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Abstract
Forensic molecular genetics has evolved from a rapidly developing field with changing technologies into a highly recognized and generally

accepted forensic science, leading to the establishment of national DNA databases with DNA profiles from suspects and convicted offenders. DNA

evidence has taken a central role by carrying a significant weight for convictions, as well as by excluding innocent suspects early on in a criminal

investigation. Due to this impact on the criminal justice system, guidelines for research in forensic genetics have been introduced already since

many years. The most important issues regarding the selection and definition of typing systems both for paternity testing and for forensic

identification, the criteria for technical and biostatistical validation, as well as the use of mitochondrial DNA analysis are summarized and

discussed.
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1. Introduction

Modern DNA-based forensic genetics comprise a number of

important applications. Examples are the investigation of

biological stains to obtain evidence for the presence of an

alleged perpetrator at the crime scene by comparing the genetic

profiles from crime scene samples of human origin to those of

potential stain donors, the identification of unknown corpses in

the context both of natural death and of crime or mass disaster,

as well as the investigation of family relationships.

In the last 20 years, forensic molecular genetics has evolved

from a rapidly developing field with changing technologies into

a highly recognized and generally accepted forensic science,

leading to the establishment of national DNA databases with

DNA profiles from suspects and convicted offenders [1–4]. The

methodology has become quite reliable and the analytical

equipment has reached a high level of automation. The genetic

typing systems are standardized based on generally accepted

recommendations from scientific bodies such as the National

Research Council (NRC) of the Academy of Sciences of the

United States, and the International Society for Forensic

Genetics (ISFG). At a very early stage, the ISFG has recognized
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the potential significance of DNA-based typing methods for the

entire field of criminal investigation and paternity testing, and

has addressed relevant topics initially regarding the introduc-

tion of hybridization-based single and multi-locus minisatellite

probes [5,6], and very soon as well on PCR-based typing

systems [7,8].

DNA evidence has taken a central role by carrying a

significant weight for convictions in the court of justice, as well

as by excluding innocent suspects early on in a criminal

investigation. A typical and highly publicized crime case

involving the rape and murder of two girls clearly demonstrated

this capacity, and was the first example for carrying out a mass

screening among a defined subgroup of the male population to

identify the true perpetrator [9,10]. In contrast to other fields of

applied research where quality problems leading to genotyping

errors are being discussed only recently [11], the consequences

of error in the forensic field carry a heavy burden on all

scientific studies, as these may end up as a basis for a ruling on

the admissibility, or for analysing and interpreting evidence in a

crime case. In this regard, the guidelines developed for forensic

genetics may serve as a model system for establishing and

assessing the quality of research also for other fields of

molecular genotyping studies [12]. To provide an overview

about the standards for applied research in forensic genetics,

typical areas relevant for scientific studies will be subsequently

addressed.
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2. Paternity testing

Genetic studies on family relationships are pivotal to any

application of DNA markers as they serve to establish and

validate new typing technologies and genetic systems.

Typically, family trios with confirmed genetic relationship

using a reference method and from a homogeneous population

are selected for study. The results of such validation studies are

relevant both for paternity testing and for forensic identifica-

tion.

2.1. Definition of systems and alleles

Following the initial ISFG guidelines [5,6], a new genetic

typing system is defined by ‘‘a segment of unique DNA

sequence’’ occupying a specific chromosomal position, and by

the ‘‘unique identification of complementary primer

sequences’’. Furthermore, the alleles of a system are defined

by ‘‘DNA fragments of variable length agreeing with a formal

genetic model’’. This model should be Mendelian inheritance

which is applicable for all DNA typing systems, notwithstand-

ing the possible occurrence of ‘‘silent’’ alleles [13] which can

be formally handled following the example of classical blood

group markers such as the ABO system. Furthermore,

chromosomal linkage data to other systems should be known

to consider the possible relevance of haplotype information.

