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ABSTRACT: DNA markers used for individual identification in forensic sciences are based on repeat sequences in nuclear DNA and the
mitochondrial DNA hypervariable regions 1 and 2. An alternative to these markers is the use of single nucleotide polymorphisms (SNPs). These
have a particular advantage in the analysis of degraded or poor samples, which are often all that is available in forensics or anthropology. In order
to study the potential of SNP analysis in these fields, 41 SNPs were selected on the basis of following criteria: conservation, lack of phenotypic
expression, and frequency of occurrence in populations. Thirty-six autosomal SNPs were used for genotyping 21 inclusionary and 3 exclusionary
paternity cases. The behavior of 5 X-chromosome SNPs was analyzed in a French representative population. Our approach to SNP typing is a
multiplex PCR based amplification followed by simultaneous detection by primer extension (PEX) analyzed by Matrix Assisted Laser Desorption
Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS). The selected autosomal SNPs showed independent inheritance and gave clear
results in paternity investigation. All X-SNPs were useful as both paternity and identification markers. PEX and MALDI-TOF MS, with their high
sensitivity, precision and speed, gave a powerful method for forensic and anthropological exploitation of biallelic markers.
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Various polymorphic markers on the human genome provide
excellent means of discrimination between individuals. Among
these are Variable Number of Tandem Repeats (VNTRs), autoso-
mal and Y-chromosomal Short Tandem Repeats (STRs) (1-3), and
the polymorphism of the variable mitochondrial D-loop nucleotide
sequence (4,5). Despite the fact that single nucleotide variations
(SNPs) are biallelic, they offer several attractive features as genetic
markers. Due to the low mutation rate of SNPs, their information
refers to longer periods of time compared to that obtained with
STRs and VNTRs (6,7). This and their frequent occurrence in the
human genome (8) make SNPs an attractive tool for parentage test-
ing (9) and anthropology studies. In forensic paternity casework and
anthropological investigations, where biological samples are often
poor or degraded, the particular advantage of SNPs is that the stud-
ied DNA sequences are much shorter than those used for “classic”
DNA analysis (10,11). Furthermore, it has been demonstrated
that the information from 50 SNP arrays would be comparable
to that obtained by existing STR multiplexes provided that they
are chosen so that the allele frequencies range between 0.2 and
0.8 (12).

The aim of the present study is the evaluation of an SNP-panel for
both forensic and anthropological studies. A panel of 36 autosomal
and 5 X-chromosome informative biallelic markers was analyzed
in order to establish individual specific profiles. SNPs were chosen
to have the following characteristics: intronic position allied to
stability against mutation and representation at high frequencies
among populations. Guided by frequency analysis and physical

! Institute of Legal Medicine, University Louis Pasteur, 11 rue Humann,
67085 Strasbourg Cedex, France.

2 CODGENE Laboratory, 11 rue Humann, 67085 Strasbourg Cedex, France.

*This work has been financially supported by the ALSACE region through
a PRISME contract and a French national grant through a CIFRE contract.

Received 19 June 2004; and in revised form 2 Oct. 2004; accepted 16 Nov.
2004; published 6 April 2005.

maps provided by databases such as Applied Biosystems Assays-
on-demand database and the SNP consortium (Table 1), we were
able to make the assumption that they are inherited independently.
The lack of linkage disequilibria between markers located on the
same chromosome was confirmed by Genepop calculations using
the obtained genotyping data.

Paternity studies and individual identifications require an analysis
method that can provide information from an extended number of
markers on each sample. If SNP typing is to be used in forensics and
anthropology, it is essential that the investigations can be performed
on small amounts (sub-nanogram) of DNA. If the polymerase chain
reaction (PCR) is used, the amplification of all DNA fragments to be
investigated must be done in very few amplification reactions. Our
chosen detection and analysis technology was the Primer EXten-
sion (PEX) method followed by Matrix Assisted Laser Desorption
Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS).

Materials and Methods

The analysis of selected SNPs included the following major steps:
PCR amplification of the target SNP containing DNA fragment,
which was to be shorter than 200bp; Double stranded amplicon
purification by Genopure™ ds magnetic bead assisted technology
(Bruker Daltonics); Allele specific primer extension (PEX); Sin-
gle stranded product purification by Genopure™ oligo technology
(Bruker Daltonics) and MALDI-TOF MS analysis.

