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Abstract 

The University of North Texas Health Science Center (UNTHSC) maintains a full service forensic 

laboratory that is accredited under the requirements of ISO 17025 (International Organization for 

Standardization, 2005) and the DNA National Standards for DNA Analysis by the Forensic Quality 

Services - International Division (Federal Bureau of Investigation, 2009). The forensic laboratory consists 

of two divisions, the Laboratory of Forensic Anthropology and the Laboratory of Molecular 

Identification, and provides testing to law enforcement agencies nationally and internationally. The 

Laboratory for Molecular Identification is a full service laboratory with forensic DNA testing services, 

which include both STR (short tandem repeat) and mtDNA (mitochondrial DNA) testing, and a Field 

Testing Division (FTD), which has been involved with the development and testing of several procedures 

and commercial kits currently used in forensic casework and databasing laboratories. 

The UNTHSC has identified several steps in the analysis of mtDNA for reference samples that can 

significantly reduce labor in both the laboratory and in data review, reduce the reagent costs, and 

reduce the overall analytical time.  A reduction in labor, reagents, and processing time will improve 

efficiency and increase the overall capacity of mtDNA processing by the laboratory. The areas of 

improvement addressed in this project include chemistry, software development and enhancements, 

and robotics.  

For chemistry improvements, the performance of the following were evaluated: a real-time 

quantitative PCR assay; a single amplicon which covers the entire control region of the mitochondrial 

genome (mtGenome); a reduced amount of ExoSAP-IT®; BigDye® Terminator v1.1 sequencing chemistry; 

a dilution buffer, BetterBuffer; and BigDye® XTerminator™. For software improvements, a barcoding 

system, auto fill worksheets; the LIMS (laboratory information management system); and expert system 

tools for mtDNA data management were designed and/or evaluated.  The utilization of different robotic 

NIJ Cooperative Agreement 2008-DNA-BX-K192 

2



   

     

  

    

      

       

    

     

  

     

     

  

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

workstations has also been evaluated for mtDNA amplification, PCR product clean-up, and cycle 

sequencing reactions. 

The objective of this project was to develop an integrated workflow from laboratory processing to 

data management for mtDNA sequence data.  Several bottlenecks were addressed in the processing and 

analysis of mtDNA as it is currently performed in the casework laboratory for family reference samples 

(FRS section). The development of a new laboratory process with efficient amplification, sequencing, 

and analysis of mtDNA greatly enhances throughput capabilities, decreases unit costs, and significantly 

impacts the amount of time for laboratory processing and data review by the analyst.  In addition, 

enhancements in the LIMS capabilities of auto fill worksheets and reagent calculations increase 

throughput and decrease human error. 
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Executive Summary 

Mitochondrial DNA analysis has proven to be an invaluable tool for victim identification from mass 

disasters and missing persons programs to criminal casework (Isenberg, 2004).  The University of North 

Texas Health Science Center (UNTHSC) is primarily funded by the National Institute of Justice (NIJ) for 

the Missing Persons Program and uses advanced DNA technologies to process unidentified human 

remains and the family reference samples from biological relatives for both nuclear DNA (nDNA) and 

mtDNA.  Since most missing persons cases rely heavily on mtDNA testing of skeletal remains, mtDNA 

testing of reference samples is necessary for making family associations.  The resulting DNA profiles are 

uploaded to the Missing Persons Index database. In this database, mtDNA and nDNA profiles from the 

unidentified remains can be searched against the biological family reference profiles and associations 

are recommended through kinship analysis testing.  There are several hundred thousand missing 

persons cases reported each year and there are more than 14,000 unidentified human skeletal remains 

retained in medical examiners’ and coroners’ offices nationwide (Rhonda K. Roby et al., 2007).  These 

numbers alone demonstrate the throughput requirements needed for DNA processing. 

Mitochondrial DNA testing is a laborious process which includes amplifying and sequencing two 

regions in the mtDNA genome (mtGenome) (Holland et al., 1995). The UNTHSC Field Testing Division 

(FTD) redesigned several steps for mtDNA amplification, sequencing, and purification procedures to 

increase efficiency, throughput capabilities, and reduce costs.  Each step, or procedure, added, 

modified, or further optimized for high throughput processing has been validated.  The current methods 

of mtDNA sample processing by the Family Reference Samples (FRS) section and the procedures 

proposed by FTD are displayed in Figure 1. As can be referenced in this diagram, robotic steps replace 

some of the manual processing performed by the FRS section.  In addition, since a single amplicon is 

proposed in this workflow, fewer plates are generated and subjected to post-amplification purification. 

Fewer plates are also used in post-cycle sequencing purification.  Sample processing methods are 
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continually improving with advances in chemistry, instrumentation, and liquid handling robotics.  

Consequently, the rate of data generation exceeds that of data analysis, review, and reporting; hence, 

creating a bottleneck in the final review of data, reporting, and upload. Therefore, an expert system for 

high throughput data management has been developed. 

Family Reference Sample Processing 

Figure 1.  Comparison of the current mtDNA workflow used by the FRS section (flowchart on the left) to 
the proposed high throughput mtDNA workflow used by FTD (flowchart on the right).  These changes 
include the use of additional robotic instrumentation, amplification of a single amplicon which amplifies 
the entire control region, XTerminator purification, and high throughput data analysis. 
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Chemistry 

FTD evaluated quantitative polymerase chain reaction (qPCR) assays for mtDNA quantification and 

redesigned several steps for mtDNA amplification, cycle sequencing, and purification procedures to 

increase efficiency, throughput capabilities, and reduce costs.  Each step, or procedure, added, 

modified, or further optimized was included in this project, validated, and evaluated for increased 

efficiency.  

mtDNA qPCR Assay 

Introduction 

The amount of mtDNA used for amplification and the quantity of amplified product for cycle 

sequencing is critical for obtaining high quality data.  Too much product added to the cycle sequencing 

reaction results in noisy data and too little product generates low sequence signal. With an optimal 

amount of product added to the cycle sequencing assay, clean data are obtained with very little baseline 

noise.  This is critical for efficient interpretation of data and high throughput sequence analysis. 

Additionally, if an optimal amount of DNA is added to the amplification reaction, downstream cycle 

sequencing procedures can be standardized.  This will also limit the amount of sample DNA extract 

consumed. Conservation of valuable sample extract is paramount when analyzing forensic samples. 

