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Abstract: DNA analysis in forensic science is mainly based on short tandem repeat (STR)
genotyping. The conventional analysis is a three-step process of DNA extraction,
amplification and detection. An overview of various techniques that are currently in use
and are being actively researched for STR typing is presented. The techniques are
separated into STR amplification and detection. New techniques for forensic STR analysis
focus on increasing sensitivity, resolution and discrimination power for suboptimal
samples. These are achieved by shifting primer-binding sites, using high-fidelity and
tolerant polymerases and applying novel methods to STR detection. Examples in which
STRs are used in criminal investigations are provided and future research directions are
discussed.
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INTRODUCTION

Since the beginning of forensic DNA in 1985, the non-coding regions of DNA have been
used for forensic identification due to the variation between individuals found in these regions [1].
Four things contribute to making DNA an excellent source of information that aids individualisation
in forensic science: (1) almost no difference in DNA between cell types, (2) individual’s DNA do not
generally change throughout his or her lifetime, (3) resistance of DNA to degradation as compared
to proteins and (4) high variations among individuals and between species [2-5].

The variations mainly used in forensic science are microsatellites or short tandem repeats
(STRs). They occupy about three per cent of the human genome and occur on every 10,000
nucleotides [6]. STRs selected for forensic purposes have been shown to have minimal linkages with
diseases and are mainly in non-coding regions [7]. Other conditions include high heterozygosity,
distinguishable alleles and the ability to be robustly amplified. The current forensic STRs are a
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combination of traditionally selected ones and the ones recommended by national and international
organisations through a more detailed study of the STRs for favourable characteristics [8].

The aim of this review is to provide an overview of the techniques that are currently available
for STR typing in forensic science as well as the applications of STR typing to actual casework.
Techniques for STR typing are divided into two parts — amplification and detection. Although there
is an overlap in some techniques, the ultimate goal of a forensic STR analysis is a rapid, robust,
cheap and portable amplification with simple interpretation. The polymerase chain reaction (PCR) is
the vital support for all amplification techniques, from low copy number to rapid and direct
amplification. Regarding detection, sequencing techniques such as pyrosequencing, next-generation
sequencing and mass spectrometry have become increasingly cheaper by the year and could replace
fragment length analysis, which is the current standard, in the future. The applications of STR typing
are also highlighted.

TECHNIQUES FOR FORENSIC STR TYPING
STR Amplification

PCR is a technique that enzymatically multiplies a target region of the DNA template,
generating millions or more copies of a particular DNA sequence [9]. PCR consists of cycles of
repeated heating and cooling for DNA melting and enzymatic replication of the DNA, leading to an
exponential increase of the target region. This targeting is achieved by specific primers which are
single-stranded oligonucleotides designed to bind to the complementary DNA sequence on template
DNA.

The success of PCR amplification depends on both DNA template quantity and quality.
Degraded DNA samples, such as those exposed to the environment, give a distinctive allele and/or
locus dropout at the larger loci [10, 11]. A mixture of repair enzymes, e.g. ligase, could theoretically
repair these DNA damages. Westen and Sijen [12] evaluated two commercial repair mixes and
reported minimal improvements, but modifications by Diegoli et al. resulted in a two to three times
increase in peak heights and recovery of lost alleles [13].

Another inevitable problem faced by forensic scientists during the PCR process is the
presence of PCR inhibitors such as heme in blood, humic acid from soil and calcium from bones [14-
16]. These ihibitors are usually removed from DNA samples during the purification process,
although they can be carried over into subsequent reactions. The mechanisms of inhibition have only
been characterised recently [15, 16]; for example, humic acid binds DNA and produces sequence-
specific inhibition, while calcium interferes with the binding of magnesium by the Tag polymerase.