For this study, the SNPs (Table 1) were chosen from either pub-
lished results or from publicly available databases such as Applied
Biosystems Assays-on-demand database and the SNP consortium.
They have all been investigated and reported as not being linked
by position or by function to genetic disease, and their statistics in
different populations have been evaluated.

Thirty-six autosomal polymorphisms and 5 X-SNPs were ini-
tially selected for a sequencing test (Table 1), with the following
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TABLE 1—Selected SNPs: chromosome localization and reported allelic frequencies.

rs N° Position Alleles Frequencies s N° Position Alleles Frequencies
rs1020636 2p22.3 T/C 0.542/0.458 rs243 10q24.1 T/C 0.539/0.461
1s222 2ql11.2 T/C 0.775/0.225 rs544021 11q13.1 C/G 0.567/0.433
15227 3p26.1 G/A 0.780/0.220 rs882937 11q14.3 G/A 0.558/0.442
15228 3p26.1 C/T 0.820/0.180 1s1793286 11925 T/A 0.527/0.473
1s1551995 3p26.3 C/T 0.608/0.392 rs1801046 12p13 C/T 0.700/0.300
1s225 3929 C/T 0.520/0.480 rs2123 12q14.1 A/G 0.330/0.670
15230 4q34.1 G/A 0.608/0.392 rs811 12921.33 A/G 0.653/0.347
15724784 5q21.3 A/C 0.554/0.446 1s1924609 13g21.1 T/C 0.636/0.364
rs889012 5q31.1 A/C 0.517/0.483 rs6118 14932.13 C/T 0.790/0.210
1s3792774 5q33.1 A/G 0.540/0.470 rs1053874 16p13.3 A/G 0.560/0.440
1s614570 6pl12.2 T/C 0.400/0.600 rs820129 17q24.3 G/A 0.549/0.451
1s910170 6p21.2 C/T 0.522/0.478 1s276922 18q12.1 A/C 0.567/0.433
1s997556 7pl2.1 T/C 0.618/0.382 rs1674139 19q13.4 C/T 0.619/0.381
12260 7921.3 C/T 0.360/0.640 rs754 20q13.33 A/G 0.770/0.230
rs234 7922.3 C/T 0.607/0.393 1228047 21q22.3 C/T 0.753/0.247
15725 7934 A/G 0.729/0.271 1s618 Xq22.3 G/A 0.530/0.470
rs1039854 8g21.12 C/T 0.600/0.400 rs16282 Xq24 T/C 0.620/0.380
15874746 8q24.3 C/A 0.392/0.608 15616 Xq25 C/T 0.500/0.500
15240 9q31.3 C/G 0.552/0.448 rs17379 Xq26.2 G/A 0.540/0.460
15237 9q34.1 A/G 0.550/0.450 rs17407 Xq27.2 G/A 0.820/0.180
1s241 10g22.3 A/C 0.567/0.433

requirements: to be silent (i.e., present on the DNA sequence but
not expressed), to be located inside non-coding regions, to be at
least 2 Mbp apart, to be as discriminatory as possible with allele
frequencies ranging between 0.2 and 0.8, and to have complete se-
quence information on the regions flanking the target site available
for PCR design. In fine the physical distances sharing loci on the
same chromosome ranged between 2,3 Mbp and 226 Mbp.

We evaluated 5 SNPs located on the X chromosome with avail-
able information (Table 1) as markers for forensic and anthropology
studies (13). The X-SNPs were selected from the ones reported as
dimorphic with frequencies of about 50% (14).

DNA specimens collected from 21 unrelated French trios (father,
mother and son) with independent evidence of paternity inclusion
and 3 exclusion cases (unrelated individual, mother and son) were
used for autosomal SNP analysis. The parental relationship between
typed individuals had been previously proven or excluded by the
currently used STR method. We studied X chromosome SNPs of
120 unrelated French men and 28 unrelated French women in order
to evaluate their frequencies and information content in a French
representative population.

DNA was purified from blood samples stored on FTA®-treated
matrix (Whatman BioScience Ltd). PCR was performed in single
reactions on 1.2 mm FTA® cardpunches after 3 washings with
the manufacturer recommended FTA purification reagent, and 2
washings with TE light buffer (10 mM Tris-HCI pH 8 buffer and
0.1 mM EDTA).