Thus, the need for a quantification assay for human mtDNA is evident. 

A human mtDNA qPCR assay (Kavlick et al., In Press) with two simultaneous amplifications was 

validated. The first amplification targets a 105 base pair sequence located in the coding region.  The 

second amplification is an exogenous internal positive control.  The method used for this assay is based 

on absolute quantification and utilizes a DNA standard dilution series of known quantities to generate a 

standard curve from which the quantities of mtDNA in samples may be determined. 
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Materials and Methods 

For the internal validation studies, DNA extracts from 43 non-probative bone DNA extracts were 

tested. In addition, DNA from a single donor was extracted using an organic protocol and purified with 

ethanol precipitation.  Controls were run in duplicate with each assay; these controls included positive 

controls of human genomic DNA from cell line HL60 (ATCC, Manassas, VA), reagent controls, and no 

template controls. 

This qPCR assay utilizes TaqMan® MGB Probe (Applied Biosystems, Foster City, CA) chemistry. The 

mtDNA target for this assay is a 105 base pair region within the NADH dehydrogenase subunit 5 (MT­

ND5) gene which corresponds to positions 13,288 to 13,392 of the revised Cambridge Reference 

Sequence (rCRS) (Andrews et al., 1999). For the standard curve, a 115 base ultramer DNA 

oligonucleotide (Integrated DNA Technologies, Coralville, IA), of known concentration, was used to 

generate eight standards covering a range of 0.0001pg/μL (6 mtDNA copies/μL) to 1,000pg/μL 

(58,830,674 mtDNA copies/μL) of mtDNA.  A TaqMan® Exogenous Internal Positive Control (Applied 

Biosystems) is included in this assay and is used to detect inhibition. Amplification and detection were 

performed on a 7500 Real-Time PCR System (Applied Biosystems) and Sequence Detection System (SDS) 

Software v1.2.3 (Applied Biosystems) following the manufacturer’s default thermal cycling protocol. 

Extracted DNA from 43 non-probative bone samples and their corresponding reagent blanks were 

quantified and compared to the relative number of bases reported (Figure 2). For precision and 

reproducibility, this assay was repeated 15 times for the standards and controls which were run in 

duplicate (Table 1 and Figure 3). Based on these studies, standard curve parameters were established 

for acceptable slope, R2, and Y-intercept values. Performance of the lowest standard was evaluated to 

determine the sensitivity of this assay (Table 1). Inhibition studies were conducted to evaluate the 

performance of this assay in the presence of three known PCR inhibitors often encountered with 

forensic casework samples: humic acid, hematin, and melanin.  Nine concentrations for each inhibitor 

NIJ Cooperative Agreement 2008-DNA-BX-K192 

8



   

    

   

 

 
         

     
      

   
  

 

 

 
      

      
       

       
  

 
 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

[humic acid (0 to 30 ng/µL); hematin (0 to 30 µM); and melanin (0 to 30 ng/µL)] were tested with varying 

concentrations of mtDNA (Table 2). 

Results 

Figure 2. Of the 43 bone DNA extracts assayed, 35 produced a full mtDNA sequence profile (HV1 and 
HV2) with an average mtDNA quantification value of 1.90pg/μL. Two samples yielded only partial 
sequence data (of low quality) and had an average mtDNA quantification value of 0.018pg/μL. Finally, 
six samples, with an average mtDNA quantification value of 0.0004pg/μL, failed to produce any 
sequence data. 

Table 1. Cycle threshold (Ct) values and their standard deviations (SD) exhibit an inverse relationship 
with mtDNA concentration. Standard 8, the lowest concentrated standard (0.0001pg/μL), exhibited the 
widest range and highest SD of Ct values. The lowest standard was always detected and resulted in an 
average Ct value of 35.25.  This Ct value is well within the 40 cycles performed with this assay, giving a 
sensitivity of detection of 0.0001pg/μL. 
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Figure 3. Reproducibility was measured by evaluating the results in duplicate of the standard curve for 
15 repeated runs.  The standard curve was created by averaging the Ct values (n=30) for each of 
Standard 1 through Standard 8.  Linear regression analysis was performed to calculate the slope and R2 

value.  Amplification efficiency was 99.18%. 

Table 2. Inhibition was determined by comparing the Ct values of non-treated samples to the Ct values 
of the treated samples.  An increase of the average Ct value + 1SD was indicative of partial inhibition () 
and no detection of Ct value was indicative of complete inhibition ().  This assay’s tolerance threshold 
for humic acid, hematin, and melanin are 0.5ng/μL, 1μM, and 0.05ng/μL, respectively.  At these 
concentrations of inhibitor, partial inhibition or complete inhibition is expected depending on the 
amount of template mtDNA. 

Conclusion 

This assay successfully demonstrated its utility for quantifying mtDNA for forensic casework 

samples.  It also exhibited a high degree of precision and reproducibility evidenced by consistent cycle 

threshold (Ct) values of the standards and controls for all 15 repeated runs. The lowest standard was 

always detected with an average cycle threshold value of 35.25; this is well within the 40 cycles 
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performed with this assay giving it a sensitivity of 0.0001pg/μL. In the presence of various 

concentrations of three different inhibitors, this assay successfully produced results at various levels of 

template mtDNA. The successful completion of this validation study demonstrates the suitability of the 

human mtDNA qPCR assay for use in forensic casework and identification of human remains. 

mtDNA Amplification and Cycle Sequencing 

Introduction 

Mitochondrial DNA processing includes amplifying and sequencing two regions of the mtGenome. 

In forensic analysis, two hypervariable regions are analyzed; these are referred to as HV1 and HV2. 

Currently, the FRS section uses the following methods for processing family reference samples:  

•	 After extraction, both HV1 and HV2 regions are amplified in two separate 25µL reactions, 
requiring 10µL of DNA extract for each reaction. 

•	 Amplified products are purified with 5µL of ExoSAP-IT® (USB Corp., Cleveland, OH) and cycle 
sequenced using a full-volume reaction with the ABI PRISM® dRhodamine Terminator Cycle 
Sequencing Kit. 

•	 Following cycle sequencing, samples are purified using Performa® DTR (dye terminator 
removal) Ultra 96-well plates (Edge BioSystems, Gaithersburg, MD) and electrophoresed on 
the ABI PRISM® 3130xl Genetic Analyzer. 

