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Abstract 

 

With the advent of Forensic DNA profiling in the mid-1980s, this technology has had a positive 

impact on the criminal justice system, helping to convict the guilty and exonerate the innocent. 

The field has evolved from focusing on multi-locus markers throughout the nuclear DNA 

genome to the use of autosomal Short Tandem Repeat (STR) markers. Other marker systems 

such as mitochondrial DNA and Y-chromosomal STR testing have also found an important niche 

for the identification of missing persons and historical investigations. Given the importance of 

forensic DNA testing, it is critical that laboratories include proper controls and validated 

procedures for making quality measurements. In the US, the National Institute of Standards and 

Technology (NIST) has developed several Standard Reference Materials (SRMs) to meet the 

needs of the forensic DNA community. Here we will discuss a brief history of forensic DNA 

testing and the development of NIST SRMs and educational resources for the field over the last 

twenty years.   
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Introduction 

 

 

With the discovery of the ABO blood groups in 1901, Dr. Karl Landsteiner essentially created 

the field of “Serological Identification.” For the next 80 years or so, scientific investigations that 

utilized biological evidence compared to a suspect were made using multiple serological protein 

systems to detect variations in isoenzyme systems such as PGM (Phosphoglucomutase) in blood 

and semen [1]. In the mid-1980s, the “father” of forensic DNA profiling, Dr. Alec Jeffreys, 

discovered the usefulness of genetic markers he characterized in genes from the muscle cells of 

grey seals for individualization of humans [2]. These markers, Variable Number Tandem 

Repeats (VNTRs) are characterized as having a long core of nucleotide bases (generally 15+ 

nucleotides) that are repeated in tandem. The particular VNTRs that Jeffreys discovered where 

multi-locus – found throughout the nuclear DNA genome – and effectively looked like a genetic 

“bar-code” when separated on a gel.  

 

Using DNA from a technician in his lab (and her two parents) Jeffreys noted that all of the 

genetic bands from the technician could be explained by the banding pattern of her two parents. 

In fact, the first use of this new discovery was for an immigration case [3]. A woman returning 

from Ghana to the UK was accompanied by her son, who looked somewhat different from his 

passport photo. Immigration officials were unsure if the boy was in fact someone unrelated to the 

woman. Jeffreys was able to conclusively show that the boy was in fact the woman’s son.  

 

The success of the first paternity test led to the first application of this technology to a criminal 

case. In 1983 and 1986 two young girls were found sexually assaulted and murdered in the 
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village of Narborough, Leicestershire. The modus operandi of the two cases was similar leading 

investigators to believe that the two murders were committed by the same individual. After the 

arrest of a suspect and his confession of the second murder, investigators approached Jeffreys to 

give them an unquestionable conviction. Jeffreys discovered that in fact the crime scene evidence 

matched both cases; however, the main suspect was not the person who committed the crime. 

After additional detective work, the true perpetrator, Colin Pitchfork, became the first man to be 

convicted with the help of DNA evidence. 

 

Forensic labs eventually moved away from the multi-locus VNTR probes developed by Jeffreys 

to analyze single locus VNTR markers. However, this increased the overall time required to 

develop a DNA profile since it would take up to 1-2 weeks to develop each of the 6-8 single 

locus VNTR markers necessary to find a unique set of alleles to give a strong statistical 

association between a match of the perpetrator and the evidence. In addition to the increased time 

requirement of the assay, RFLP DNA profiling required both a large quantity (tens to hundreds 

of nanograms) and relatively high quality (i.e. non-degraded) DNA for testing.  

 

Forensic DNA Profiling 

 

With the development of Polymerase Chain Reaction (PCR) and the need to test smaller 

quantities of evidentiary material (often degraded) forensic DNA testing moved away from the 

single locus VNTR markers toward the analysis of Short Tandem Repeat (STR) markers. STRs 

are similar to VNTRs, but have fewer repeating elements (from 2-7bp core repeating units in 

STRs rather than 15+bp repeating units with VNTRs). By decreasing the size of the core 
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repeating units, smaller fragments could be amplified (an advantage for degraded samples). 

Because STR markers are typically less variable than VNTR markers, a larger number of STRs 

are required for finding a unique DNA profile – typically around 10-15 markers. Fortunately 

commercial companies produce STRs kits under stringent quality control protocols to prevent 

each laboratory from making their own STR multiplexes. The selection of a standard set of STR 

markers, rapidly amplified by PCR and separated by capillary electrophoresis, improved the 

speed and ease of developing a DNA profile from several weeks with single locus VNTRs to 

several hours with STRs.  