Another problem associated with PCR amplification is stutter formation — an artefact peak
usually seen at one unit shorter in length than the true allele. Even though stutters are well known
and documented [10, 17, 18], the factors that influence their formation have not been studied until
recently. Brookes et al. [19] found that increased repeat number and A-T content of synthetic
oligomers are correlated with increased stutter formations, while interruption to the repeat units
decrease stutters. As one can see, forensic scientists are not only pushing the technology but also
trying to explain the mechanisms of the phenomena associated with the STR typing process.
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Low Copy Number (LCN) / Low Template DNA (LT-DNA)

Low copy number (LCN) analysis, first proposed by Gill et al. [17], involves using 34 PCR
cycles instead of the manufacturer’s recommendation of 28 cycles (SGM Plus kit, Applied
Biosystems, USA). Optimally 0.5 to 2 ng of DNA is needed for a full STR profile but with LCN
techniques suboptimal amounts (<0.1 ng) can be analysed. Nevertheless, there are many caveats
associated with the utilisation of this technique [20]. The most common problems tied to LCN
analysis are increased stutters, allelic and locus dropout, and allelic dropin and complexity in
interpretation of the results [17, 21]. Other techniques such as whole genome amplification [22] and
post-PCR purification [23, 24] have been tried to overcome these problems, although they also
suffer from the same analytical difficulties. In addition, Thanakiatkrai and Welch [25, 26] explored
the possibility of nucleosome protection on forensic STRs as an alternative to LCN, but they did not
find any significant difference between the protected and unprotected STR loci.

There is also much confusion about the term LCN analysis among reporting scientists,
judicial personnel and the media whether it refers to a specific technique (34 cycles), specific
interpretation criterion or the stochastic effect observed [27]. Due to these issues, the UK court
questioned the reliability, reproducibility and lack of validation of LCN method in the landmark
Omagh trial [28], sparking a review of the LCN method [29]. The forensic science community has
responded feverishly to these issues [30, 31]. A wider term called “low template DNA” (LT-DNA)
has been proposed when referring to samples with low amount of DNA, in which a stochastic effect
is expected and seen regardless of the method used to generate STR profiles [29, 31].

Recent attempts have been made to clarify ambiguous terms and to introduce statistics-based
interpretation criteria [10, 31, 32]. Gill and Buckleton [33] have suggested that a single universal
interpretation rule be accepted and used without referring to the term LCN. However, a few forensic
scientists believe ‘general acceptance’ has not been reached and implementation of the proposed
statistical frameworks is not widely carried out [34]. Currently, there is no indication of the debate
abating [35-37]. Even though some scientists oppose the use of LCN, the general consensus among
prominent forensic scientists is acceptance of the technique but care must be taken in interpreting the
results. The judicial system is also in favour of LCN analysis in recent years [38, 39].

Mini-STRs

Conventional STR kits fail to yield desirable results in the case of highly degraded samples
such as those from burnt human remains, stains or remains exposed to the environment and DNA
samples co-mingled with environmental contaminants [40-44]. In order to amplify successfully, the
DNA sequence targeted must be intact [45]. Reducing the size of the PCR products by redesigning
the primers to bind as close to the repeat sequence as possible has shown an improvement with these
types of samples [42, 44, 46, 47]. This is due to the fact that the amount of flanking region in the
target sequence that must be intact is kept to a minimum and thus is less prone to random
degradation. The minimum size limit of a mini-STR is therefore the repeat units themselves plus the
forward and reverse primers. Nonetheless, the regions closer to the repeat units are more prone to
mutation (base polymorphism, partial repeat, mononucleotide stretches and insertion/deletion [41,
48]). Therefore, concordance and validation studies are necessary with new mini-STRs.

Larger STR multiplexes (e.g. PowerPlex® 16) move the primers away from the repeat
regions in order to avoid overlapping sizes and thus one dye can be used for many loci. This allows
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more than ten loci to be amplified and detected simultaneously for a very low match probability of
less than one in a billion. Mini-STR multiplexes — generating products in the regions of 100-200 bp —
sacrifice discrimination power for higher success rates in amplifying inhibited or degraded DNA
samples [6]. Because most of the amplicons are the same size, only one to two loci can be tagged
with one of the five dyes available. This means that a maximum of about ten loci can be amplified
and detected simultaneously with conventional capillary electrophoresis. Table 1 shows the
discrimination power and number of loci for mini-STR and STR commercial kits.