This method uses an excessive amount of DNA extract, requires several sample transfers, and is costly; 

in addition, the sequencing chemistry availability is threatened by discontinuance by the manufacturer. 

Materials and Methods 

In order to decrease the number of sample transfers as well as the amount of DNA extract required 

for mtDNA amplification, new amplification primers were evaluated.  Primers R1 and R2 encompass 

both the HV1 and HV2 regions (Figure 4). 
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Figure 4. Control region of mtDNA and primers used by the FRS section and/or FTD.  The FRS section 
uses primers A1 and B1 to amplify the HV1 region and primers C1 and D1 to amplify the HV2 region. 
FTD uses primers R1 and R2 to amplify the large amplicon, encompassing the HV1 and HV2 regions, and 
generating additional base information. The D2 and D3Y primers are discussed in the next section. 

Since one of the costly reagents is ExoSAP-IT®, a decrease in the amount of ExoSAP-IT® required to 

appropriately purify the product was evaluated.  ExoSAP-IT® is used to remove excess primer and excess 

dNTPs (Bell, 2008).  The modifications to this procedure involved decreasing the total concentration of 

amplification primers from 6µM to 2.7µM per reaction.  The amount of dNTPs was also decreased from 

8mM to 6mM.  Additionally, to obtain optimal amounts of amplified mtDNA with no excess product, the 

amplification cycle number was evaluated and decreased from 32 cycles to 28 cycles.  These changes 

allow for the decrease in the amount of ExoSAP-IT® required to appropriately purify the PCR product. 

The validated procedure decreases ExoSAP-IT® from a total of 10µL to 2µL per sample.  

Additional cost savings were noted in the cycle sequencing step.  The dRhodamine kit is an 

expensive kit and the manufacturer has announced its intent to discontinue this product.  A reduced 

reaction volume using the BigDye® Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) was 
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evaluated. BigDye® v1.1 was chosen since it sequences closer to the primer (Applied Biosystems, 2002).  

Also, post-cycle sequencing purification using the BigDye® XTerminator™ Purification Kit (Applied 

Biosystems) was validated using a reduced reaction volume (Applied Biosystems, 2006). 

Extracted DNA using the DNA IQ™ System (Promega Corp., Madison, WI) does not provide the range 

of optimal DNA. Therefore, the Quantifiler™ Human DNA Quantification Kit (Applied Biosystems) for 

total nDNA was introduced into the process since the mtDNA qPCR assay had not yet been designed or 

validated.  In order to reduce costs, a reduced reaction volume of this kit was validated. Quantification 

was then followed by normalization of the extract to achieve more consistent results among samples. 

Conclusion 

In conclusion, several steps for mtDNA amplification, cycle sequencing, and purification procedures 

were redesigned in order to increase throughput capabilities and reduce costs.  After normalizing the 

samples, amplification of the large amplicon is performed. Post-amplification cleanup is carried out 

using a reduced amount of ExoSAP-IT® added directly to the amplified product.  The purified products 

are then prepared for fluorescence-based cycle sequencing with a reduced reaction volume using the 

BigDye® Terminator v1.1 Cycle Sequencing Kit. To further enhance the quality of sequence data 

obtained by reducing the sequencing chemistry, an enhancer buffer, BetterBuffer (Gel Company Inc., 

San Francisco, CA), is used in the cycle sequencing reaction.  After cycle sequencing, samples are purified 

using the BigDye® XTerminator™ Purification Kit.  The purification master mix is added directly to the 

cycle sequenced product.  After samples and purification master mix are thoroughly combined, the 

samples are ready for capillary electrophoresis on the 3130xl with no need of time-consuming sample 

transfer such as those conducted with the Performa® DTR Ultra 96-well plates. The quality of data 

obtained from the procedure validated by FTD, and the quality of data obtained using the original 

method is shown in Figure 5.  There is a reduction in the number of transfers performed in 
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implementing this procedure by four transfers and a significant reduction in the consumables and 

reagents used. 

Figure 5. Sequence data obtained using dRhodamine in the FRS section compared to sequence data 
obtained using the BigDye® v1.1 method validated by FTD. 

The quality of the data generated by this procedure is occasionally of a lesser quality than the data 

generated by the dRhodamine procedure used by the FRS section.  Two of the most commonly observed 

artifacts are excessive dyes which are not removed (Figure 6) and noisy sequence data obtained when 

too much input DNA is amplified (Figure 7). 

Figure 6. Sequence data obtained using the FTD method.  The excess unremoved dyes are highlighted in 
the red box and are caused by poor mixing of the post-cycle sequencing purification chemistry. This 
artifact is not observed using the FRS section procedure with Performa® DTR Ultra 96-well plates. 

Figure 7. Sequence data obtained using the FTD method when too much DNA is amplified.  Extra peaks 
are denoted by the red arrows.  This is not seen with the FRS section procedures using dRhodamine. 
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A study was performed by FTD on the Tecan Freedom EVO® 200, comparing the sequence data 

obtained from FRS to the data obtained from the validated procedures used by FTD. These data are 

presented in the “Overall Validation Study: Tecan Freedom EVO® 200” section. Despite the differences 

observed in the sequence quality, this procedure is recommended. More studies should be conducted 

to address these artifacts. 

Additional Primer Design Study 

Polymorphisms commonly occur at the D2 primer binding site (see Figure 4), namely 295 C to T 

and a two base pair deletion at positions 290 and 291.  These base changes decrease amplification and 

cycle sequencing efficiency when using the D2 primer.  Consequently, retesting is required which 

hinders high throughput efforts.  There are instances where a portion of HV2 was not reported for 

casework samples due to these primer binding site mutations. Primer D2 was redesigned; this redesign 

was necessary to maximize amplification efficiency and minimize loss of sequence information for this 

highly polymorphic region.  A degenerate primer, D3Y, was designed, ordered, and validated.  This 

primer was designed for amplification and sequencing of all samples types, i.e., family reference samples 

and/or evidence. 

