) on a 36 cm capillary array (Applied Biosystems).  After data collection, genotyping was performed in GeneMapperID v3.2 (Applied Biosystems) using manufacturer provided bins and panels.  Allele calls were performed using a threshold of 50 RFU and a minimum heterozygote ratio of 0.5.  In-house Excel macro programs were used for peak height ratios and stutter calculations.

3 Results and Discussion

3.1 Thermal cycling times
	The 3-step thermal cycling protocol reduced thermal cycling time from the manufacturer’s recommended thermal cycling time of three hours and 8 minutes to less than 40 minutes for each thermal cycler.  PCR amplification times for both the 2-step and 3-step thermal cycling protocols on each of the six cyclers can be found in Table 1.  The variation in time among thermal cyclers for the same protocols is due to the varying characteristics of the heating/cooling process as well as the type of tube employed by each thermal cycler. The stated effective ramp rates in Table 1 accounts for the actual time required for heating and cooling in a thermal cycling run.  Effective ramps rates were estimated by subtracting the static hold times from the total thermal cycling time and dividing the total change in degrees by this remaining time.  The effective ramp rate provides a more practical evaluation of the heating and cooling rates than the manufacturer stated heating rate alone. 

3.2 PCR Tubes and Throughput
	In previous studies as described by Vallone et al [7], incomplete adenylation was observed with the use of standard 96-well plates.  The use of thin walled 8-strip tubes allowed for more efficient thermal transfer within the reaction, thus reducing the incomplete adenylation observed.  
For each thermal cycler, throughput needs to be taken into consideration for assessing the decrease in time for an accelerated workflow.  The time required to amplify 96 samples on each of the six platforms for both the 2-step and 3-step thermal cycling protocols can be found in Table 1.  The 9700, MC, and PK allow for 96 samples to be amplified simultaneously.  The RG allows for 72 samples, while the SC and PH allow for 16 and 8 samples, respectively.  While amplification times for many of these thermal cyclers is very rapid, the throughput in some cases is reduced from the standard 96-well format for downstream workflow (e.g. capillary electrophoresis).  The MC demonstrated the ability to process 96 samples in the least amount of time (17 min) among all of the thermal cyclers, though the PH exhibited the fastest single run time (14 min) amplifying 8 samples simultaneously. To accommodate the 96-well format, the PH thermal cycling time would be increased from 14 minutes to 2 hours and 48 minutes.  


3.3 Genotyping Performance
A set of 95 population samples were typed on each of the 6 thermal cyclers to evaluate rapid STR performance characteristics with both 2-step and 3-step cycling protocols.  Full 16 (15 STRs plus Amelogenin) locus profiles were successfully obtained for all 95 samples on each thermal cycling platform.  The average (n = 95 samples) signal intensity (measured in relative fluorescence units) for each thermal cycler at all 16 loci was calculated and are displayed in Figure 1.  Overall, the signal intensity on average ranged from 1800 RFUs to 5200 RFUs between the 2-step and 3-step protocols across the six thermal cyclers.  The 3-step protocol data suggests a slightly higher trend in average signal intensity, with the PK 3-step protocol exhibiting the highest overall average signal intensity.  The higher average signal intensity of the 3-step also incurs non-specific PCR artifacts (detailed below).  The average signal intensity of the 2-step thermal cycling protocol exhibits more consistency between the 6 thermal cyclers when compared to the 3-step protocol.  Examples of the electropherograms generated from the PH are displayed in Figure 2; remaining figures for the additional thermal cyclers are displayed in Supplemental Figures 1-5. 
Overall interlocus balance or ‘multiplex balance’ was determined and plotted for each thermal cycler.  The interlocus balance for the PH cycler is represented in Figure 3 for both the 2-step and 3-step protocols. The interlocus balance analysis was performed by setting the average signal intensity for all the loci in the same dye channel to 1 across the 95 samples and calculating the average fraction of each signal coming from each locus.  Within Figure 3 boxes enclose 50 % of the Locus/Sample Ratios, centerlines denote the median, whiskers span central 95 %, dots denote the min and max.  Horizontal dashed lines denote the Kfactor-defined confidence interval on the mean of the medians.  This approach allows for a more quantitative means to evaluate multiplex balance versus visual inspection.  
For all of the 2-step protocols, on all thermal cyclers except the PK and SC, D7S820 was the lowest performing locus within the multiplex.  FGA was the lowest performing locus for the PK and SC with the 2-step protocol.  The lowest performing locus with the 3-step protocol was D19S433 for all thermal cyclers except the MC and PH, where FGA was the weakest locus within the multiplex. Figures for the additional 5 thermal cyclers can be found in Supplemental Figures 6-10.