Table 1. The number of loci (excluding amelogenin), the number of fluorescent dyes used, the size
standard, the longest amplicon and the discrimination power (for US Caucasian) of some commercial
STR and mini-STR kits

Kit STR loci | Dyes | Size standard | Max amplicon | Discrimination
Size power
S5 4 3 | ROX 600 260 bp 1in1.9x 10°
MF 5 | LIZ 500 260 bp 1in1.2x 10"
SGM+ 9 4 | ROX 500 353 bp 1in3.3x 10"
NGM 15 5 | LIZ 500 352 bp 1in4.5x 10"
ESI 15 5 | LIZ 500 383 bp lin1x10"
ESX 15 5 | LIZ 500 410 bp lin1x 10"
Q-ESS 15 5 | BTO 550 440 bp 1in6.25x 10"
PP-16 15 4 | CXR 600 474 bp 1in 1.8 x 10"

Note: S5 = PowerPlex® S5, MF = ABI MiniFiler™, SGM+ = ABI SGM Plus®, NGM = ABI
NGM™, ESI/ESX = PowerPlex® ESI/ESX, Q-ESS = Qiagen Investigator ESSplex Plus and PP-16
= PowerPlex® 16 (information from each kit’s manual)

Rapid Thermal Cycler and Direct PCR

In order to lessen the amount of time required for a DNA profile to be generated, recent
shifts have been made towards fast (rapid) thermal cycler. Without any backlog, a DNA profile can
be obtained in about 8-12 hours using conventional method. The major part of this is taken by PCR
amplification (usually about 3-4 hours) while Vallone et al. [49] could complete it in about 36
minutes. This protocol did not significantly affect intra- and inter-locus balance but there was a
decrease in sensitivity and increase in incomplete adenylation products (-A). Verheij et al. [50] have
shown that the whole STR typing process can be completed in two to three hours by employing
direct PCR with a fast PCR protocol in combination with regulating sample input through mini-tape.
They have validated the technique and it is currently available to the police [50].

These rapid processes would not have been successful without the change in the polymerase
enzyme. Many alternatives to AmpliTaq Gold, the current standard in forensic genetics, have been
proposed by various researchers. For example, Vallone et al. [49] used PyroStart and SpeedSTAR,
while Verheij et al. [50] favoured Phusion® Flash polymerase. Other mutant polymerases have been
shown to overcome PCR inhibitors better than wildtype 7aq [51] and AmpliTaq Gold [52, 53].

All these involve the use of direct amplification, in which samples are added directly to the
PCR process without prior purification. Widely used in microbiology, direct amplification has only
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recently found its way to forensic samples due to alternative polymerases and buffer [54]. Blood on
FTA papers as well as DNA deposited on various substrates (glass, plastic, ceramic and stainless
steel) have been successfully amplified and profiled using direct PCR [55, 56]. The reason why direct
PCR works well for trace samples is the inefficiency of the extraction process, in which only 16% of
DNA presented in the pre-extracted sample is recovered [56-58]. With the aid of inhibitor resistant
polymerases and enhanced buffer, it will not be surprising to find more direct PCR commercial kits
replacing the current ones, at least with reference samples [59].

STR detection
Fluorescent-based fragment analysis

Primers in STR kits are labelled with dyes of different colours. These dyes are excited by
laser and the emission spectra are detected via a sensor in an automated gel analyser such as the ABI
3130. The passing of fluorescent dye-labelled products through the capillary depends on the size of
the PCR products, with smaller products moving quicker through the polymer in the capillary than
larger ones. Size separation of mini-STRs can be aided by the addition of non-nucleotide linkers
(NNL), oligomeric hexaethyleneoxide (HEO) molecules that change the mobility characteristics of
PCR products [60]. As a consequence, similar-size mini-STR products can be visualised in an
electropherogram as if they had different sizes [6]. The MiniFiler™ and the NGM™ kit from
Applied Biosystems utilise NNLs in order to amplify and visualise many mini-STR loci using five
dyes [61]. Fragment analysis, peak heights in particular, has been shown to be dependent upon the
genetic analysers used [62].