Testing was performed to demonstrate amplification recovery using a variety of polymorphic 

samples (Figure 8).  Additionally, the primer was tested on two casework samples, a paraffin embedded 

tissue and a bone.  The casework analyst was not able to report a portion of HV2 due to amplification 

failure; however, using D3Y, complete sequence data were obtained for this region (Figure 9). 
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Figure 8.  Amplification recovery using D3Y.  D2 is the primer currently used for HV2 in the FRS and 
casework sections. The redesigned primer D3Y contains two primers: D3 which binds perfectly for 
samples with 295C (the published base in the rCRS) and D3d, the degenerate version of D3, which 
binds perfectly to samples with 295T. Both D3 and D3d accommodate samples with and without the 
290, 291 deletion.  The blue boxes indicate which single primer is the perfect match for amplification 
of the samples.  The yellow boxes indicate amplification failure.  The D3Y lanes are highlighted with 
green boxes, the only primer where amplification success is seen for all sample types. 
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Figure 9. Amplification and sequence recovery using primer D3Y. 

Software 

To further streamline automation and reduce entry errors, barcoding, automated sample tracking, 

and auto-population of sample sheets has been a key focus in the FTD laboratory for increased 

efficiency.  These automated sheets include extraction, quantification, normalization, and 3130xl upload 

worksheets to reduce time and error in sample entry (Phillips et al., 2009; R. K. Roby et al., 2009).  The 

use of filter metrics to quickly assess mtDNA sequence data has also been introduced.  These filter 

metrics have been incorporated for data screening using expert system rule firing features (Curtis et al., 

2010). Lastly, the calculations performed for casework in the LIMS software has been validated.  
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Barcoding 

Barcoding software was developed to allow the user to electronically track samples in real-time.  

The system provides a highly detailed electronic trail for all samples.  Upon receiving a sample, the 

submitting barcode is scanned, or sample entry is performed manually, and a unique barcode is assigned 

(Figure 10).  This barcode is then placed on the sample package or container. All original information and 

future information associated with this sample are stored in an electronic database. For family 

reference samples, when enough samples are received to create a batch, the system alerts the analyst. 

As the analyst scans the samples to be processed, the software creates the batch layout.  This layout is 

saved and all processes performed on this batch maintain the same layout.  In order to appropriately 

track the batch through the processes, the software generates new plate barcodes for each process, 

performed; this barcode allows for more simplistic sample tracking and a reduction in transcription 

errors. 
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Figure 10.  Batch creation menu. After the analyst is notified that enough samples are present to 
process a batch, a sample list is generated (red box). The analyst can also filter the samples based on 
sample type (green box). There are two approaches to creating a batch. The analyst can choose the 
appropriate plate template and select “add to location” and the samples will auto fill into the next 
available location of the 96-well plate or the analyst can scan the samples (blue box) and the samples 
will auto fill into the next available well. 

To further simplify laboratory processing, the software automatically calculates the volume of 

reagents needed for each step.  In addition to barcoding samples, instruments and reagents are also 

barcoded.  During each process the necessary reagents and required instruments are scanned; the 

appropriate information is retrieved from the information database and imported to the worksheet. 

These barcoding steps decrease the chance for human error (e.g., transcription errors), are faster to 

enter, and are easier to read than handwriting. This system performs important quality control 

measures of reagents (e.g., notification of reagent in-service and whether or not the reagent is expired). 

Automated Worksheets 

Automated sample tracking and worksheets were developed using Microsoft Office® Excel. 

Sample names are manually entered into the Samples tab of the spreadsheet and do not need to be 
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entered again, reducing the possibility of human error downstream (Figure 11). Subsequent processing 

worksheets for extraction, quantification, normalization, amplification, cycle sequencing, and analysis 

are auto-populated in order to streamline sample processing. 

Figure 11. The Samples tab displayed is the one and only time a sample name requires manual entry.  

The Extraction/Cutting Plate layout guides the analyst in swab cutting placement and the master 

mix calculations are performed automatically for use with DNA IQ™ System on the Tecan Freedom EVO® 

100 (Figure 12). Quantification and normalization are performed after extraction. A 7500 upload 

spreadsheet (saved as a .txt file) was developed for import of samples into the SDS v1.2.3, further 

improving efficiency (Figure 13). Quantification results can be imported into the Quant outputs tab of 

the normalization spreadsheet.  The plate layout is auto-populated and displays the sample name and 

three values: 1) the quantification result; 2) the volume of extracted DNA needed in microliters; and, 3) 

the volume of diluent needed in microliters to achieve the desired volume and optimal concentration 

for downstream processes (Figure 14). 
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Figure 12. The Extraction/Cutting Plate layout aids the analyst in placement of the appropriate sample 
when cutting the sample swab; the layout also automatically performs master mix component 
calculations. 

Figure 13. Copying and pasting the sample names from the initial Samples tab into the SampleList tab of 
the 7500 upload spreadsheet reduces human error when manually entering sample names into the SDS 
plate layout.  The user can save the 7500 upload tab as a .txt file and import all necessary information 
into the SDS software. 
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Figure 14. The quantification results are exported as a .csv file from the SDS software can be imported 
into the Quant outputs tab of the plate layout for normalization. The Batch # tab displays the plate 
layout and all necessary volumes for performing sample normalization. 

The plate layout for all steps remains the same throughout the entire process, except quantification 

due to wells needed on the plate for quantification standards.  Master mix calculations are performed 

automatically in worksheets for amplification and cycle sequencing (Figures 15 and 16). Capillary 

electrophoresis is performed on the ABI PRISM® 3130xl Genetic Analyzer.  Under the Analysis Options tab 

in the spreadsheet, the analysis type (i.e., Identifiler, Yfiler, or Sequencing) can be selected which 

modifies the sample name with the appropriate analysis extension (e.g., “SAMPLE.ID” for Identifiler) and 

the template is automatically formatted for upload to the 3130xl Data Collection Software.  The final 

spreadsheet located under the appropriate Batch # tab is auto-populated from the initial Samples tab 

and represents the plate layout for capillary electrophoresis. 
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Figure 15. Master mix components for Identifiler, Yfiler, and mtDNA amplification are automatically 
calculated saving the analyst time and improving laboratory efficiency. 

Figure 16. Post-amplification processes and the necessary master mix calculations are calculated for the 
analyst on the Cycle Sequencing Worksheet. 
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LIMS Validation 

LISA (Laboratory Information Systems Applications) is a LIMS designed by Future Technologies 

Incorporated (FTI) (Fairfax, VA) for the management and analysis of genetic data from forensic 

casework, mass fatality incident investigations, research, and other special investigations.  LISA is 

composed of several modules:  Case Management; Lab Processing; Systems Administration; and 

Statistical Analysis. 