Primers (18 to 22-base oligonucleotides) were designed accord-
ing to the DNA sequence flanking the target SNP sites. Primers were
designed so that the amplicons ranged in size from 50 to 200 base
pairs with the OLIGO-4.0-s software (http://www.oligo.net/). Each
target DNA fragment was tested in singleplex PCR and Big Dye
Terminator™ reactions (Applied Biosystems) followed by capil-
lary electrophoresis on an ABI 3100™ analyzer (Applied Biosys-
tems) with primers outside those for final PCR and PEX reactions
(200 to 300 bp fragments). This allowed us to verify the SNP nature,
its flanking sequences and the primer hybridization region.

All primers were selected to have theoretical melting temper-
atures of 56 to 58°C, a purine:pyrimidine content close to 1:1
when possible, and no or low strength secondary structures (AG >
—6kcal/mol). Primer pairs were tested for primer-dimer interac-

tions, and their sequences were checked to avoid similarities with
repetitive sequences or with other loci in the genome. HPLC puri-
fied primers for amplification were purchased from MWG Biotech.

DNA template on 1.2mm FTA® cardpunch (Whatman Bio-
Science) was amplified by PCR in a 30 uL reaction volume
containing 1X Magnesium free reaction buffer; 2mM MgCl,;
200 uM each dNTP; 0.32 uM each amplification primer; 0.5 unit
DNA Polymerase under the following conditions: enzyme activa-
tion for 15 min at 95°C followed by 35 cycles (95°C-30 sec; 51°C—
45 sec; 72°C-30 sec) and 2 min at 72°C final elongation step. All
PCR reactions as well as the analysis steps were repeated three
times in order to confirm the reproducibility of the results. Fol-
lowing amplification, the products were observed under UV light
after electrophoresis in a 3% standard agarose ethidium bromide
containing gel in 1X TBE buffer (89 mM Tris base, 89 mM boric
acid, 2 mM EDTA, pH 8.3).

The final setup of the multiplex PCR amplification included
1,2 mm DNA containing FTA® cardpunch (Whatman BioScience)
in a 30 pL reaction volume containing 1X Magnesium free reaction
buffer; 3 mM MgCl,; 200 uM each dNTP; 0.2-0.4 uM each ampli-
fication primer; 1 unit DNA Polymerase. Each PCR was optimized
to yield 6 to 10 equilibrated autosomal SNP containing fragments.
Fragments containing SNPs on the X chromosome were studied in
separate single PCR and PEX reactions.

All DNA amplifications were performed in a GeneAmp 9600
thermal cycler (Perkin-Elmer) using the following program: en-
zyme activation and denaturation for 15 min at 95°C followed by
35 cycles (95°C-30 sec; 51°C—45 sec; 72°C-30 sec) and 2 min at
72°C final elongation step. The primer concentrations in the multi-
plex reaction were adjusted in order to obtain equal amounts of each
PCR product. The primer concentrations ranged from 0.2 to 0.4 pM.

PCR products were purified with magnetic bead DNA purifi-
cation system Genopure™ ds (Bruker Daltonics) according to
the manufacturer’s recommendations and eluted in 10 uL elution
buffer.

Primers for SNP detection were designed with the 3’ base cor-
responding to the last base before the possible polymorphism. The
sequences of the primers were checked for the possibility of primer-
dimer and hairpin formation and investigated in self-extension
reactions (negative controls). In order to give better discrimination



PETKOVSKI ET AL. e SNPs AND MALDI-TOF FOR FORENSIC DNA TYPING 3

TABLE 2—FExample of a triPEX design. 3 SNPs are to be detected by the 3 detection primers (rs228047, rs1674139 and rs234). In Table 2a are summarized
SNPs, their 3' flanking sequences and that of the dNTPs and ddNTPs necessary to the PEX reaction. In Table 2b are summarized potential products of the
PEX reaction and their masses classified in ascending order. The column “code” summarizes the annotations used in Fig. I in order to simplify it.