Pyrosequencing

Pyrosequencing is a real-time sequencing method for a short strand of DNA based on the
synthesis of its complementary strand [63]. It is achieved by the combination of a sequencing primer,
four deoxynucleotide triphosphates (dNTPs), adenosine 5’ phosphosulfate (APS), luciferin, four
enzymes DNA polymerase, ATP sulfurylase, luciferase and apyrase. First, the four
deoxyribonucleotide triphosphates (ANTPs) are added to the reaction one base at a time. The correct
complementary dNTP is incorporated with the DNA template by the DNA polymerase and produces
pyrophosphate (PPi) as a by-product. ATP sulfurylase then converts PPi to ATP, which is then used
to change luciferin to oxyluciferin. This generates a chemiluminescent signal (visible light)
proportional to the amount of ATP. The light is detected by camera and interpreted as a peak on the
pyrogram. Apyrase is added to degrade excess ANTPs and the reaction can start again with a new
dNTP. Pyrosequencing has been used to genotype 10 STRs of 114 Swedish individuals [64]. The
advantage over current capillary detection system is the ability to detect the actual sequence and
variant alleles [64].

Mass spectrometry

Mass spectrometry (MS) was first used to separate STR alleles but the size limitation (100
bp) of the instrument at that time made the analysis difficult [65]. Using electrospray ionisation (ESI)
instead of matrix-assisted laser desorption-ionisation (MALDI) has allowed up to 250 bp of products
to be injected [66]. In mass spectrometry, the mass-to-charge ratios (determined via time of flight) of
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PCR products that have been heated into gas phase and ionised by ESI or MALDI are measured in a
vacuum. Because this detection is carried out using mass rather than size, there is better separation
of STR alleles with internal sequence polymorphisms [66]. An automated ESI-MS system that is
backward compatible with capillary electrophoresis and capable of analysing all 13 CODIS loci has
been developed recently [67].

Microchip device

The ultimate goal for DNA analysis is to achieve a rapid result using a portable device.
Recently this goal is being realised via the use of rapid PCR and a microfluidic system, in which all
the steps of a conventional DNA analysis is performed in a small microchip [68-70]. These systems
use miniaturised circuitry to automate the extraction and PCR cycling in their dedicated chambers
[71]. These devices have been shown to work with whole blood and semen, both of which are
complex samples, and with commercial STR kits [70].

APPLICATIONS

Commercial STR typing kits are available from companies such as Promega Corporation
(WI, USA) and Applied Biosystems (CA, USA) [72-74]. The kits currently in use include
PowerPlex® 16, PowerPlex® Y, AmpF/STR® Identifiler®, AmpF/STR® SEfiler™ and
AmpF/STR® SGM Plus® (SGM+). These kits are different in the STR loci that they amplify (Table
2). They have been validated to be very sensitive and are capable of STR typing from aged and
degraded samples [75, 76].

In the past few years, commercial manufacturers worked closely with the forensic DNA
community to develop two next-generation kits, viz. AmpF/STR® Next Generation Multiplex™
(Applied Biosystems) and PowerPlex® ESX/ESI (Promega Corporation), both of which utilise mini-
STR technology and have been validated for casework [75, 76]. Tvedebrink et al. [77] compared the
performance of the two kits and found no substantial differences.

The intended purpose of the kit should be considered when selecting and adopting an STR
kit. For instance, if extra discrimination power is required, the NGM™, ESX and ESI kits should be
the first choices [78]. Nonetheless, the MiniFiler™ kit works well as an adjunct kit for degraded
samples, as the loci in the kit are mini-STRs of the largest loci in the SGM+ and Identifiler® kits,
plus additional CODIS loci. In the case of cross-border data sharing in Europe, the NGM™, ESX,
ESI and ESSplex kits are most appropriate because they all amplify the same loci, all of which
overlap with both CODIS and ENFSI recommendations (Table 2). In contrast, the S5 kit, which is
the least discriminatory but at the same time the cheapest, is perfect for screening samples to exclude
individuals in casework scenarios, in preliminary mass screenings and mass disaster screenings.
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Table 2. The markers of each next-generation and mini-STR kit compared to two current standard
kits (SGM Plus® and PowerPlex® 16) and two recommendations (COD = CODIS and ENF =
ENFSI). A tick mark (v') indicates inclusion in the set. Plus (+) is optional inclusion. Chr =
chromosome

