
89

Development of New STRs for Forensic Casework: Criteria for Selection, Sequencing &
Population Data and Forensic Validation

Angel Carracedo and M.V. Lareu
Institute of Legal Medicine. University of Santiago de Compostela, Spain

½¾½¾½¾½¾½¾½¾½¾½¾½¾½¾½¾½¾½¾½¾½¾

1. INTRODUCTION

     STRs are currently the markers which are most
commonly used for Forensic purposes and they are likely
to continue being widely used in the forthcoming years.
But, do we really need more STRs?

     There are advantages and disadvantages in deciding to
explore new STRs for forensic casework. On the one
hand, the STRs which are currently used are probably not
the best ones since many of them were proposed when
knowledge on this subject was in its early stages. On the
other hand criminal databases are being established in
many countries with prefixed STRs and National QC and
accreditation systems can not handle the never ending
number of markers.

     When we decided to explore new STRs this was
mainly due to our belief that now STRs were really
necessary for specific forensic purposes.

     The general criteria for selecting STRs include
characteristics such as high heterozygosity, low stutter,
few and low extra-peaks, robustness, easy multiplexing
and a low mutation rate, but the importance of these
criteria depends on the specific forensic purposes. For
instance low mutation rate STRs are important for
paternity testing but not so important for stain analysis.
There are at least three types of STRs especially needed in
the forensic world:

1. Short STRs for typing degraded materials
2. STRs with low stuttering characteristics for analyzing

mixtures
3. Y chromosome STRs for analyzing male-female

mixtures especially in sexual crimes

2. SELECTION OF STRS

     Short tandem repeats are widely distributed throughout
the human genome, occurring with a frequency of 1 locus
every 6-10 kb (l). Although STRs are composed of
tandemly repeated sequences of 1 to 6 bases in length,
tetranucleotide and pentanucleotide repeats are preferred
by forensic scientists due to their low stutter
characteristics.

     Polymorphic tetranucleotide repeats are common in
thc human genome and therefore as a first step in our
selection process a survey in genome databases including
Genbank, CHLC and EMBL was carried out using, a
heterozygosity of over 75% and the possibility of
designing common amplification conditions as criteria for
selection. So, 40 STRs were selected.

     50 samples were amplified for these 40 STRs and a
further selection was carried out taking the real hetero-
zygosity, and the robutsness for common amplification
conditions into consideration. It is interesting to comment
that the published heterozygosity for all 40 systems
according to the genome databases was 20% lower than
the observed heterozygosity, and in some STRs was really
critical, going from a published rate of 90% to a real rate
lower than 60%. This could be in part due to the low
variation of the population used in our study, the Galician
population which is located on the westernmost edge of
continental Europe. This low variation is also reflected in
other STRs and in mtDNA.

     After this second step a total of 11 STRs were selected
for a more detailed study. The selected systems are shown
in Figure 1. All of them were teranucleotide repeats and
most of them were detected using GATA probes.

     The primers used in this study are shown in Figure 2.
Most of them are the primers already described and only a
few were modified in order to use common amplification
and sequencing conditions. PCR and sequencing
conditions are shown in Figure 3.

     A population genetic study was performed in 70 to 160
unrelated individuals from Galicia for each of the eleven
STRs. Samples were typed by comparison with ladders
made up of a cocktail of samples containing most of the
alleles observed for each system.

     Fig. 4 summarizes the characteristics of the systems.
Their size ranges from 100 to 350 bp, the number of
observed alleles from 7 to 20, and the heterozygosity from
0.69 to 0.90 with a discrimination power of over 0.9. The
discrimination power of each individual system is over
90% in most of these STRs.
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     Because of their high heterozygosity and ideal
characteristics, 6 systems were selected for a further
study. These systems are D1S1656, D6S477, D9S302,
D12S391, D18S535 and D22S683. All of them have high
heterozygosities, they are robust, they can be easily
included in multiplexes and in addition some of them
have low stutter characteristics.

     Our aim was then to sequence the observed alleles in
order to find out about the structure of each system, the
production of sequenced allelic ladders, and the
performance of population and validation studies.

3. SEQUENCING DATA OF SELECTED STRS

     All the observed alleles, including many common
alleles of the same length were sequenced and the
corresponding nomenclature was established according to
the recommendations of the DNA Commission of the
ISFH (2).

     STRs range from very simple ones to very complex
ones. Among the selected systems we found almost all
varieties of STRs, from simple STRs such as the
D18S535 to complex ones such as the D9S302 system.

     The sequence structure of the different systems is
shown in Figure 5 to Figure 10

     D1S1656 is a compound STR with the basic sequence
structure shown in Figure 5. (TAGA)n repeats form the
basis of the system. Only the shortest alleles do not
contain a tetranucleotide (TAGG) at the end of the array.
Allele 12 may or may not show the (TAGG) unit. From
allele 15, intermediate .3 alleles are observed due to a
(TGA) insertion in the middle of the (TAGA) units.