Validation studies and other tests were conducted to verify the algorithms and calculations 

performed in the Statistical Analysis module. The Core Stats, Kinship Analysis, Mito Analysis, Mixture 

Statistics, and Searching algorithms were subjected to rigorous testing, bug reporting, and then re­

testing and re-evaluation. The Core Stats feature performs statistical calculations typically associated 

with forensic casework.  For example, Core Stats calculates the random match probability and frequency 

of a DNA profile.  It calculates the likelihood ratio (LR) for a potential familial relationship (e.g., parent-

child, sibling, or other) tested between two or more profiles using all genetic data available.  The Core 

Stats feature (Figure 17) generates reports of DNA profiles and results and the equations used to make 

the calculations. 
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Figure 17. Core Stats feature performs routine forensic calculations. 

The Kinship Analysis feature (Figure 18) has tools that can assist an analyst in designing a missing 

person’s family pedigree(s) in an efficient manner using an integrated third party program Progeny© 

Software (Progeny Software Inc., Wolfville, Nova Scotia).  The analyst can first build the pedigree, label 

the individuals in the pedigree, and then add the DNA profiles to the pedigree. An analyst can use the 

Kinship Analysis module to edit, build, and save multiple pedigrees in one file for a case set to be 

assembled into an investigation file. 
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Figure 18. Kinship Analysis feature assists the analyst in designing the family pedigrees. 

After building a pedigree, the analyst can then analyze the pedigree to obtain a cumulative LR. After 

the analysis, LISA provides the analyst with a breakdown of the LR results for each type of genetic 

system and population group tested. These calculations were performed for many pedigrees and 

compared to PopStats 5.4, Kin CALc 3.1, and the MPKin programs for the validation studies. 

eFAST™ Software 

Introduction 

Sequence analysis is a time-consuming process, particularly due to the large amount of data that are 

required to obtain a complete profile.  The standards for mtDNA sequencing for forensic casework 

require double coverage for all bases reported in an mtDNA profile. For one sample, a minimum of four 

traces must be generated, evaluated for quality, and, if the traces are of acceptable quality, assembled 

to the rCRS.  The quality screening process used for casework is monotonous, subjective, and time-

NIJ Cooperative Agreement 2008-DNA-BX-K192 

26



   

    

    

    

     

   

       

  

     

       

  

    

    

      

 

   

  

    

      

     

        

         

   

    

   

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

consuming.  eFAST™ Software v1.1 was designed to replace the repetitive and subjective process of 

screening sequence data with an expert system approach based on optimized filter metrics (R. Roby, 

Phillips, Thomas, Keppler, & Eisenberg, 2010).   eFAST™ Software provides: 1) customizable trace name 

pattern analysis (Figure 19); 2) objective quality assessment of controls and traces (Figure 20); 3) 

automated file distribution (Figure 21); 4) sample progress summaries to facilitate laboratory workflow 

(Figure 21); and, 5) electronic notification of run performance via email (Figure 22). 

eFAST™ Software calculates a Contiguous Read Length (CRL) and Trace Score (TS) for each trace. 

CRL is calculated as the number of uninterrupted bases in the trace that have a quality value (QV) of 

greater than 20. TS is the average QV of the bases that remain in the trace (after trimming).  These 

metrics are used to sort traces into three categories:  high quality (HQ), review (REV), and low quality 

(LQ). These metrics are used to evaluate the trace quality of both controls and sample traces.  The user 

can define the sample naming convention, set the thresholds in a primer-specific manner, and can 

define custom primers. Other customizable features make eFAST™ Software amenable for all 

dRhodamine and BigDye® sequencing applications. 

During a plate run, eFAST™ Software evaluates controls as soon as the data collection is complete 

for each run.  If a control fails early in the plate, an Early Warning email is generated and sent to alert 

the user of the problem.  If the controls do not fail, eFAST™ Software creates a summary email for the 

user once data collection for a plate is complete.  This email informs the user of the number of traces 

qualified as HQ, REV, and LQ.  Additionally, the email summarizes the performance of the controls. 

eFAST™ Software provides a color-coded interface which can be filtered to only display traces in 

need of review (REV).  Once the analyst has assigned the quality of the REV traces manually, all of the 

sample trace files are automatically sorted into pre-defined directories.  The traces categorized as LQ are 

archived in a directory titled Low Quality, and the HQ traces for each sample are grouped for analysis. 

After distribution, eFAST™ Software creates a Sample Report which indicates the status of all traces for 
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Figure 19. Pattern generator for trace names. The name pattern is used to define each handle of the 
trace name in order to automate sample grouping, control assessment, and primer-specific quality 
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each sample.  The Sample Report can be sorted and exported; it is designed to facilitate subsequent 

laboratory processing to further increase efficiency. 

An efficiency and performance evaluation study using eFAST™ Software v1.1 was performed.  The 

purpose of this assessment was to: 1) quantify the potential time savings obtained using automated 

filter metrics and 2) assess the accuracy of the sorting algorithms employed by eFAST™ Software v1.1. 

assessments. 
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Automatically parsed Sample Name and Primer 

Control evaluation: 
Negative Control 
(NC), Reagent Blank 
(RB), and Positive 
Control (PC) 

Ex: trace that passes 
automatically based 
on filter metrics; no 
analyst review 
needed. 

Ex: trace that falls in 
the REVIEW 
threshold; analyst 
review is needed 

Ex: trace that 
automatically fails 
based on filter 
metrics; no analyst 
review needed. 

Figure 20. Automated and objective quality assessment of controls and traces. 
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Figure 21. Automated file distribution and Sample Report.  eFAST™ Software automatically creates a 
directory for every sample processed, based on the defined trace naming pattern.  Within this directory, 
traces classified as HQ are grouped and traces that were classified as LQ are archived in a sub-directory. 
The sample directories are summarized in the Sample Report to facilitate subsequent sample 
processing.  The red cells indicate that the sample does not have a high quality trace for this primer, 
while the green cell indicates that the primer sequenced successfully. 

Figure 22. eFAST™ Software sends automated email notifications which include early warnings for a 
control failure as well as plate completion summaries.  These plate completion summaries provide an 
overview of the run’s performance. 
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Efficiency and Performance Evaluation 

Methods 

Data used for this study were generated in the FTD using standard operating procedures for high 

throughput sample processing.  Two methods were used to evaluate 344 sequence traces (172 

generated using the R1 primer and 172 generated using the A4 primer), and compared for efficiency and 

accuracy. 