3.4 Concordance
One sample of the 95 typed samples indicated evidence of an incorrect call at the marker D18S51.  The genotype call with the rapid PCR protocol was 13,15.  However, significant peak height imbalance (ranging between 0.04 to 0.51) was observed with the 13 allele consistently exhibiting lower signal.  This was observed on all thermal cycling platforms to varying degrees for both thermal cycling protocols.  The maximum D18S51 peak height ratio (PHR) observed for the sample in question on each thermal cycler was 9700: 0.21; SC: 0.15, MC: 0.06, RG: 0.51, PK: 0.17, ST: 0.09.  An example of the D18S51 discordance from the rapid 3-step thermal cycling protocol amplified on the 9700 is displayed in Figure 4a.  Standard Identifiler PCR conditions (3 hours) produced an unambiguous 15,15 genotype with no evidence of a 13 allele shown in Figure 4b. Additional analysis with the PowerPlex 16 STR typing kit indicated that the sample is indeed a 13,15 genotype shown in Figure 4c.  Sequencing of the primer binding region of D18S51 for this sample indicated a G to A SNP 172 bp downstream from the repeat [29,30] as demonstrated in Figure 4d.   

3.5 N-4 Stutter
The N-4 stutter signal intensity was determined for all the loci with at least 80 data points for each locus.  The data points were determined by only allowing the calculation of stutter for alleles where there was separation of at least one repeat unit between alleles for heterozygous samples.  The average stutter percentage and standard deviation per locus for both protocols is displayed in Table 2.  Average stutter on a per locus basis was calculated for the 2-step and 3-step protocols and ranged from 0.02 to 0.12 and 0.03 to 0.13, respectively.  The standard deviation per locus was less than 0.07 for both protocols.  On average the N-4 stutter peak intensity for the rapid PCR protocol was 30 % to 40 % higher than for standard Identifiler PCR conditions.   
A set of experiments were performed on the 9700 thermal cycler to investigate the effects of increasing the volume of the PCR (from 10 to 25 µL) and the thermal cycling hold times (from 36 min to 1 h and 3 h).  The intent was to determine if an increase in volume/cycling time would affect signal intensity of the N-4 stutter, peak height balance, and PCR artifacts.  An increase in the volume of the PCR to 25 µL resulted in a slight decrease in the intensity of PCR artifacts, while no changes in the heterozygote peak balance or decrease in the signal for stutter peaks were observed.  There was a slight decrease in signal intensity (and PCR artifacts), but this was due to the overall dilution of the PCR amplicons prior to loading on the 3130xl.  The effect of increasing the overall thermal cycling hold time from 36 min to 1 and 3 hours increased the signal, while the peak height ratios were similar and there was no decrease in the observed N-4 stutter (data not shown).   This would suggest that the increased stutter is primarily a function of the polymerase/mastermix and not an artifact of ‘fast cycling’.  The source is probably due to the inherent characteristics of the polymerase and buffer system used for the rapid amplification.  

3.6 Heterozygote peak balance
The median peak balance per locus for heterozygous genotypes is displayed in Table 3.  The average peak height balance was greater than 0.84 for the 2-step data and 0.88 for the 3-step data collected on the thermal cyclers tested.  The standard deviation per locus was less than 0.17 for both protocols.  The minimum peak balance for each thermal cycler was greater than 0.77 for both protocols.  This was comparable to the standard Identifiler cycling protocol with the rapid cocktail of reagents (average PHR: 0.90). The lone exception for the rapid protocol was the D18S51 genotype discussed above (between 0.04 and 0.51).  The peak balance is comparable to data collected using the standard Identifiler PCR protocol, for which average heterozygous balance was observed at 0.88 with the minimum observed at 0.59 [20].  

3.7 PCR Artifacts
When employing the rapid PCR protocol low intensity, non-specific PCR artifacts were observed for specific loci in addition to those observed in Vallone et al. [7].  A threshold of 50 RFUs was used when ‘calling’ artifacts.  The artifacts were less than 10 % of the primary allele peak for a specific locus.  The base pair position of the artifact, number of observations (out of 95 samples), and associated locus are listed in Table 4.  An example illustration of these 7 artifacts can be observed in Supplemental Figure 11.  The PCR artifacts did not migrate within allele calling bins, and were not due to pull-up or instrument noise.  Samples which contain a 9.3 allele at TH01 may appear to have a shoulder or incomplete adenylation which is attributed to the 184 bp artifact.   Fewer artifacts were identified with the 2-step protocol versus the 3-step protocol.  For the 9700, which had the largest number of artifacts observed with the 3-step cycling protocol, there was a 95 % reduction in the number of artifacts observed with the 2-step protocol.  The reduction of artifacts observed between the 2-step and 3-step protocols may be due to the increase in annealing time and decrease in annealing temperature.  
The 3-step protocol described in Vallone et al. [7] describes an annealing temperature of 58 °C which is one degree lower than the manufacturer’s recommended annealing temperature for the Identifiler STR typing kit [20].  Examination of increasing the annealing temperature from 58 °C to 59 °C resulted in a slight decrease in artifact peak height, but not an elimination of the observed PCR artifacts (data not shown).  There is a balance between increasing the annealing temperature to reduce artifacts, but this can be at the expense of the signal for poorly performing loci.   For the amplification of single source samples the PCR artifacts should not affect robust genotyping.
3.8 Sensitivity
Sensitivity of both the 2-step and 3-step rapid PCR protocols were evaluated for each thermal cycler by determining the level of DNA input amount at which allelic and full locus dropout occurred and is shown in Figure 5.  A single source sample was amplified in duplicate from 1000 pg to 32 pg.  Full profiles were generated beginning at 500 pg for all thermal cyclers and both thermal cycling protocols except 2-step RG and 3-step 9700, which both generated full profiles at 250 pg.  The values within the heat map illustrate the number of correctly typed loci at a specific DNA input amount.  The lower efficiency may be a result of the extremely short hold times employed with both rapid amplification protocols.