(2a)

SNP Primer S + SNP + 3’ Flanking Region Nucleotides in PEX Reaction
rs228047 5’-CGCACCCCGCAGACCT-3'-R-ttgga dG, ddT, ddA
rs1674139 5'-GAGCTGACTTGCCGCC-3'-R-ggatt dG, ddA
1s234 5'-ATGTGGCAGAGACTGAAT-3'-R-aaggg dG, ddA
(2b)
Product/Allele Product Sequence Product Mass Code
rs228047 CGCACCCCGCAGACCT 4772 Da 1
rs1674139 GAGCTGACTTGCCGCC 4858 Da 2
rs228047-A CGCACCCCGCAGACCTddA 5085 Da la
rs1674139-A GAGCTGACTTGCCGCCddA 5171 Da 2a
rs228047-G CGCACCCCGCAGACCTAGddT 5406 Da 1b
rs234 ATGTGGCAGAGACTGAAT 5588 Da 3
rs234-A ATGTGGCAGAGACTGAATddA 5901 Da 3a
rs1674139-G GAGCTGACTTGCCGCCdGdGdGdd 6159 Da 2b
rs234-G ATGTGGCAGAGACTGAATdGddA 6230 Da 3b

between the different PEX products we wished to increase the mass
range of the extended primers. This was done by incorporating
within the PEX media nonlabelled ddNTPs complementary to the
nucleotide corresponding to one allele of the SNP and to the first 3’
position following the SNP, and nonlabelled dNTP complementary
to the nucleotide corresponding to the other SNP allele.

Two pL of purified PCR product were used for the PEX reac-
tion. Ten pL PEX medium was optimized for the extension of all
target detection primers with 1X Magnesium free reaction buffer
C (Solis BioDyne®); 10 mM MgCl,(Solis BioDyne®); 200 uM
appropriate ANTP and ddNTP; 1 uM each detection primer; 1 unit
ThermiPol DNA Polymerase (Solis BioDyne®) in 35 cycles (95°C—
10 sec; 50°C-30sec; 72°C-30sec) and 2 min at 72°C final elonga-
tion step.

The composition of the final medium varied according to the
nature of the target SNPs, their 3’ flanking sequence and the number
of SNPs to be detected per multiplexed reaction (cf example in
Table 2). Each PEX was designed to detect simultaneously 3—4
SNPs with no interference from dNTPs and ddNTPs.

PEX products were desalted and purified with magnetic bead
DNA purification system Genopure™ oligo (Bruker Daltonics)
according to the manufacturers recommendations and eluted in 5 pL.
elution buffer.

One uL eluted product was deposited on an Anchor-Chip™
(384400 um) (Bruker Daltonics) with 1uL matrix according
to the dried droplet method. For analytes having mass greater
than 3,5kDa, we used 3-HPA (3-hydroxy-picolinic acid 10 g/L,
di-ammonium-hydrogen-citrate 2 g/L)) as matrix. Once dried at
room temperature for 15 min, the samples were analyzed on an
Ultraflex™ (Bruker Daltonics) instrument in linear positive mode.
Calibration was performed with the primers present in negative
control samples.

Divergence from Hardy-Weinberg expectations and linkage dis-
equilibria across loci located on the same chromosome were tested
thanks to a publicly available program based on a Markov chain
method (15), the downloadable DOS version of the Genepop pro-
gram (http://wbiomed.curtin.edu.au/genepop/). The Markov chain
parameters were set to 1000 dememorizations, 1000 batches and
5000 iterations per batch for all tests, in order for the standard error
(S.E.) of the estimates to be beneath 0,001.

In order to study the sensitivity of the SNPs typing method,
we have tested the by now developed multiplex reactions on hair
samples which yielded no complete STR profile.

Results

We found that the best target amplification results were obtained
by increasing the concentration to 3 mM MgCl,. Higher concentra-
tions either inhibited the amplification or led to non-specific ampli-
fication (data not shown), while lower concentrations unbalanced
the product yield. The results that we obtained were reproducible.

The magnetic bead DNA purification system Genopure™ ds was
very convenient as it led to the absence of ANTP or primer excess,
and thus prevented interference with downstream steps such as PEX
or sequencing with Big Dye Terminator™ kit.

Figure 1 shows representative mass spectra of 3 autosomal SNPs
in a paternity case. The 36 biallelic loci located on autosomes were
successfully typed with minimal background signal. Heterozygous
genotypes displayed peaks of roughly equal intensities at the ex-
pected time of flight points.