Method 1 is representative of the procedure used by the FRS section. For sequence quality 

assessment under this method, the analyst launches all traces in Sequencher™ v4.8 (Gene Codes 

Corporation, Ann Arbor, MI) and views each trace in the chromatogram viewer window. The analyst 

notes which traces are of acceptable quality (passing) and which traces needed further action (failing).   

All 344 traces were viewed and assessed in this manner for this study and the entire process was timed. 

Method 2 uses eFAST™ Software to automate the screening process.  For sequence quality 

assessment under this method, the analyst launches eFAST™ Software, scans the directories, and 

launches only the traces scored as REV to determine if it should pass or fail. The analyst recorded the 

number of traces in need of review based on the eFAST™ Software evaluation.  HQ (high quality) traces 

were accepted as passing without review and LQ (low quality) traces were accepted as failing without 

review.  All 344 traces were assessed in this manner and the entire process was timed. 

A one-sided, two-sample t-test for equality of means, assuming unequal variances1, was used to 

assess if the time required to complete the screening using Method 1 is significantly greater than the 

time required to complete the screening using Method 2. In addition to the time study, the accuracy of 

the automated filtering method using eFAST™ Software was assessed.  The following were counted: 1) 

the number of traces that failed the metrics but would have passed with an analyst’s review, or false 

1 Equality of variances was assessed using an F-test (F = 11.46; p= 0.038); based on the results, unequal 
variances were assumed for the two-sample t-test. 
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negatives; and, 2) the number of traces that passed the metrics but failed with an analyst’s review, or 

false positives. 

Results 

Sample Set Analyst 
Time using 
Method 1 

minutes 

Time using 
Method 2 

minutes 

Time Savings 
minutes (% decrease) 

Batch 4 R1 (n = 86) 1 20 3 17 (85%) 

Batch 6 R1 (n = 86) 2 38 8 30 (79%) 

Batch 4 A4 (n = 86) 1 20 3 17 (85%) 

Batch 6 A4 (n = 86) 2 15 1 14 (93%) 

Totals 93 15 78 (84%) 

Table 3. Time study results comparing Method 1 to Method 2. The times required for analysis under 
Method 1 and Method 2 were recorded.  The percent decrease was calculated by dividing the time 
savings (in minutes) by the time required under Method 1. 

*Mean time for 
86 traces 

(one plate) 
Standard Deviation Standard Error 

Method 1 23.25 10.11 5.06 

Method 2 3.75 2.99 1.49 

Difference 19.50 7.13 3.57 

Table 4. Descriptive statistics for the four sample sets. The mean, standard deviation, and standard 
error were calculated for the four sample sets used in this time trial.  All units are in minutes.  *The 
results of the one-sided, two sample t-test indicate that the mean time required to process 86 traces 
using Method 1 is significantly greater than that using Method 2 (n1 = n2 = 4; P = 0.01).  
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Batch 4 
R1 

(n = 86) 

Batch 6 
R1 

(n = 86) 

Batch 4 
A4 

(n = 86) 

Batch 6 
A4 

(n = 86) 

Totals 

(n = 344) 
Percent 

Number of traces scored HQ 55 53 70 81 259 75.29% 

Number of traces scored REV 26 33 13 5 77 22.38% 

Number of traces scored LQ 5 0 3 0 8 2.33% 

Number of FPs 2 2 3 6 13 3.78% 

Number of FNs 0 0 0 0 0 0.00% 

Number of traces correctly 
sorted automatically 

[(HQ +LQ) – (FP + FN)] 
58 51 70 75 254 73.83% 

Table 5. Accuracy of eFAST™ Software assessment of sequence traces. The results of automated sorting 
were compared to the classification made by the analyst when each trace was assessed manually. 
Instances of false negative and false positive rates were tabulated.   HQ = high quality; REV = review; LQ 
= low quality; FP = false positive, the number of traces failed by the analyst but scored HQ by eFAST™ 
sorting criteria; FN = false negative, the number of traces passed by the analyst but scored LQ by 
eFAST™ sorting criteria. 

Discussion and Conclusion 

The time study results indicate a significant increase in efficiency when using eFAST™ Software 

(Method 2) to screen the sequence traces for quality (p = 0.01; Tables 3 and 4). Approximately 74% of 

the 344 traces were correctly assessed as high quality or low quality without requiring any intervention 

from the analyst. The false positive rate (Table 5) observed using Method 2 was further investigated. 

All 13 of the traces were called as low quality by the analyst due to high baseline, but were scored as HQ 

by eFAST™ Software.  Conversations with the eFAST™ Software programmers revealed that the base 

calling algorithm (TraceTuner™, Paracel, Inc., Pasadena, CA) does not weight baseline noise as heavily in 

the QV algorithm as other basecalling programs previously used. Since the QVs are subsequently used to 

determine trace score and trace trimming, the difference in peak scoring algorithm causes differences in 

the efficiency of trace filtering based on the current metrics. While this error rate is low, there is 
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opportunity to further enhance the sorting capabilities of eFAST™ Software. Additionally, the number of 

REV traces for the R1 primer data set is higher than for the A4 primer data set. This difference is due to 

the fact that the REV margin for traces that sequence into a homopolymeric stretch (as is the case with 

R1 traces) or length heteroplasmic stretch must be wider in order to prevent such traces from failing 

(Figure 23). Consequently, more traces require analyst review which decreases the efficiency of eFAST™ 

Software for sorting such traces.  For these reasons, additional rules have been programmed into 

eFAST™ Software v.2.0 in order to reduce the error rate of this process. 

Figure 23. Primer specific trace anomalies.  Primer R1 is a representative primer that sequences into a 
region that occasionally contains a homopolymeric stretch.  Shown here is the HV1 homopolymeric site 
for two individuals, one without a homopolymeric stretch (top pane) and one with a homopolymeric 
stretch (bottom pane).  If an individual does not have a thymine to “anchor” this region, strand slippage 
occurs and convoluted data results. Such traces are interpretable up to this point and should not fail; 
therefore, the CRL requirement review range (REV) must be widened. 
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eFAST™ Software v2.0 

Seven new expert system rules (in addition to TS and CRL) are featured in eFAST™ Software v2.0 in 

order to further enhance the efficiency and discriminatory power of the sorting algorithms (Table 6). 