4 Concluding Remarks
	The work presented here demonstrates the ability to greatly reduce thermal cycling times required for multiplex PCR amplification of STR loci with single-source reference samples.  Successful sub-40 minute PCR protocols using a rapid polymerase in combination with 6 different thermal cyclers were carried out and compared.  The 3-step thermal cycling protocol reduced amplification time from 3 hours and 8 min down to as little as 17 min. Amplification time was further reduced from the 3-step protocol to the 2-step thermal cycling protocol to as little as 14 minutes.  A full overview of the reduced thermal cycling times and overall throughput thermal cycling times can be found in Table 1.  Results from the amplification of 95 samples indicate that peak height ratios and stutter are not greatly affected by the significant decrease in thermal cycling time.  Artifacts were reduced 30 % to 95 % from the 3-step protocol compared to the 2-step thermal cycling protocol.  Artifacts were not detected employing a 2-step protocol on the MC and PH thermal cyclers. One sample of the 95 tested had an observed discordance at D18S51 which is likely due to a SNP downstream from the repeat.  It is interesting to note that the polymerase-mastermix combination allowed for the tolerance of the single base mismatch in that sample. This finding would suggest that with the use of alternate polymerases, thermal cyclers, and/or thermal cycling protocols, a concordance evaluation needs to be performed to verify correct STR results due to the variable tolerance for single base mismatches.  Employing the use of a rapid PCR protocol and an alternative thermal cycler could offer a laboratory the ability to perform PCR in less than 14 minutes which would greatly decrease the time needed to generate an interpretable STR profile.  Incorporation of a rapid PCR protocol and alternative thermal cyclers into an automated or accelerated workflow for single-source reference samples could decrease the time needed to generate an interpretable STR profile to less than 4 hours [31].  Throughput for each thermal cycler needs to be taken into consideration which may be a limiting factor for many laboratories which employ a traditional 96-well plate setup downstream from PCR amplification.  Overall, rapid PCR amplification offers an alternative protocol for providing an interpretable STR profile in as little as 14 minutes. The described amplification protocol and performance characteristics of the various thermal cyclers provide the basis for those wishing to adopt a faster DNA typing workflow.  This could be valuable for laboratories which need to produce a profile in a time-sensitive case for single-source samples. 
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Table 1: Characteristics for 6 thermal cyclers.  Information for each cycler includes tube volume, manufacturer stated heating rate, effective heating/cooling rate, maximum thermal cycling time per protocol, and the time required to perform PCR for 96 samples. 

Table 2: Mean values for N-4 stutter products at all loci using both a 2-step and 3-step PCR thermal cycling protocols.  Standard deviation values are listed in parenthesis. 

Table 3: Median peak height ratio values for all loci using both a 2-step and 3-step PCR thermal cycling protocols. The median absolute deviation (MADe) is listed in parenthesis. 

Table 4: Observed PCR artifacts with both the 2-step and 3-step thermal cycling protocols. Locus and base pair location for each artifact is listed.

Figure 1: Average signal intensity for both the 2-step and 3-step PCR amplification protocols for all 16 loci typed on the six thermal cyclers. 

Figure 2: Example Identifiler electropherograms for (A) the 2-step and (B) 3-step thermal cycling protocols run on the PH. 

Figure 3: Interlocus balance plots for amplification performed on the PH thermal cycler for both 2-step (A) and 3-step (B) protocols.  

Figure 4: Electropherograms and sequencing information for a discordant sample at the locus D18S51. (A) Imbalanced 13,15 genotype amplified with the rapid Identifiler protocol. (B) 15,15 genotype amplified with the standard manufacturer’s Identifiler protocol. (C) Balanced 13,15 genotype amplified with the standard manufacturer’s PowerPlex 16 HS protocol. (D) Sequencing results of a G to A SNP 172 bp downstream from the repeat.

Figure 5: Sensitivity of both the 2-step and 3-step rapid PCR protocols represented in heat map format.  Values represent the lowest number of correct loci identified within the replicates.