All the autosomal biallelic markers presented dimorphism and
independent assortment (Tables 3 and 4). The calculated level of
polymorphism of the studied population is 100%, the heterozygos-
ity per locus ranged between 0.13 and 0.5 whereas the average
heterozygosity of all loci was 0.46. No deviations from Hardy-
Weinberg equilibrium were observed (p > 0.05) except for the
locus rs754 (Table 3), which diverged significantly from expecta-
tions. Furthermore, the observed allelic frequencies for this locus
did not correspond to the previously retained selection criteria.

Statistical linkage analysis suggested no linkage disequilibria
(p > 0.05) among loci located on the same chromosome except for
2 pairs (rs2260/rs725 and rs18010/rs811). These 2 loci pairs showed
a p value under 0.05 due to a population size bias, as children
genotypes were not taken into account for these calculations, but
presented no evidence of linkage disequilibria.

They showed no mutation through generations and confirmed
the parentage relationships previously demonstrated by the STR
method (cf example in Table 5). Reproducibility was tested, and
consistent results were obtained by typing each SNP three times
by MALDI-TOF MS for every DNA sample. In each experiment
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FIG. 1—Example of spectra obtained by the analysis of 3 SNPs in a triPEX reaction. The peak annotations are summarized in Table 2b, column “code.”

a sample whose SNP profile had been determined by sequencing
was included as a positive control and agreement of results was
obtained in all cases.

The 5 X-Chromosome SNPs were all polymorphic with ob-
served frequencies in concordance with selection criteria. Statis-
tical linkage analysis (Table 4) suggested no linkage disequilibria
(p > 0.05). Typing 120 hemizygous Frenchmen with these mark-
ers yielded 29 different profiles, whereas the 28 unrelated women
were characterized by 23 different profiles due to dizygosity.

Typing hair samples on which no complete STR profile was
obtained gave encouraging results as it allowed obtaining an 18 SNP
profile (data not shown). The number of tested markers was limited
by the multiplex format. Indeed, for the time being PCR reactions

amplify 6 to 10 target SNP containing fragment. Enlarging the
multiplex format will increase the success rate on difficult samples.

Discussion

In this study, we have evaluated the typing and the informa-
tion content of a panel of SNPs by primer extension and Ma-
trix Assisted Laser Desorption Ionization Time-of-Flight Mass
Spectrometry for forensic studies and potentially for anthropo-
logical investigations. The combination of single-point genomic
markers detectable from minute amounts of DNA or degraded
DNA, with specific multiplexed PEX detection and very sensi-
tive, precise and rapid MALDI-TOF analysis brings a powerful

TABLE 3—Observed allele frequencies, p-values for Hardy Weinberg equilibrium and heterozygosities for the 41 selected SNPs.