They include High Baseline (HB), High Signal (HS), Low Signal (LS), Partial Read (PR), Mixture (Mix), 

Homopolymeric Stretch (HPS), and Length Heteroplasmy (LH).  These additional rules decrease the error 

rate seen in eFAST™ Software v1.1 and provide valuable insight into trace nuances.  The Trace Summary 

table has been expanded to incorporate the rules, where symbolic flags are used to indicate the status 

of each rule (Figure 24).  A green check indicates that the trace passes the rule and does not exhibit the 

rule characteristic.  A yellow exclamation point indicates that the trace may exhibit the characteristic 

being tested.  A red X indicates that the trace does exhibit the rule characteristic.  Certain rule 

conditions will not be detectable if another rule has previously fired.  Such instances are indicated by 

“NC”, not checked. 

Rule Name Type of Rule Description 
High Baseline Enforced Nested minor peaks in the primary signal 

(user defined) 
High Signal Informative Signal intensity saturates the CCD camera; potential pull 

up peaks 
Low Signal Enforced Average signal intensity below a threshold 

(if defined) (user defined) 
Partial Read Informative Peaks suddenly decrease in intensity and change in 

morphology; potentially fixed by reinjection 
Mixture Informative An observed number of high quality mixed bases 

observed in the trimmed trace (user defined) 
Homopolymeric Enforced A series of homogenous bases followed by an increase 

Stretch in baseline noise; creates a CRL exception 
Length Enforced A heteroplasmic insertion/deletion causing out-of-

Heteroplasmy phase minor species peaks; creates a CRL exception 
Table 6.  Description of additional rules and functionality. 
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Figure 24. The new Trace tab interface in eFAST™ Software v2.0. 

The rules are either informative, in which it simply alerts the analyst of a condition, or enforced, in 

which the rule status affects the overall status of the trace. Informative rules guide the analyst in 

further action; for example, the PR rule indicates that an electrophoretic issue occurred, causing a 

sudden loss of signal (Figure 25).  A PR trace usually fails the CRL and/or TS rule(s), but since this 

anomaly is easily remedied by reinjection, it is very beneficial for the analyst to be informed of the 

condition.  In contrast to the PR rule, the HPS rule is an example of an enforced rule; it indicates that a 

homopolymeric stretch has been detected in the trace. When this occurs, as discussed previously with 

regard to R1 traces, the expected CRL is truncated. With HPS detected, the CRL rule firing will be 

overridden and affects the overall status of the trace. 
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Figure 25. The PR rule firing.  This is an example of an informative rule.  This trace would fail due to 
shortened CRL and/or poor TS.  However, since this condition is remedied by reinjection, the rule firing 
informs the analyst to consider reinjecting the trace. 

Conclusion 

Using eFAST™ Software v1.1 significantly decreases the time required to assess sequence trace 

quality.  Although there is an error rate associated with the trace sorting algorithm used in eFAST™ 

Software v1.1, this approach has great potential to increase automation and objectivity in the process of 

screening traces for quality. 

While version 1.1 demonstrates significant efficiency improvement, there were opportunities for 

further development.  eFAST™ Software v2.0 introduces an approach to sequence data quality 

assessment that is entirely novel. The expert system rules incorporated into eFAST™ Software v2.0 are 

currently being optimized and evaluated for performance and efficiency improvement (NIJ Award 2009­

DN-BX-K171). 
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Robotics 

Different robotic platforms were considered for increasing efficiency of mtDNA laboratory 

processing.  Robotic liquid handling techniques can help ensure consistency in pipetting and increase 

throughput capabilities in a laboratory. The Tecan Freedom EVO® 200 robot (Tecan Group Ltd.) using an 

8-fixed-tip LiHa (Liquid Handling arm), a RoMa (Robotic Manipulator arm), and a 96 MCA (MultiChannel 

Arm) was purchased and validated for high throughput processing for both pre-PCR and post-PCR 

procedures. Many studies were conducted to optimize liquid classes, identify the best process for 

moving plates, and create the most efficient program. After these studies were finalized, a thorough 

evaluation was performed to evaluate the effectiveness of the robotics in relation to time-savings, 

improved quality control (i.e., no sample switches), quality of data generated using the FTD validated 

procedures, and profiles reported as compared to the methods used by the FRS section. 

Overall Validation Study: Tecan Freedom EVO® 200 

The extracted DNA from three batches previously processed by the FRS section was evaluated. Each 

plate of extracted DNA contained samples for both nDNA and mtDNA analysis.  The focus of this study 

was to process the same batch extracts for mtDNA using the procedures previously described on the 

robotics platform. Since no cherry-picking features are available, FTD processed all samples on the plate 

for mtDNA analysis. The FRS section only processed those samples requiring mtDNA analysis, e.g., 

maternal relatives. These samples were processed according to FRS section’s standard procedure, using 

robotics only for extraction. FTD processed the mtDNA samples using the proposed high throughput 

robotic methods. The methods performed on the Tecan Freedom EVO® 200 included reduced reaction 

quantification, normalization of DNA extract, mtDNA amplification setup of the large amplicon, mtDNA 

post-amplification purification, and cycle sequencing setup for four primers. The batches were then 
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manually setup for XTerminator™ purification. All sequence data obtained from the samples using both 

the FRS process and the FTD validated process were then compared. 

mtDNA Analysis 

The three batches had a total of 111 family reference samples for mtDNA analysis.  Table 7 presents 

a summary of the total number of samples processed and the total number of concordant results 

between the FRS section and the proposed procedures by FTD.  Seven samples produced no results by 

FTD. Table 8 presents the average number of bases reported by the two different procedures. 

111 Total Samples 
104 Concordant 

7 No results obtained by FTD 
Table 7.  Summary table of samples compared and concordant. Two of the failed samples had low 
amounts of DNA in the quantification results and one sample had no amount of amplifiable DNA. The 
other four samples produced sufficient quantification results; however, failed to produce sequence 
data. The four samples that failed to produce results were subjected to robotic pipetting of one 
microliter. 