 

In addition to the testing of autosomal STRs for DNA profiling of crime science evidence and 

human identification, testing of the haploid markers – the paternally inherited Y-chromosome 

and the maternally inherited mitochondrial DNA (mtDNA) genome – have provided the forensic 

scientist with additional tools for forensic investigations [4]. STRs on the Y-chromosome (Y-

STRs) can be useful for analyzing evidence from sexual assaults where DNA from both the male 

perpetrator and female victim are mixed together. With autosomal STRs, the DNA profile from 

the evidence may be difficult to interpret – especially if the male component of the mixture is at 

a low level. Amplification of the Y-STRs examines only the male portion of the mixture and not 

the female component. In highly degraded DNA samples – where the total amount of nuclear 

DNA is at very low levels, testing of the mtDNA genome can be useful since the mtDNA content 

within a cell is typically found in hundreds to thousands of copies (whereas the nuclear genome 

is present in only two copies). For mtDNA testing, the sequence of the four nucleotide bases are 

determined and compared to a reference mtDNA sequence, the Cambridge Reference Sequence 

[5]. Although neither haploid marker system is unique – all males in a paternal lineage and 
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females in a maternal lineage will share the same type – sometimes having a limited result is 

better than no result at all.  

 

Metrology Needs for Forensic DNA testing         

 

With the proven power and growth of DNA testing around the world, the need for a Standard 

Reference Material (SRM) became apparent as a way to assure consistency among labs and to 

measure the uncertainty of very large DNA fragments migrating through an agarose gel. In the 

US, the National Institute of Standards and Technology (NIST) developed the first forensic DNA 

SRM for HaeIII RFLP testing (SRM 2390; [6]). Two major technological advances during the 

1980s and 1990s transformed the field of forensic DNA typing: PCR amplification and the 

development of fluorescence based genetic analyzers initially using denaturing polyacrylamide 

gels and later capillary electrophoresis instruments. PCR amplification allowed the analysis of 

lower quantities of often degraded DNA (ranging from ~0.5 to 2.0 nanograms of DNA) and the 

new instrumentation gave rise to automated detection without the need to pour gels with 

capillary electrophoresis. With these advances in technology, and the movement away from 

RFLP testing to STRs, SRM 2390 is now obsolete. However the new instrumentation and 

interlaboratory exercises conducted by NIST lead to the development of other SRMs to meet the 

needs of forensic testing.  

 

Similar to RFLP testing, the genotyping of STR alleles is a qualitative rather than a quantitative 

measurement. For STR testing two measurements are used to genotype the alleles at each 

marker. First, an internal size standard is incorporated into each sample run to determine the size 
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of the fragments in base pairs (Figure 1, bottom). These size standard fragments contain a set of 

markers of known base pair length and are used to develop a standard curve to measure the size 

of each allele. Second, an allelic ladder is used to determine the number of nucleotide repeats 

(genotype) the alleles from each sample (Figure 1, top). The allelic ladder is constructed by the 

kit manufacturer to contain a set of common alleles in the population. Genotype designations are 

essentially size bins and when any measured allele falls within <0.5 bp of an allele from the 

allelic ladder, the peak is designated to have the same number of core STR repeats as the ladder 

(Figure 1, middle). The use of allelic ladders or sequenced samples with a well defined number 

of repeat units was supported by a 1995 interlaboratory study conducted by NIST. The results of 

this study indicated that the exchange of data between laboratories was best accomplished using 

an allelic name rather than base pair size. [7] 

 

The qualitative measure made in forensic DNA typing is the number of tandem repeating 

elements that vary among the chromosomes in a population. These repeats are discrete units that 

differ in a quantum, step-wise fashion. For example, in a tetranucleotide (4 bp core motif) STR 

marker system an allele with “13” repeating units differs from a “16” allele by twelve nucleotide 

bases (Figure 1). Therefore, the count of the repeat number (rather than the sizes of each PCR 

amplicon measured in base pairs) is the preferred measurement unit for STR typing. This assures 

that minor fluctuations in the electrophoretic mobility of an allele from one lab’s capillary 

electrophoresis instrument to another lab’s instrument can be accounted for. For example, if an 

allele from one sample runs at 150 bp in lab A, but in lab B, this sample runs at 150.8 bp – one 

could argue that these are two differing alleles that vary by ~1 bp. By incorporating an internal 

size standard and using an allelic ladder, both of these alleles would be genotyped as having the 
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same repeat number. This is not to say that slight variations among alleles are not possible. 

Typically, electrophoretic sizing uncertainty is less than +/-0.5 bp (so that any single base 

variants can be distinguished), which on a tetranucleotide (4 bp) repeat would be equivalent to   

± 0.125 repeats. If an allele doesn’t match exactly to the allelic ladder (termed as an “off-ladder” 

allele) – replicate analysis of the sample can be performed to confirm the presence of these 

variants.  

 

In 1994, the US Federal Bureau of Investigation’s DNA Advisory Board (DAB) established 

Quality Assurance Standards (QAS) for laboratories conducting forensic DNA testing [8]. Under 

Standard 9 (Analytical Procedures) the QAS state (section 9.5): “The laboratory shall check its 

DNA procedures annually or whenever substantial changes are made to the protocol(s) against 

an appropriate and available NIST standard reference material or standard traceable to a NIST 

standard.” A revision of the QAS standards effective July 1, 2009 continued this policy (now 

section 9.5.5) and only changed “protocol(s)” to “ procedure” in the new standards 

(http://www.cstl.nist.gov/strbase/QAS/Final-FBI-Director-Forensic-Standards.pdf).    