Locus Alleles Frequencies p-Value Heterozygosity Locus Alleles Frequencies p-Value Heterozygosity
rs1020636 C/T 0.438/0.562 0.2339 0.492312 1s243 C/T 0.480/0.520 0.4969 0.4992
1s222 C/T 0.276/0.724 0.2487 0.399648 1s544021 C/G 0.368/0.632 0.8053 0.465152
rs227 A/G 0.388/0.612 0.0525 0.474912 1s882937 A/G 0.414/0.586 0.6419 0.485208
1s228 C/T 0.842/0.158 0.1935 0.266072 151793286 A/T 0.414/0.586 1 0.485208
1s1551995 C/T 0.534/0.466 1 0.497688 rs1801046 C/T 0.697/0.303 0.7865 0.422382
rs225 C/G 0.605/0.395 0.475 0.47795 rs2123 A/G 0.289/0.711 0.7803 0.410958
15230 A/G 0.474/0.526 0.8175 0.498648 1s811 A/G 0.730/0.270 1 0.3942
15724784 A/C 0.546/0.454 0.4964 0.495768 1s1924609 C/T 0.309/0.691 0.5987 0.427038
rs889012 A/C 0.408/0.592 0.056 0.483072 rs6118 C/T 0.928/0.072 1 0.133632
1s3792774 A/G 0.322/0.678 0.2945 0.436632 151053874 A/G 0.336/0.664 0.2072 0.446208
rs614570 C/T 0.579/0.421 0.8157 0.487518 1s820129 A/G 0.684/0.316 0.5944 0.432288
1s910170 C/T 0.684/0.316 0.7949 0.432288 15276922 A/C 0.500/0.500 0.6504 0.5
1s997556 C/T 0.354/0.646 0.4387 0.457368 151674139 C/T 0.559/0.441 0.49 0.493038
12260 C/T 0.441/0.559 0.642 0.493038 15754 A/G 0.882/0.118 0.0074 0.208152
rs234 C/T 0.559/0.441 0.1059 0.493038 1s228047 C/T 0.533/0.467 0.1651 0.497822
1s725 A/G 0.632/0.368 1 0.465152 15618 A/G 0.532/0.468 0.3422 0.497952
rs1039854 C/T 0.572/0.428 0.6409 0.489632 1516282 C/T 0.235/0.765 0.1651 0.35955
1s874746 A/C 0.664/0.336 0.7927 0.446208 18616 C/T 0.505/0.495 0.3458 0.49995
1240 C/G 0.612/0.388 0.6296 0.474912 1s17379 A/G 0.548/0.452 0.3289 0.495392
1s237 A/G 0.579/0.421 0.3461 0.487518 rs17407 A/G 0.611/0.389 1 0.475358
rs241 A/C 0.467/0.533 0.3548 0.497822
Average heterozygosity for autosomal loci 0.4458
Average heterozygosity for X-loci 0.4656
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TABLE 4—Statistical estimates of linkage disequilibria among SNP loci located on the same chromosome. The p-values lower
than 0,05 are highlighted in gray.

Chromosome Loci p-Value Chromosome Loci p-Value
2 rs10206 & rs222 0.9850 9 15240 & rs237 0.8296
3 rs15519 & rs225 0.8939 10 1s241& 15243 0.9243
3 rs227 & rs15519 0.3341 11 1554402 & rs17932 0.9474
3 18227 & 18225 0.9021 11 1s54402 & rs88293 0.3279
3 18227 & 15228 0.3005 11 rs88293 & 1517932 0.3850
3 rs228 & rs15519 0.9252 12 rs18010 & rs2123 0.4699
3 rs228 & rs225 0.4208 12 rs18010 & rs811 0.0114
5 1872478 & rs37927 0.0728 12 1s2123 & rs811 0.8445
5 1872478 & 1588901 0.5350 X 15618 & 1516282 0.55454
5 rs88901 & rs37927 0.6969 X 15618 & 15616 0.07509
6 1861457 & rs91017 0.2969 X 1s16282 & 15616 0.77089
7 1$2260 & 15234 0.1166 X 1s618 & rs17379 0.91078
7 182260 & 15725 0.0082 X rs16282 & rs17379 0.44498
7 1$234 & 18725 0.5828 X 1s616 & rs17379 0.50707
7 rs99755 & 152260 0.7576 X 15618 & rs17407 0.18628
7 1899755 & 15234 0.9806 X rs16282 & rs17407 0.92234
7 1599755 & rs725 0.8466 X 15616 & rs17407 0.67171
8 1510398 & rs87474 0.1328 X 1s17379 & rs17407 0.24060

TABLE 5—FExample of results obtained from the analysis of autosomal markers in 6 individuals belonging to 2 unrelated paternity cases. Case A is an
inclusion and case B exclusion. Genotypes for only 18 SNPs are represented here, but data were obtained and analyzed for all selected markers. Of the
24 paternity trios tested, 3 were exclusionary showing at least 5 markers inconsistent with paternity or identity (highlighted in gray). Here, G stands for
guanine, C for cytosine, A for adenine, T for thymine. Heterozygous genotypes are represented by the generic IUB codes, where M stands for A and C,
Y for C and T, R for A and G and W for A and T. The probability of paternity (W) for the alleged father given the mother/son duo and is calculated by
modifying the formulae used for STR analysis interpretation (29); DC stands for decimal code. Both values were obtained with results of 35 loci.