     The sequence structure of D6S477 is shown in Figure
6. Regular D6S477 alleles consist of (TCTA)n repeats.
Intermediate .2 alleles show only one (TA) repeat instead
of the 2 (TA) repeats observed in regular alleles. This is a
very interesting STR for understanding the origin of
variation in STRs. It is also a very robust system although
the heterozygosity is slightly lower than 80% in
Galicians.

     D9S302 is a complex STR. Its sequence structure is
shown in Fig 7. The complexity of this system is intricate,
therefore it is difficult to represent the whole variation of
the system. The polymorphism of this system consists of
variations of (ATCT) n units separated by different
motifs. This originates 17 different alleles and a
heterozygosity of over 90% in Caucasians.

     D12S391 is a compound STR consisting of (AGAT)
and (AGAC) repents. The basic structure of this STR is
shown in Fig 8. Up to now 15 different allelic groups
were found. The shortest alleles (from allele number 15 to
number 18) have variations in the (AGAT) repeat unit
exclusively, whereas the rest of the sequence is constant.
The intermediate .3 alleles are originated due to the
presence of one (GAT) unit between the (AGAT) repeats.
The complexity of this system increases in larger alleles
with variation in the number of both (AGAT) and
(AGAC) motifs. Additional variation in the largest allele
(from number 20 to number 26) occurs due to the
presence or absence of an AGAT unit at the end of the
tandem array.

     D18S535 is the simplest allele of this group and it is
composed of (GATA)n repeats. The basic structure of this
STR is shown in Figure 9. In the Galician population we
found eight common alleles differing in the number of
(GATA) repeats. We haven't found any intermediate
alleles up to now. This system is a short and robust STR
with very low stutter characteristics.

     D22S683 is a compound STR consisting of (TATC)n
and (TA)n repeats (Figure 10). A variable number of
(TA)n repeats inserted within the (TATAC) units
originates regular and .2 alleles in most of the allelic
classes. In addition some rare .3 alleles were observed due
to the insertion of an (ATC) in the variable (TACT)n part.
D22S683 has shown to have an extremely low percentage
of stutters, lower than all the tetranucleotides that we are
using in casework.

4. POPULATION STUDIES

     Allelic ladders were constructed using regularly
spaced sequenced alleles and the corresponding popula-
tion studies performed in the population of Galicia (NW
Spain). Heterozygosities are over 0.8 in most of the popu-
lations studied until now (Figure 11) but more population
studies are needed to know the distribution of these STRs
in human populations. D12S391 and D1S1656 have been
further studied by our group and other groups and
therefore more population data is available. These two
systems have similar heterozygosities (around 0.9) in all
the population groups studied with some variation in the
distribution of frequencies in the main population groups,
but with very similar profiles in Caucasians. All the
populations studied up to now for these STRs were found
to be in Hardy-Weinberg equilibrium. In addition these
STRs were shown to be independent of each other in all
the studies performed.



Development of New STRs for Forensic Casework: Criteria for Selection,
Sequencing & Population Data and Forensic Validation

91

5. MUTATION RATE

     The number of meiosis studied is too low to make
conclusions about the mutation rate of the majority of
these STRs. Up until now (Figure 12) we have observed 3
mutations for the D12S391 locus and 1 mutation in the
D1S1696 locus, given that the former has a mutation rate
of 0.21 and the latter 0.16. A similar mutation rate was
observed for D12S391 in the study performed by
Brinkmann et al. (3). As it happens, in the latter study the
mutation event was repeat related owing to a single-step
mutation. If we use the model developed in the
aforementioned study correlating the mutation rate and
the geometric mean of the repeat length we can expect a
rate between 0.1 and 0.4% for our six systems.

6. STABILITY IN DEGRADED SAMPLES

     It has been shown in a previous study performed by
our group (4), that there is a direct relationship between
the average size of each PCR system and positive results
when typing series of degraded samples. We are currently
performing studies on the stability of these markers in
degraded samples. Preliminary studies are showing, as
expected, that stability is directly related to size and very
good results are being obtained for the shorter systems
(D18S535 and D1S1656). For this reason, we are
currently looking for alternative primers for some of these
systems. D12S391 and D6S477 can be reduced 100 bp in
size using new primers.

7. ARTIFACTUAL BANDS AND STUTTERS

     Apart from stutters, only insignificant artifactual bands
were observed in all of these STRs.  A stutter is character-
istically 1 repeat unit or 4bp less than its associated alleles
and is mainly caused by slippage of the Taq enzyme
during the amplification process. The proportion of the
stutter product relative to the main allele (percent stutter)
is measured by dividing the height of the stutter peak by
the height of the main allele peak. The calculation of the
percentage of stutter for each individual system is
important in forensic genetics for the establishment of
guidelines for automation and especially for analyzing
mixtures. Many factors influence the percentage of the
stutter. These factors include the characteristics of the
system itself, but also the PCR conditions and reagents
and factors determining stringency during the post-PCR
and pre-electrophoresis handling of samples (5).
Furthermore, the method for estimating the peak area also
influences the final result.