 

To ensure accurate and comparable measurements between laboratories, NIST developed SRM 

2391 [9] to meet the QAS requirement for the forensic DNA community. Currently, SRM 2391b 

(the third generation of the SRM) contains 12 components of DNA for genotyping [10]. Over 40 

different STR markers used by forensic and paternity testing laboratories have been certified by 

NIST for the number of repeats at each allele by Sanger sequencing. There are also a number of 

considerations for developing the SRM including (a) Homogeneity (each component is 

consistent to minimize container to container variability), (b) Purity (single source samples are 



Submission to Accreditation and Quality Assurance 

 

9 

 

used unless otherwise stated), and (c) Stability (certification of the SRM is 5-6 years under 

appropriate storage conditions (refrigerated or frozen, out of sunlight)).  

 

Additional SRMs developed by NIST for the forensic DNA community are outlined in Table 1. 

These include SRMs for the haploid Y-chromosomal STR loci [10] and mtDNA sequence 

confirmation [11, 12]. Given the strict requirements for the amount of target DNA to be 

amplified with commercial STR kits – insufficient quantities of DNA can suffer from stochastic 

effects during PCR where some alleles are not amplified (drop-out); excessive quantities of DNA 

can generate artifact peaks in multiple fluorescent dye channels, confounding interpretation – 

NIST produced a human DNA quantification standard: SRM 2372 [13].  

 

Beyond the requirement in the US for a yearly verification of laboratory procedures using the 

NIST SRM, there are a number of aspects of measurement quality that can be realized with the 

forensic SRM tools. For example, the NIST SRM 2372 quantification standard can be used to 

calibrate an in-house “standard.” A dilution of the SRM standard can be used to develop a 

standard curve to then calibrate either an in-house or a manufacturer’s standard. This “NIST-

traceable” lot can now be stored and used accordingly. SRMs can also be used in the validation 

of a new STR kit as part of the concordance between the previous STR kit and the newly adopted 

kit. The SRMs can also be used to train new employees or in external Quality Assurance (e.g. 

proficiency testing) purposes. Finally, SRMs can also be used as an internal Quality Control 

check for new laboratory instrumentation.  

 

Standard Reference Database (SRD) 



Submission to Accreditation and Quality Assurance 

 

10 

 

 

STRBase (http://www.cstl.nist.gov/biotech/strbase/) is a freely available website created by Dr. 

John Butler in 1997 to, “benefit research and application of short tandem repeat DNA markers to 

human identity testing.” The website is broken into four major parts: General Information, 

Forensic STR Information, Other DNA Marker Information and Non-Human DNA Resources, 

and Lab Resources and Tools.  

 

The General Information section contains an introduction to STRBase, including training 

materials for laboratories to use for teaching newly hired technicians and analysts. Publications 

and presentations from the Human Identity Project Team for the forensic community are 

available. In the Forensic STR Information section, one can find an extensive amount of 

information on STRs including fact sheets, STR sequence information, the commercially 

available multiplex STR kits, rare alleles observed in DNA testing, and a comprehensive STR 

reference list of over 3400 published articles on STR testing. In the “Other DNA Marker 

Information and Non-Human DNA Resources” section one can find information on forensic 

Single Nucleotide Polymorphism (SNP) testing, mtDNA testing, and non-human STR testing 

(e.g. canine and feline STR testing). Finally, the Lab Resources and Tools section contains 

additional information on population data with STR testing (including over 600 population 

samples tested on multiple genetic markers at NIST), NIST-developed software (freely available) 

for the forensic community, information on the SRMs, validation information, and inter-

laboratory studies conducted at NIST.   

 

Future Needs for Forensic DNA Metrology    

http://www.cstl.nist.gov/biotech/strbase/
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One of the core values of NIST is, “Customer focus: We anticipate the needs of our customers 

and are committed to meeting or exceeding their expectations” 

(http://www.nist.gov/public_affairs/mission.cfm). It can be difficult to predict what new genetic 

marker system will be used in the future of forensic DNA testing. In the relatively brief history 

of forensic DNA testing, we have already observed one methodology (RFLP testing) become 

obsolete and for now, STRs are the preferred method of DNA profiling. Regardless of the 

markers used for forensic testing, one thing is certain: given the importance of forensic DNA to 

the criminal justice system, there will be a need for traceable materials to make quality 

measurements for the forensic DNA community. We also realize the need to provide training and 

education for the forensic community and having STRBase as a tool to provide relevant 

information to our customers is necessary in a growing field like DNA testing.        
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Figure 1. How Size Standards and Allelic Ladders are used to Genotype Forensic DNA Samples. 

A size standard (bottom) contains DNA fragments of known lengths (in bp) and is used to 

develop a standard curve for sizing the peaks in the evidentiary sample (middle) and the allelic 

ladder of the hypothetical marker XYZ (top). The number of repeating units in the sample is 

determined by an allelic ladder (top) which is provided in the commercial kit and covers the most 

commonly occurring alleles in a population (e.g. in this example, over 99% of the population 

would have alleles from 10 to 19 repeats). Based upon the size of the alleles in the evidentiary 

sample and the alignment of the allelic ladder, the genotype of the evidentiary sample for 

hypothetical marker (XYZ) is determined to be “13, 16.” 
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