2.2. Standardization requirements

Appropriate size markers with discrete sizes flanking and

spanning the entire range to be analyzed are necessary for

determining the length of allelic DNA fragments. For the

currently used PCR-based short tandem repeat (STR) systems,

allelic ladders comprising a complete range of the commonly

observed allelic fragments have to be included in each analysis

[7,8]. Specific guidelines have been established regarding the

nomenclature of STR alleles [14,15]. They are based on the

agreement that only denaturing gel systems shall be used for

electrophoretic separation of DNA fragments. Thus, only the

molecular weight of a fragment (i.e. the size in basepairs) is

relevant but not a variation within the DNA sequence, which

would become visible using a non-denaturing gel system due

to sequence-based secondary structures within the variant

alleles [16]. Allele designations are based on the number of

variable repeats. These are derived from the coding DNA

sequence information in the human genome database, e.g. the

GenBank, or, if missing, based on the first original description

in the literature. In some cases, this has led to confusion in

particular for X- und Y-chromosomal STR systems which had

to be resolved by exchange of samples [17,18]. Specific issues

regarding Y-STRs have also been addressed by the DNA

Commission [19,20]. A useful tool in this context are

reference DNA samples such as generally available cell lines

with known genotypes, as these can be used to standardize

typing systems and allelelic ladders for population studies

[21]. This is particularly relevant since it is recommended to

include a known human control DNA sample in each
experiment. An additional approach is the provision of

reference DNA samples available from public institutions

such as the National Institute of Standards and Technology

(NIST) offering traceable standard reference materials for

PCR typing [22].

2.3. System validation studies

To establish the relevant genetic parameters such as

Mendelian inheritance, mutation rates and allele frequencies,

at least 500 meioses should be studied using a standardized

approach [7,8]. It can be expected that mutation rates for

autosomal STRs are in the range of 0.1–0.5%, and that

paternal mutations exceed maternal mutations [23]. For the Y-

chromosomal systems, similar mutation rates have been

obtained [24]. By counting the parental genotypes from

family trios, allele frequencies can be established provided

that the families have been randomly selected from a

representative and homogeneous population (see also below).

Under these conditions, observed and expected genotype

frequencies based on the assumption of Hardy–Weinberg

equilibrium (HWE) have to be compared using adequate

statistical tests [25]. In any case, it is recommended to apply

an exact test [26] rather than the less accurate chi-square test

which may be misleading when rare alleles are found in a

population sample. It has to be kept in mind, however, that a

deviation from HWE may be more indicative for a technical

problem in the typing procedure rather than for a non-

representative population sample. If a significant excess of

homozygous genotypes is observed, a critical assessment of

allele detection procedures and electrophoretic conditions

should be made, as these may have been a cause for a loss of

DNA fragments outside the detection range, or due to poor

electrophoretic resolution.

If multiple systems are validated such as multiplex STR kits,

the results from the population studies have to be corrected for

multiple testing, and the independence of loci has to be

demonstrated, e.g. using a modification of the exact test

[27,28]. Although slight deviations will occasionally be

observed for individual loci, this is normally not critical, as

the chromosomal locations of the tested systems are known and

not closely linked. Another typical source for such deviations

are small population sample sizes of less than 500 individuals.

Testing at least 500 meioses implies that 250 family trios have

to be tested comprising 250 unrelated male and female

individuals with a total number of 1000 alleles. From the

scientific literature it becomes evident that not all published

studies fulfill this requirement, mostly for practical reasons of

obtaining a sufficient number of validated family trios.

Therefore, data from such studies may have to be treated with

caution. It should also be noted that it is highly desirable to have

access to the original genotype data (or haplotype data,

respectively, in the case of Y-chromosomal markers) in addition

to the normally published allele frequencies. Nowadays, using

online publication resources, such data can easily be made

available as supplementary data for downloading from the

journal’s website.
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3. Forensic identity testing

The criteria described above also apply for research on

typing systems designed for identity testing. However, there are

further issues to be considered due to the nature of the

application. Identity testing involves a direct comparison of

somatic cell samples (e.g. from a blood stain) with a reference

samples from a suspect (e.g. a buccal swab). Furthermore,

biological stains are not found in a defined environment such as

a laboratory, so that other sources of human or nun-human DNA

may be intermixed with an evidence sample. Finally, the

statistical interpretation has to consider different circumstances

related to the population-of-origin of an alleged or unknown

perpetrator.