Mother A Child A Alleged Father A Mother B Child B Alleged Father B
rs1020636 T T T C C Y
1222 C C C Y T C
15227 R R R G G R
15228 C C C C C Y
1s1551995 T T Y Y C T
15230 R A A R R R
15889012 M M C M C C
1s614570 C C Y T Y C
1s910170 Y Y C C C C
1s997556 Y Y T T Y C
12260 Y T T Y T T
rs234 C Y T Y Y T
15725 A R G A R A
rs1039854 C Y Y Y Y C
15874746 M A A M M M
15240 S C S G G C
15237 R A A A R G
15241 C C M M A A
TIC 29026382945785 28957718903931 29568694459502 85234779193672 50638423245972 1327897181717
400 700 700 400 600 46000

W Case A 99,9997149% Case B 0%

method of DNA investigation for forensic and anthropological
applications.

The selected autosomal markers gave clear results in paternity
investigation except for rs754, which was excluded from down-
stream calculations (Table 5). All X-SNPs were shown to be useful
paternity and identification markers.

In order to simplify and evaluate the results, the autosomal SNP
data can be reduced to numerical information (16). By this method
the following encoding scheme is used: genotype 0 (< AA) cor-
responds to “homozygous with the allele of higher frequency,”
“homozygous with the allele of lower frequency” is designated as
1 (& aa), and “heterozygous” as 2 (< Aa). Thus genotyping a
set of SNP markers produces a unique ternary identification code
(TIC) for an individual, with each digit of the code representing the

genotype at a specific marker. This ternary code can be easily trans-
formed into a decimal number, which is simple to store (Table 5).
Each decimal code is unique (except in the case of monozygotic
twins) and allows a rapid and extremely simple genetic profile
comparison. Our results corroborate the polymorphism of the 36
selected autosomal markers, their independent inheritance and their
ability to provide individual specific genetic profiles. However, an
enlargement of the DNA sample number would be necessary in
order to assess the specificity of the profiles that we have obtained.
Ternary encoding of genotype data, whose effectiveness for the
straightforward identification of individuals is demonstrated here,
should be compatible with any SNP analysis platform.

Numerical evaluation (Table 5) of the data was carried out using
an adaptation of formulae applied to other investigation systems,
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(17) together with the selected SNP frequencies observed in this
study. In this paper we excluded the presence of null alleles, as all
analysis reactions as well as sequencing fragments containing the
amplification primer binding sites and the PEX analysis, repeated
in triplicate, brought the same and concordant results. As in most
genetic identification labs, we deemed that an incompatible result
at one locus might occur as the result of a mutation, or due to
the presence of a null allele, whereas more than 3 exclusionary
loci (PI=0) should be enough to prove a non-paternity (18). The
individual PIs allow the calculation of the cumulative probability
of paternity (W) by the same formulae used in other investigations
(17). The calculated W’s in the studied paternity cases all exceeded
values of 99.99% with a panel of only 35 markers (the marker
rs 754 presenting no Hardy Weinberg equilibrium and showing
a lower allelic frequency less than 0.2 was excluded from these
calculations) (Table 5). Increasing this panel to about 50 unlinked
loci should provide W values comparable to the ones obtained by
existing STR multiplexes (12).

Following the same simplification scheme as the one used for
autosomal markers, the haplotypes of the X chromosomal SNPs
can be translated into a binary identification code. Therefore each
male individual would be characterized by an autosomal TIC and
a sex-chromosomal BIC (X and Y chromosomal loci), whereas a
woman could be designated by a unique TIC (incorporating both
autosomal and X chromosomal loci). Stable and independent inher-
itance has also been observed in studies of X-SNPs, so that they can
therefore be assessed as useful in genetic identification despite their
sex-linked imbalance (13). This last feature may be an advantage,
knowing that a daughter has to inherit her father’s X-chromosome.

The above demonstrates the potential of X chromosome mark-
ers for solving some of the problems that may be encountered in
forensic investigation. Technically, the implementation of X chro-
mosome marker testing in forensic practice should not pose any
insurmountable problems. However, although plentiful data are al-
ready available, the quantification of linkage disequilibria between
X chromosome markers requires further intense research efforts.

Primer extension (19) for SNP analysis involves annealing a
primer to a template PCR amplicon immediately downstream of
an SNP position, and its extension by specifically incorporating
nucleotides that are complementary to those contained in the PCR
template immediately adjacent to the primer position. The major
advantage of this technique is that the distinction between the vari-
ants is based on the high accuracy of the incorporated nucleotides
rather than on differences in thermal stability between matched and
mismatched probes. PEX assays give rise to allele-specific products
that can be separated according to their intrinsic differences in mass
without any labeling. This allows excellent discrimination between
the homozygous and heterozygous genotypes and the assays are
robust and tolerant of small variations in the reaction conditions.
In other words the technique provides more robust signal-to-noise
ratios when compared to other methods (20-22).