     We have measured hundreds of samples using
common standard procedures (and using standard Taq)
and we have observed results similar to other published

results (5, 6). D18S535 and D22S683 show a percent
stutter lower than the other STRs used in our lab (Figure
13), even better than other tetranucleotides such as TH01
and FES which are known to have good stuttering
characteristics. As a result these two systems (Figure 14)
were, the ones which had a lower stutter percentage and
they were therefore classified as systems with low
stuttering characteristics, D6S477 and D1S1656 were
included in the group of systems with medium stuttering
characteristics together with others such as FIBRA or
D21S11. Finally D12S391 has a high percent stutter and it
was included in the group of high stutter characteristics
together with SE33 or VWA31/A but D12 behaved better
than these two systems.

     Each allele within a locus displays a percent stutter
that is quite reproducible. The average standard deviation
ranges from 0.3 to 0.9. This parameter is of crucial
importance for the evaluation of mixed samples.

8. BAND SHIFT ANALYSIS

     It has recently been shown by Gill et al. (7) that it is
possible to detect single base-pair differences between
samples by using measurements of band shift, relative to
allelic ladders run on the same gel, something like a
"floating window method". The size of each STR band
detected in an amplified sample is compared with the
closest equivalent ladder band size and, in addition, the
absolute shift from the appropriate ladder band to each
pair of STR bands is also calculated. Alleles are
designated where the differences in band size are within
0.5 bp and the absolute shift is no more than 0.5 bp.
Intermediate alleles can be determined accurately by
following this rule but not all STRs behave well on this
regard, as the mobility of the strands can be strongly
influenced even in denaturing conditions by factors such
as slight differences in the AC/TG proportions (8).
Therefore, checking for band shift analysis is necessary.
All the systems included in this study have been shown to
behave well and therefore the (0.5 bp rule is applicable in
all these systems (9).

9. VALIDATION

     Validation studies following similar parameters to
those recommended by TWGDAM were carried out.
These include robustness, stability, mixtures, non-human
studies, mutation rate and checking for independence with
other loci. In our opinion the final validation of a system
cannot be carried out by individual groups and companies
and should always be performed by an internationally
established validation group. In Europe a final assessment
and intercomparison exercises are usually performed by
the EDNAP group, a working group of the ISFH.
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     D12S391 and D1S1656 were tested in the 1997
exercises performed by the group (10). Both of these
systems showed excellent reproducibility between labs. In
the D12S391 system a rare 18.3 allele was erroneously
scored as 19 by three labs. On further analysis using the
0.5 bp rule, the correct designation was obtained. This
exercise emphasized the importance of using the criteria
described and the importance of achieving standards in
the labs for the detection of alleles varying by 1 bp.

10. DISSEMINATION OF RESULTS.
PUBLICATION OF DATA

     Sequence, validation and population data on these
systems has been published or submitted for publication
(11- 14). Sequenced allelic ladders as well as research
data are freely available to researchers and commercial
companies on request

11. FUTURE DEVELOPMENTS

     In connection with these STRs we aim to complete the
population data for each of these STRs and above all to
design new primers for shortening some of these STRs
and in this way design multiplexes for degraded samples.
At this moment in time we don't intend to develop new
STRs in autosomal STRs but to contribute to the analysis
of the variation in the Y chromosome. In this sense we
have also sequenced most of the STRs in current use in
our laboratory, developed allelic ladders as well as
multiplexes which are now being validated (15).
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Figure 1: STR loci selected in the second step



Development of New STRs for Forensic Casework: Criteria for Selection,
Sequencing & Population Data and Forensic Validation

94

Figure 2: Primers for the STRs selected in the second step
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Figure 3: PCR and sequencing conditions
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Figure 4: Characteristics of the 6 systems selected
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11: Heterozygosity of the systems selected in the different populations
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Figure 12: Number of mutations observed and mutation rate
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Figure 13: Percent stutter and standard deviation for each STR
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Figure 14: Stutter characteristics of some systems used in our laboratory
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Table 3: Paternity Indices

Microsatellites

CSF1PO TH01 TPOX FES F13A01 vWA D13S317 D7S820 D16S539 D6S366 FABP

PI 3.3 4.8 1.8 2 2.4 1.7 4.9 3.6 2 2.5 1.7

PIT 3.3 15.8 28.5 57 137 232 1140 4104 8208 2.0X104 3.4X104

Minisatellites

D1S80 YNH24 TBQ7 EFD52 LH1 MS1 PH30 CEB42

PI 16 5 9.2 5.8 31.2 5 6.2 6.5

PIt 16 80 736 4269 1.3x10
5

6.6x10
5

4.1x10
6

2.6x10
7

PI: paternity Indices
PIt: Accumulative Paternity Indices

Table 4: Cumulative Paternity Indices

Y-Specific STRs Autosomal STRs AmpFLP SLPs Total

PI 33 3.4x104 16 1.7x106 3.2x1013