3.1. System validation for identity testing

The direct comparison of somatic cells requires that the

genetic loci exhibit a sufficient somatic stability. Under normal

conditions in a healthy individual, this is not critical. There may

be instances where microsatellites are prone to spontaneous

mutations, e.g. if cells become malignant and proliferate to

tumor tissue leading to genetic instabilities as well as loss of

heterozygosity [29]. This is particularly relevant if clinical

specimen are used as reference samples. A critical aspect is a

potential crossreaction of hybridization probes or primers with

non-human DNA samples. There is clear evidence that most

PCR primers designed for human identity typing will crossreact

with primate DNA [30]. This scenario is normally not

problematic in casework samples, in contrast, it may actually

be quite helpful for research to resolve nomenclature issues

[31]. Generally, it has to be ascertained that DNA from other

mammals does not mimick alleles of a human STR profile.

Furthermore, performance testing of typing systems under

evaluation must include extensive sensitivity and reproduci-

bility studies using both intact high molecular weight as well as

degraded human DNA [32–34]. If DNA samples are tested in

the dilution range below 200 pg, PCR amplification will lead to

stochastic effects such as allelic drop out and drop in. This

effect is further influenced by the size of the target sequence to

be amplified as well by degradation of template DNA [34,35]

due to environmental exposure (heat, light, humidity, bacterial

and fungal growth).

3.2. Population genetics

The inherent problems of appropriately defining and

validating ‘‘populations’’ or ‘‘ethnic groups’’ for forensic

identification are obvious. If the genotype of a suspect matches

the DNA profile of the evidence, there is still the possibility that

this match has occurred by chance (the ‘‘random man not

excluded’’), or that the true perpetrator does not come from the

same population as the suspect. Match probabilities or

likelihood ratios are based on assumptions about the ethnic

origin of the suspect or an unknown perpetrator. Therefore,

such populations have to be defined in a socio-anthropological

context to be able to carry out research studies on allele
frequency distributions. These difficulties were brought to light

by the vigorous discussions about the definition of ethnic

groups and the speculations about the existence of subgroups

within populations. It was postulated that genotype frequencies

could be more distinct between ethnic subgroups of the same

major population than between the other major populations

[36,37]. The debate has stimulated world-wide collaborative

efforts to collect more population data on the currently used

typing systems, and has led to recommendations by the NRC

which are now widely accepted [38,39]. The assumption that

such subgroups may invalidate samples population data has

been dismissed, and a correction factor Q (theta) [39] or Fst

[40] has been introduced for population data where the

existence of subgroups (or inbreeding) cannot be excluded.

Nevertheless this does not relieve any scientist from the burden

of carefully planning and selecting samples for population

genetic validation studies [41].

4. Laboratory requirements and quality assurance

The demand for rigorous quality control for all laboratories

handling routine casework resulted from the obvious lack of

standards and failures to present conclusive evidence in the

early days of forensic DNA analysis [42,43], and has been a

major element in all recommendations from scientific bodies

[7,39]. The internal organisation of a forensic research

laboratory has to fulfill the same criteria as a laboratory for

routine casework. Due to the high sensitivity of PCR-based

typing systems, contamination prevention is the most important

requirement. This includes the introduction of dedicated work

areas and complete physical separation of pre- and post-PCR

processes. Ideally, three separate work areas with dedicated

equipment should be available for DNA extraction, PCR setup,

and handling and analysis of amplified PCR products. All

analyses should include a positive control from a known DNA

sample [21], as well as a negative extraction control without

DNA, and a PCR reagent contamination control with water

instead of DNA. Furthermore, traceability of samples and

reagents by proper internal documentation helps to identify

sources of contamination or failure.