MALDI-TOF MS based approaches using PEX have been devel-
oped (22,23) in which extended primers are purified and detected
by mass; the identity of the polymorph nucleotide is determined
by measuring the mass of the extended primer, which is detected
at a m/z value specific to the nucleotides added in the extension
reaction. The majority of PEX products being monoprotonated, the
observed value is virtually m. Minisequencing has become the most
widely used MALDI-TOF MS based method for SNP analysis, and
it has been successfully applied to the genotyping of SNPs located
in biologically important genes (24,25). As the allele assignment
is deduced from the intrinsic molecular mass of the products, the
results are not influenced by external reaction conditions. The high

levels of throughput that can be achieved for SNP genotyping in an
automated MALDI-TOF MS system have been demonstrated (26).

One drawback of the original minisequencing approach is that
the small mass differences between the ddNTPs (as little as 9 Da)
that are incorporated in the extension reaction require pure ex-
tension products and high instrumental mass resolution to detect
heterozygous genotypes accurately. Therefore we chose to apply a
variation of the PEX reaction leading to a better discrimination be-
tween the extended primers: we incorporated nonlabelled ddNTPs
complementary to the nucleotide corresponding to one allele of the
SNP and to the first 3’ position following the SNP, and nonlabelled
dNTP complementary to the nucleotide corresponding to the other
SNP allele. This led to a time of flight separation not only accord-
ing to the character of PEX products but also according to their
lengths (27). This last technique avoids labeling and enzymatic
shortening (28,29) of the products as it allows working in a higher
range of masses, and the sensitivity necessary to distinguish be-
tween alleles is lowered. Primers of different lengths can be used in
combination with mixtures of ANTP and ddNTPs designed to yield
allele-specific primer extension products with clear differences in
their molecular mass. This variant of the classical PEX reaction
has also an advantage in specificity over other modified-PEX based
methodologies. Indeed, it relies on the detection of both alleles,
unlike allele dependent extension (30) where only one allele of a
locus is physically detected per reaction, which implies genotype
deduction or requires double reactions per locus corresponding to
the 2 alleles.

The main disadvantages are the high prices of the instruments,
and the “multi-step” procedures including purifications, as a lim-
itation of MALDI-TOF is that PEX products must be rigorously
desalted before measurement to avoid background.

The high throughput that is possible for SNP genotyping in an
automated MALDI-TOF MS system has been demonstrated (31),
and the major challenge in application of this method to forensic
casework lies in multiplexing amplification and detection reactions.
Although the method would allow analyzing a set of 50 SNPs per
sample in very short time, generally forensic samples do not en-
close enough template-DNA for 50 PCR reactions. Furthermore,
the management of 50 PCRs followed by 50 PEXs par sample is
very onerous, requiring significant expenditure of both consum-
ables and time, and is error and contamination sensitive. The assay
can be multiplexed if the PEX products for each SNP have non-
overlapping mass distributions.

The multiplex PCR SNP typing format presented here seems to
be useful for forensic and anthropological investigations because
small amounts of DNA and degraded DNA templates can be reliably
typed. The chosen set of markers is not our final SNP set. Indeed,
the SNP number has to be increased to 50 and the new markers have
to be compatible with the already developed multiplexes regarding
linkage disequilibria among markers and reaction setup.

These further selected markers must also be validated on a large
sample set. Other necessary future steps development includes au-
tomation of detection and development of specific software for pro-
file to sample attribution, adaptable to routine and high throughput
forensic and anthropological work.

Note

In the manuscript above, 36 autosomal and 5X SNPs are eval-
uated as markers for forensic paternity testing and anthropology.
Today, the studied panel has grown to 51 unlinked and informative
autosomal SNPs analyzed by primer extension and MALDI-TOF
MS, which raised the probabilities of paternity above 99,99999%
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for the studied paternity trios. The completion of this final set
included adding a sex dependent polymorphic locus and replac-
ing markers that showed divergences from Hardy Weinberg equil-
ibrium.
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