Average Number of 
Bases 
722 FRS 
990 FTD 

Table 8. The average number of bases reported by the FRS section when performing two separate 
amplifications for HV1 and HV2 is less than the average number of bases reported by FTD since the new 
amplification procedure amplifies a larger fragment; an average of 268 bases of additional information is 
gathered by FTD. 
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Reported Heteroplasmy 
Sample rCRS Position FRS FTD 

08-7384.3 214A R R 
10-3017.1 16,311T Y Y 
10-3037.2 214A R A 

10-3055.1 
16,093T Y C 

234A R A 
10-3185.1 16,325T Y Y 
10-3186.1 228G R G 
10-3203.2 16,192C Y T 
10-3391.1 16,189T Y Y 
10-3440.1 16,093T Y Y 
10-3460.1 16,093T Y Y 
10-3546.1 16,093T Y C 
10-3566.1 195T Y Y 
10-3577.1 16,093T Y Y 
10-3578.1 16,093T Y Y 
10-3611.1 16,093T Y Y 

Table 9.  Summary table of reported heteroplasmy by the FRS section using dRhodamine chemistry and 
FTD using BigDye Terminator v1.1. Heteroplasmic calls were attributed to analyst subjectivity and noted 
differences in the signal from the chemistry. 

Amplification FRS FTD 
Initial HV1 Amplification 111 -
Initial HV2 Amplification 111 -

Initial Large Amplicon 
Amplification 

- 244 

Total 222 244 
Table 10. Summary table of the total number of amplifications performed for three batches of samples. 
The FRS section performs two amplifications for each sample and manually cherry picks the samples to 
be amplified that are needed for maternal familial relationships.  FTD performs a single amplification for 
each sample; since FTD operates in a high throughput mode, all samples on the plate were amplified for 
mtDNA resulting in additional amplifications.  For the three batches compared, 133 additional samples 
were processed by FTD. 
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Reamplifications FRS FTD 
HV1 14a -
HV2 68b -

Large Amplicon (HV1 and 
HV2) 

- 62b 

Total 82 62 
Table 11.  Summary table of reamplifications performed by FRS and FTD. 

Resequencing FRS FTD 
A1 12a -
R1 - 1a 

B1 8 a,2d -
C1 68b 62b 

D1 68b -
R2 - 62b 

D2 2d -
D3Y - 5a 

A4 18c 24c 

B4 16c 24c 

Total 194 178 
Table 12. Summary table of samples requiring resequencing by FRS and FTD. 

aFive samples were reamplified for HV1 by the FRS section due to a G to A transition at position 16,390 
in HV1.  The variant was identified in initial sequencing data from primer A1; however, to achieve 
confirmation, the FRS section must reamplify HV1.  In contrast, FTD amplifies the large amplicon; 
therefore, the reverse primer D3Y can be used to confirm the 16,390 transition; a savings of five 
amplifications was achieved by FTD. One sample was reamplified because of a homopolymeric stretch 
in HV1 and a variant was present in the primer binding site of primer A4.  Additionally, due to analyst 
discretion, eight samples were reamplified by FRS because of a homopolymeric stretch in HV1. 

b68 HV2 reamplifications were prepared by the FRS section and 62 large amplicon amplifications were 
prepared by FTD. These samples contained length heteroplasmy in HV2 and required amplification to 
obtain confirmation.   Because one sample also needed to be reamplified for the HV1 region, FTD did 
not need to amplify the sample for HV2.  Additionally, due to human error, five samples were 
incorrectly amplified by the FRS section. 

c24 samples had a homopolymeric stretch in HV1 and required re-sequencing of these regions with 
primers A4 and B4 by FTD.  16 of these samples had a homopolymeric stretch in HV1 and required re-
sequencing of these regions with primers A4 and B4 by the FRS section.  In addition, due to analyst 
discretion, the remaining eight samples were reamplified for confirmation. The two additional 
resequencing reactions performed with primer A4 were to confirm the present of a 16,390A transition. 

dOne sample was resequenced by the FRS section with primer D2 due to noisy baseline. The three 
additional sequencing reactions were mistakenly performed. 
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Cost Analysis 

Table 13. A savings of $1.23 ($3.08 cost per reaction by FRS - $1.85 cost per reaction by the FTD section) 
per sample was calculated for amplification if the FTD procedures were implemented. 

Table 14.  A savings of $26.33 per sample ($35.62 per sample for FRS - $9.29 per sample for FTD) was 

calculated for post-amplification procedures.
 
NOTE: The cost per reaction is a conservative estimate.  If only one sample is processed, a Performa®
 
DTR Gel Filtration Cartridge (a single tube device as opposed to a plate) may be used by the FRS section
 
and would cost $1.81 per reaction instead of $0.58 per reaction thus increasing the total cost per
 
reaction.
 

NIJ Cooperative Agreement 2008-DNA-BX-K192 

42



   

 

 

    
    
      

      
 

 

 

   

   

    

    

   

 

       

 

     

     

   

   

   

      

  

    

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

Table 15.  Average calculated savings (Amplification at $1.23 per sample and Post Amplification 
Processing at $26.33 per sample added together) using the methods developed “per sample”, “per 
batch,” and “per year” with the number of samples received and tested in 2010. 
NOTE: *The total savings per sample represents the savings when sequencing four primers per sample 
using the most conservative estimates. 

Conclusion 

The FTD has presented several steps in the analysis of mtDNA for reference samples that 

significantly reduces labor in both the laboratory and in data analysis, reduces the reagent costs, and 

reduces the overall analytical time.  A reduction in labor, reagents, and processing time will improve 

efficiency and increase the overall capacity of mtDNA processing by the laboratory.   With increased 

efficiency and capacity, more reference samples can be processed and hence, identifications can be 

recommended earlier. 

The quality of the data generated by the presented procedures is occasionally of a lesser quality 

than the data generated by the dRhodamine procedure used by the FRS section; however, considering 

the cost savings, time savings, 100% concordance of reported mtDNA haplotypes, and lack of human 

intervention in many steps, the procedures reported are recommended.  

Considerable savings in costs and time can be achieved by implementing these procedures.  The FTD 

and the FRS section have worked closely with The Urban Institute to document the time to process the 

three batches; the timings to perform all of the procedures both manually and robotically have been 

documented for numerous steps. The Urban institute will issue an accounting at the conclusion of its 

study to report any time-savings achieved through the presented procedures using the chemistry, 

software, and robotic systems. 
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The total savings per sample when sequencing four primers is $27.56.  Implementation of high 

throughput robotics allows the analysts to focus on data review and the bottleneck presented by 

sequence data analysis.  Further optimization of extremely small volume liquid classes could potentially 

prevent some of the sample failures observed by FTD. 
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