In addition to internal quality assurance, the participation in

external proficiency testing exercises is the second major

element to obtain the necessary competence both for carrying

out research as well as for routine casework. There are

numerous proficiency trial schemes for DNA laboratories both

for paternity analysis [44,45] as well as for forensic identity

testing [46,47]. In addition to offering a certificate about the

competence of the participating laboratory to obtain correct

typing results, such exercises also provide insights into

potential sources of errors, both of human and technical

origin. These may help to educate the participants and offer

support to develop strategies for avoiding these errors in their

future work. For routine casework laboratories, only rigorous

quality assurance as well as accreditation according to

internationally accepted standards will become a prerequisite

for accepting casework samples [48,49]. However, accredita-

tion cannot be extended to research laboratories. It would be too
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restrictive, as it prevents the development and testing of new

strategies and innovative protocols.

5. Considerations on mitochondrial DNA research

Sequence analysis of the mitochondrial DNA-loop hyper-

variable regions is the focal point of an ongoing discussion

about quality control in forensic genetics. In forensic

applications, analysis of mtDNA is suitable to obtain results

even from hair shafts and aged compact bones [50,51].

Furthermore, it provides anthropological information about the

maternal lineage of mtDNA haplogroups [52]. The effort to

validate mtDNA sequence analysis has produced recommenda-

tions about their use and guidelines for their interpretation in

the forensic context [53,54]. In recent years, databases of

mitochondrial DNA sequences have been compiled for an

assessment of the distribution and frequencies of mtDNA HV-I

and HV-II sequences. A major setback occurred when it was

discovered mostly by phylogenetic comparisons that numerous

publications and database collections contain erroneous data

[55,56]. These errors mainly originated from mishandling of

data, and by misreading DNA sequences due to a lack of

understanding of possible artefacts caused by the sequencing

enzymes and reagents [57]. It has led to a situation where it

appears almost impossible to generate fully validated results

without the help of experts and expert systems specialized for

cross-checking all data. Nevertheless, a set of rules has been

proposed recently which may help to avoid most of these

pitfalls [58]. These include the following elements: (a) correct

sample labelling and handling, preferably using bar-coded

samples and robotic equipment (if large numbers of samples

have to be sequenced), (b) proper contamination prevention and

control [53], (c) overlapping DNA sequencing of both strands

[59], (d) optimizing sequencing chemistry to reduce back-

ground noise leading to erroneous intepretations, (e) automatic

software-assisted basecalling including quality values, which

must be accompanied by a thorough visual inspection of

sequence traces, and, finally, (f) either automated generation of

data tables from confirmed sequence traces, or two independent

manual tabulations from two persons which can be compared.

A final check is performed by phylogenetic analysis [57]. It is

obvious that it will take time building meaningful forensic

population databases but there is not alternative to this approach

[60].

6. Conclusions

As the field of forensic genetics is an applied science in the

best sense with an extremely important impact on the society by

providing reliable evidence both for exonerating the innocent

and for convicting the perpetrator, quality standards for

research cannot be separated from the application of its results

in casework. At present, a robust system for forensic DNA

typing has been established due to the successful collaborative

efforts of the international scientific community, and new

typing systems such as the analysis of single nucleotide

polymorphisms are under evaluation [61]. These new
technologies and systems need to be developed according to

the same scientific standards established for the currently used

systems. In addition, forensic geneticists should be aware about

the ethical and legal consequences of their research on the

society and the criminal justice system [62–64]. New

technologies will only be accepted by the society if the

scientists can demonstrate that their research is based on sound

and reliable principles. Therefore, it is important to demon-

strate that such standards exist and are generally accepted.

References

[1] N. Morling, Forensic genetics, Lancet 364 (Suppl. 1) (2004) s10–s11.

[2] M.A. Jobling, P. Gill, Encoded evidence: DNA in forensic analysis, Nat.

Rev. Genet. 5 (2004) 739–751.

[3] P.D. Martin, H. Schmitter, P.M. Schneider, A brief history of the formation

of DNA databases in forensic science within Europe, Forensic Sci. Int. 119

(2001) 225–231.

[4] P.M. Schneider, P.D. Martin, Criminal DNA databases: the European

situation, Forensic Sci. Int. 119 (2001) 232–238.