Chr | Marker S5 | MF | SGM+ | NGM | ESIVESX | Q-ESS | PP-16 | COD | ENF
1 D1S1656 v 4 v v
2 D2S1338 v 4 4 v v
TPOX v v
D2S441 4 4 v v
3 D3S1358 v 4 4 v v v v
4 FGA v | v v v v v v v v
5 D5S818 v v
CSFIPO v v v
6 SE33 + + +
7 D7S820 v v v
8 D8S1179 v v v v v v v v
10 D10S1248 4 4 v v
11 THO1 4 4 4 v v v v v
12 vWA 4 4 4 v v v v
DI125391 4 4 v v
13 DI13S317 v v v
15 PENTA E v
16 D16S539 v v v v v 4 4
18 D18S51 v | v 4 4 4 v v v v
19 D19S433 4 4 v v
21 D21S11 4 4 4 v v v v v
PENTA D v
22 D2251045 v 4 v v
X/Y | AMEL v | v 4 4 v v v v

The Innocence Project, a non-profit law clinic whose main objective is to exonerate
wrongfully convicted individuals, has used STR and mini-STR kits. As of January 31, 2012, there
have been 289 post-conviction DNA exonerations, with an average of 13.5 years served by the
exonerees [65]. Mini-STRs mainly feature in mass disasters and cases where DNA is limited. They
have been used for identification of 19,963 human remains from the World Trade Centre incident
[66, 79]. There have been over 10 mass disasters, both natural and man-made, where STRs have
played a major role [66]. A staggering 20,000 remains have been analysed and the number is rapidly
increasing with each passing year [66]. Other difficult sample types successfully amplified include
charred femur [80], buried and exposed femurs and a tibia [81], severely degraded skeletons [82],
and human telogen hairs [47].
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An alternative to autosomal STRs, especially in the case of paternity testing, are Y-STRs and
X-STRs. Numerous population studies have been carried out, for example in China, Brazil, Italy,
Spanish-Portuguese speaking countries, Japan and the United States [83-85]. A reference database
for Y-STR haplotypes was established in 2000 and currently houses nearly 100,000 haplotypes from
all over the world [86]. Y-STRs are useful for separating the male component from a mixed stain
and also in paternity testing [87, 88]. Commercial kits that type the minimal Y haplotype (minHt),
SWGDAM recommended loci, and other highly polymorphic markers are currently available [89].
X-STRs have been demonstrated that they can be used in degraded DNA found in real casework
[84].

In addition to human applications, STRs of other organisms have aided criminal
investigations. Fifteen canine STRs were used to assess 52 cases of canine bites [90]. Another ten
canine STRs were used in a case involving the death of a 7-year-old by dog attack [91]. Similarly,
the death of a 3-month-old baby by a miniature dachshund was aided by the use of STRs [92]. A
very recent panel of 16 bovine STRs, as well as 17 equine STRs, have been recommended for use in
forensic identification (e.g. paternity testing and breed identification) and a population study
subsequently carried out [93, 94]. Another study demonstrated that equine STRs can be typed from
blood, urine and hair for controlling doping of racehorses [95]. Cannabis sativa, an important plant
in forensic science, has its STRs characterised and an STR kit developed validated [96]. An
Australian DNA database for tracking C. sativa specimens is even available [97].

CONCLUSIONS

Forensic DNA analysis has come a long way since its inception by Sir Alec Jeffreys. With the
advent of PCR, miniscule amounts of body fluid and even skin flakes can now be used to link crimes
and individuals. STRs are the de facto standard due to their being established in national DNA
databases worldwide; thus, they are here to stay. Methodologies from other fields of science have
made their way to the forensic community, resulting in an ever better method for STR genotyping.
Undoubtedly, some of the techniques described here will find their way to mainstream uses while
others will fall out of favour. With the current focus on quicker analysis time and portability, we
envision that STR typing will be developed in three areas: (1) a portable system for on-scene
analysis, (2) high-throughput analysis of reference samples using direct PCR, and (3) more sensitive
and inhibitor tolerant protocols for use with casework samples.
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