[5] Recommendations of the Society for Forensic Haemogenetics concerning

DNA polymorphisms, Forensic Sci. Int. 43 (1989) 109–111 (Editorial).

[6] 1991 report concerning recommendations of the DNA Commission of the

International Society for Forensic Haemogenetics relating to the use of

DNA polymorphisms, Forensic Sci. Int. 52 (1992) 125–130 (Editorial).

[7] DNA recommendations—1992 report concerning recommendations of the

DNA Commission of the International Society for Forensic Haemoge-

netics relating to the use of PCR-based polymorphisms, Int. J. Legal Med.

105 (1992) 63–64 (Editorial).

[8] DNA recommendations—1994 report concerning further recommenda-

tions of the DNA Commission of the ISFH regarding PCR-based poly-

morphisms in STR (short tandem repeat) systems, Vox Sang 69 (1995) 70–

71 (Editorial).

[9] P. Gill, D.J. Werrett, Exclusion of a man charged with murder by DNA

fingerprinting, Forensic Sci. Int. 35 (1987) 145–148.

[10] A.J. Jeffreys, Genetic fingerprinting, Nat. Med. 11 (2005) 1035–1039.

[11] F. Pompanon, A. Bonin, E. Bellemain, P. Taberlet, Genotyping errors:

causes, consequences and solutions, Nat. Rev. Genet. 6 (2005) 847–859.

[12] A. Carracedo, F. Barros, L. Loidi, F. Dominguez, Progress in methodology

and standards in European molecular genetics laboratories, Clin. Chim.

Acta 278 (1998) 163–169.

[13] T.M. Clayton, S.M. Hill, L.A. Denton, S.K. Watson, A.J. Urquhart, Primer

binding site mutations affecting the typing of STR loci contained within

the AMPFlSTR SGM Plus kit, Forensic Sci. Int. 139 (2004) 255–259.

[14] W. Bar, B. Brinkmann, B. Budowle, A. Carracedo, P. Gill, P. Lincoln, W.

Mayr, B. Olaisen, DNA recommendations. Further report of the DNA

Commission of the ISFH regarding the use of short tandem repeat systems.

International Society for Forensic Haemogenetics, Int. J. Legal Med. 110

(1997) 175–176.

[15] P. Gill, B. Brinkmann, E. d’Aloja, J. Andersen, W. Bar, A. Carracedo, B.

Dupuy, B. Eriksen, M. Jangblad, V. Johnsson, A.D. Kloosterman, P.

Lincoln, N. Morling, S. Rand, M. Sabatier, R. Scheithauer, P. Schneider,

M.C. Vide, Considerations from the European DNA profiling group

(EDNAP) concerning STR nomenclature, Forensic Sci. Int. 87 (1997)

185–192.

[16] A. Moller, E. Meyer, B. Brinkmann, Different types of structural variation

in STRs: HumFES/FPS, HumVWA and HumD21S11, Int. J. Legal Med.

106 (1994) 319–323.

[17] R. Szibor, J. Edelmann, M.T. Zarrabeitia, J.A. Riancho, Sequence struc-

ture and population data of the X-linked markers DXS7423 and

DXS8377—clarification of conflicting statements published by two work-

ing groups, Forensic Sci. Int. 134 (2003) 72–73.

[18] M. Kayser, A. Caglia, D. Corach, N. Fretwell, C. Gehrig, G. Graziosi, F.

Heidorn, S. Herrmann, B. Herzog, M. Hidding, K. Honda, M. Jobling, M.

Krawczak, K. Leim, S. Meuser, E. Meyer, W. Oesterreich, A. Pandya, W.

Parson, G. Penacino, A. Perez-Lezaun, A. Piccinini, M. Prinz, C. Schmitt,



P.M. Schneider / Forensic Science International 165 (2007) 238–243242
L. Roewer, et al., Evaluation of Y-chromosomal STRs: a multicenter

study, Int. J. Legal Med. 110 (1997) 125–133, 141–129.

[19] P. Gill, C. Brenner, B. Brinkmann, B. Budowle, A. Carracedo, M.A.

Jobling, P. de Knijff, M. Kayser, M. Krawczak, W.R. Mayr, N. Morling, B.

Olaisen, V. Pascali, M. Prinz, L. Roewer, P.M. Schneider, A. Sajantila, C.

Tyler-Smith, DNA commission of the International Society of Forensic

Genetics: recommendations on forensic analysis using Y-chromosome

STRs, Int. J. Legal Med. 114 (2001) 305–309.

[20] L. Gusmao, J.M. Butler, A. Carracedo, P. Gill, M. Kayser, W.R. Mayr, N.

Morling, M. Prinz, L. Roewer, C. Tyler-Smith, P.M. Schneider, DNA

Commission of the International Society of Forensic Genetics (ISFG): an

update of the recommendations on the use of Y-STRs in forensic analysis,

Forensic Sci. Int. 157 (2006) 187–197.

[21] R. Szibor, J. Edelmann, S. Hering, I. Plate, H. Wittig, L. Roewer, P.

Wiegand, F. Cali, V. Romano, M. Michael, Cell line DNA typing in

forensic genetics—the necessity of reliable standards, Forensic Sci. Int.

138 (2003) 37–43.

[22] D.J. Reeder, Impact of DNA typing on standards and practice in the

forensic community, Arch. Pathol. Lab. Med. 123 (1999) 1063–1065.

[23] B. Brinkmann, M. Klintschar, F. Neuhuber, J. Huhne, B. Rolf, Mutation

rate in human microsatellites: influence of the structure and length of the

tandem repeat, Am. J. Human Genet. 62 (1998) 1408–1415.

[24] M. Kayser, A. Sajantila, Mutations at Y-STR loci: implications for

paternity testing and forensic analysis, Forensic Sci. Int. 118 (2001)

116–121.

[25] I. Evett, B.S. Weir, Interpreting DNA Evidence: Statistical Genetics for

Forensic Scientists, Sinauer Associates, Sunderland, Mass, 1998.

[26] S.W. Guo, E.A. Thompson, Performing the exact test of Hardy–Weinberg

proportion for multiple alleles, Biometrics 48 (1992) 361–372.

[27] J.S. Buckleton Validating Databases, in: J.S. Buckleton, C.M. Triggs, S.J.

Walsh (Eds.), Forensic DNA Evidence Interpretation, CRC Press, Boca

Raton, FL., 2005, pp. 149–196.

[28] D. Zaykin, L. Zhivotovsky, B.S. Weir, Exact tests for association between

alleles at arbitrary numbers of loci, Genetica 96 (1995) 169–178.

[29] H. Vauhkonen, M. Hedman, M. Vauhkonen, M. Kataja, P. Sipponen, A.

Sajantila, Evaluation of gastrointestinal cancer tissues as a source of

genetic information for forensic investigations by using STRs, Forensic

Sci. Int. 139 (2004) 159–167.

[30] J.M. Butler, Genetics and genomics of core short tandem repeat loci used

in human identity testing, J. Forensic Sci. 51 (2006) 253–265.

[31] L. Gusmao, A. Gonzalez-Neira, C. Alves, M. Lareu, S. Costa, A. Amorim,

A. Carracedo, Chimpanzee homologous of human Y specific STRs. A

comparative study and a proposal for nomenclature, Forensic Sci. Int. 126

(2002) 129–136.

[32] J.P. Whitaker, E.A. Cotton, P. Gill, A comparison of the characteristics of

profiles produced with the AMPFlSTR SGM Plus multiplex system for

both standard and low copy number (LCN) STR DNA analysis, Forensic

Sci. Int. 123 (2001) 215–223.

[33] T.R. Moretti, A.L. Baumstark, D.A. Defenbaugh, K.M. Keys, J.B. Smer-

ick, B. Budowle, Validation of short tandem repeats (STRs) for forensic

usage: performance testing of fluorescent multiplex STR systems and

analysis of authentic and simulated forensic samples, J. Forensic Sci. 46

(2001) 647–660.

[34] P.M. Schneider, K. Bender, W.R. Mayr, W. Parson, B. Hoste, R. Decorte, J.

Cordonnier, D. Vanek, N. Morling, M. Karjalainen, C. Marie-Paule

Carlotti, M. Sabatier, C. Hohoff, H. Schmitter, W. Pflug, R. Wenzel, D.

Patzelt, R. Lessig, P. Dobrowolski, G. O’Donnell, L. Garafano, M.

Dobosz, P. De Knijff, B. Mevag, R. Pawlowski, L. Gusmao, M. Conceicao

Vide, A. Alonso Alonso, O. Garcia Fernandez, P. Sanz Nicolas, A.

Kihlgreen, W. Bar, V. Meier, A. Teyssier, R. Coquoz, C. Brandt, U.

Germann, P. Gill, J. Hallett, M. Greenhalgh, STR analysis of artificially

degraded DNA-results of a collaborative European exercise, Forensic Sci.

Int. 139 (2004) 123–134.

[35] P. Gill, J. Curran, K. Elliot, A graphical simulation model of the entire

DNA process associated with the analysis of short tandem repeat loci,

Nucleic Acids Res. 33 (2005) 632–643.

[36] R.C. Lewontin, D.L. Hartl, Population genetics in forensic DNA typing,

Science 254 (1991) 1745–1750.
[37] Statement by DNA Commission of the International Society for Forensic

Haemogenetics concerning the National Academy of Sciences report on

DNA Technology in Forensic Science in the USA, Forensic Sci. Int. 59

(1993) 1–2 (Editorial).

[38] N.E. Morton, DNA forensic science 1995, Eur. J. Human Genet. 3 (1995)

139–144.

[39] National Research Council (U.S.). Committee on DNA Forensic Science:

an Update. National Research Council (U.S.). Commission on DNA

Forensic Science: an Update. The evaluation of forensic DNA evidence,

National Academy Press, Washington, D.C., 1996.

[40] D.J. Balding, R.A. Nichols, DNA profile match probability calculation:

how to allow for population stratification, relatedness, database selection

and single bands, Forensic Sci. Int. 64 (1994) 125–140.

[41] P. Gill, L. Foreman, J.S. Buckleton, C.M. Triggs, H. Allen, A comparison

of adjustment methods to test the robustness of an STR DNA database

comprised of 24 European populations, Forensic Sci. Int. 131 (2003) 184–

196.

[42] E.S. Lander, DNA fingerprinting on trial, Nature 339 (1989) 501–505.

[43] P.J. Neufeld, N. Colman, When science takes the witness stand, Sci. Am.

262 (1990) 46–53.

[44] H.F. Polesky, Impact of molecular (DNA) testing on determination of

parentage, Arch. Pathol. Lab. Med. 123 (1999) 1060–1062.

[45] C. Hallenberg, N. Morling, A report of the 2000 and 2001 paternity testing

workshops of the English speaking working group of the international

society for forensic genetics, Forensic Sci. Int. 129 (2002) 43–50.

[46] J. Gomez, A. Carracedo, The 1998–1999 collaborative exercises and

proficiency testing program on DNA typing of the Spanish and Portuguese

Working Group of the International Society for Forensic Genetics (GEP-

ISFG), Forensic Sci. Int. 114 (2000) 21–30.

[47] S. Rand, M. Schurenkamp, C. Hohoff, B. Brinkmann, The GEDNAP blind

trial concept. Part II. Trends and developments, Int. J. Legal Med. 118

(2004) 83–89.

[48] N. Morling, R.W. Allen, A. Carracedo, H. Geada, F. Guidet, C. Hallen-

berg, W. Martin, W.R. Mayr, B. Olaisen, V.L. Pascali, P.M. Schneider,

Paternity Testing Commission of the International Society of Forensic

Genetics: recommendations on genetic investigations in paternity cases,

Forensic Sci. Int. 129 (2002) 148–157.

[49] M.J. Fereday, I. Kopp, European Network of Forensic Science Institutes

(ENFSI) and its quality and competence assurance efforts, Sci. Justice 43

(2003) 99–103.

[50] R. Higuchi, C.H. von Beroldingen, G.F. Sensabaugh, H.A. Erlich, DNA

typing from single hairs, Nature 332 (1988) 543–546.

[51] E. Hagelberg, I.C. Gray, A.J. Jeffreys, Identification of the skeletal

remains of a murder victim by DNA analysis, Nature 352 (1991) 427–429.

[52] A. Torroni, A. Achilli, V. Macaulay, M. Richards, H.J. Bandelt, Harvesting

the fruit of the human mtDNA tree, Trends Genet. 22 (2006) 339–345.

[53] A. Carracedo, W. Bar, P. Lincoln, W. Mayr, N. Morling, B. Olaisen, P.

Schneider, B. Budowle, B. Brinkmann, P. Gill, M. Holland, G. Tully, M.

Wilson, DNA commission of the international society for forensic genet-

ics: guidelines for mitochondrial DNA typing, Forensic Sci. Int. 110

(2000) 79–85.

[54] G. Tully, W. Bar, B. Brinkmann, A. Carracedo, P. Gill, N. Morling, W.

Parson, P. Schneider, Considerations by the European DNA profiling

(EDNAP) group on the working practices, nomenclature and interpreta-

tion of mitochondrial DNA profiles, Forensic Sci. Int. 124 (2001) 83–91.

[55] H.J. Bandelt, P. Lahermo, M. Richards, V. Macaulay, Detecting errors in

mtDNA data by phylogenetic analysis, Int. J. Legal Med. 115 (2001) 64–

69.

[56] H.J. Bandelt, A. Salas, S. Lutz-Bonengel, Artificial recombination in

forensic mtDNA population databases, Int. J. Legal Med. 118 (2004) 267–

273.

[57] A. Brandstatter, T. Sanger, S. Lutz-Bonengel, W. Parson, E.Beraud-Colomb,

B. Wen, Q.P. Kong, C.M. Bravi, H.J. Bandelt, Phantom mutation hotspots in

human mitochondrial DNA, Electrophoresis 26 (2005) 3414–3429.

[58] A. Salas, A. Carracedo, V. Macaulay, M. Richards, H.J. Bandelt, A

practical guide to mitochondrial DNA error prevention in clinical, for-

ensic, and population genetics, Biochem. Biophys. Res. Commun. 335

(2005) 891–899.



P.M. Schneider / Forensic Science International 165 (2007) 238–243 243
[59] A. Brandstatter, H. Niederstatter, W. Parson, Monitoring the inheritance of

heteroplasmy by computer-assisted detection of mixed basecalls in the

entire human mitochondrial DNA control region, Int. J. Legal Med. 118

(2004) 47–54.

[60] W. Parson, A. Brandstatter, A. Alonso, N. Brandt, B. Brinkmann, A.

Carracedo, D. Corach, O. Froment, I. Furac, T. Grzybowski, K. Hedberg,

C. Keyser-Tracqui, T. Kupiec, S. Lutz-Bonengel, B. Mevag, R. Ploski, H.

Schmitter, P. Schneider, D. Syndercombe-Court, E. Sorensen, H. Thew, G.

Tully, R. Scheithauer, The EDNAP mitochondrial DNA population data-

base (EMPOP) collaborative exercises: organisation, results and perspec-

tives, Forensic Sci. Int. 139 (2004) 215–226.
[61] B. Sobrino, M. Brion, A. Carracedo, SNPs in forensic genetics: a

review on SNP typing methodologies, Forensic Sci. Int. 154 (2005)

181–194.

[62] M. Guillen, M.V. Lareu, C. Pestoni, A. Salas, A. Carracedo, Ethical-legal

problems of DNA databases in criminal investigation, J. Med. Ethics 26

(2000) 266–271.

[63] R. Williams, P. Johnson, ‘Wonderment and dread’: representations of

DNA in ethical disputes about forensic DNA databases, New Genet. Soc.

23 (2004) 205–223.

[64] S.J. Walsh, Legal perceptions of forensic DNA profiling. Part I. A review

of the legal literature, Forensic Sci. Int. 155 (2005) 51–60.


