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Abstract

To calculate the DNA-profile frequency, it is essential to know the allele distribution frequency in a given population. The study
and determination of the allele frequencies of ten STR loci (SGM plus) in the Polish population served as a basis for assessing the
effect of rare alleles on the statistical interpretation of DNA analysis results and their relation to the National Research Council
Report recommendations. The statistical analysis we carried out showed that low-frequency alleles appear rarely in the multiplex
STR profile, which means that their effect on the final frequency profile is not great. Frequency profiles calculated for the SGM
Plus system with correction for rare alleles, and without correction, are never greater than ca. 1.9 x 107", which shows the great

evidence value that the system provides in crime investigation.
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1. Introduction

Studies using STR markers are currently the most
popular method applied to determining blood-rela-
tions and the origin of organic/biological traces. Mul-
tiplex systems make it possible to determine gender on
the basis of amelogenin (AMG) locus analysis, as well
as genotyping of 7 to 15 STR loci, depending on the
system used. A characteristic feature of these systems

" Population studies were carried out by staff of the Department
of Biology, Central Criminalistics Laboratory, Headquarters
of the Polish Police and Department of Forensic Medicine,
Medical University in Warsaw as part of project 128-270/
C-T00/99. The project was financed by the Polish Govern-
ment Research Committee. The head of the project was Hali-
na Dabrowska M.Sc. and the scientific co-ordinator was
Prof. Andrzej Ptocienniczak.

is their great sensitivity, the amount of information
provided, reliability, repeatability and the fact that
analysis is reduced to only one study process [2].
These advantages have also led to the utilization of
STR loci in national DNA bases [e.g. 6]. In connection
with the above, the examination and determination of
STR locus allele frequencies in the population is of
great significance, as is demonstration that these data,
calculated on the basis of sample population studies,
can be a tool serving to determine probability values
describing the chance of a DNA profile occurring ran-
domly [1, 3]. Owing to the possibility of overestimat-
ing this value, in the 1% Report of the National Re-
search Council in 1992, use of the so-called interim
ceiling principle, or ceiling principle was recommen-
ded. In the first case (interim ceiling principle) use is
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recommended of an allele frequency of at least 0.1,
and in the ceiling principle, 0.05. In the 2™ NRC Re-
port published in 1996, the use of any such thresholds
was no longer recommended [4, 5].

In connection with the above, the authors have at-
tempted to assess the real influence of rare alleles on
the evidential value of expert reports in relation to
a big population sample originating from all over Po-
land. The aim of the study was to investigate, for a very
large data base of genetic profiles, how often low-fre-
quency alleles (i.e. lower than 0.1, 0.05, and 0.01) ap-
pear in multiplex profiles, and how these alleles affect
the final frequency of the genetic profile. Furthermore,
the influence of increasing rare-allele frequency val-
ues to the thresholds given (0.1, 0.05, and 0.01) on the
final frequency of the whole profile was examined.

2. Materials and methods

In this study we used a database of 2233 genetic
profiles obtained using the SGM Plus system. Biologi-
cal material in the form of oral smears was taken from
non-related, anonymous, Caucasian volunteers. In or-
der to obtain a sample representative of the Polish pop-
ulation, donors were sought from the entire national
territory.

All profiles gathered in the database were sub-
jected to tests in order to find out how often alleles of
a frequency less than 0.10, 0.05 and 0.01 appear in
these profiles, and the results were assembled in a table
(Table I). In the next step, the frequencies of the indi-
vidual DNA profiles were calculated. First they were
calculated without any corrections, using the formula
Jf=p x p for homozygotes, f= 2 x p; x p; for heterozy-
gotes, and then with such a correction that, in the case
of the appearance of a rare allele, its frequency was in-
creased to a required threshold (i.e. up to 0.10, 0.05 or
0.01). Finally, the quotient of one frequency (with cor-
rection) divided by the other (without correction) was
calculated; in other words, we checked by how many
times the introduction of the correction increases the
profile’s frequency, or by how many times the evi-
dence-value of the result is decreased by the introduc-
tion of such a correction.

The calculations were carried out using an au-
thor-developed computer program written in Delphi,
and the statistical analysis, using STATGRAPHICS®
Plus 5.0 Professional Edition.

3. Results

In the first stage of the analysis, we tested how
many alleles in the entire multiplex profile of 10 loci,
i.e. 20 alleles, had frequencies below a given thresh-
old. It was ascertained that at a threshold of 0.10,
4.46574 alleles on average had a frequency below that
threshold (SD = 1.81066, minimum = 0, maximum=11).
For a threshold of 0.05, an average of 1.17278 alleles
had a frequency below it (SD=1.17278, minimum =0,
maximum = 6), and for a threshold of 0.01, only
0.241379 alleles on average had a lower frequency
than this threshold (SD = 0.485865, minimum = 0,
maximum = 3). Detailed calculation results are pre-
sented in Table 1.

TABLE I. ANALYSIS OF THE NUMBER OF ALLELES
IN A PROFILE HAVING A FREQUENCY LESS
THAN 0.10, 0.05 AND 0.01 RESPECTIVELY

Number of  Number of profiles which have alleles

alleles with frequency
£<0.10 £<0.05 £<0.01

0 16 488 1749

1 84 734 433

2 214 601 47

3 358 291 4

4 478 87 -

5 468 26 -

6 326 6 -

7 181 - -

8 72 - -

9 26 - -

10 9 - -

11 1 — —

Next, frequencies of all profiles in the database
were calculated without any corrections, as well as
with a correction increasing the frequency of rare al-
leles to the given threshold, i.e. to 0.10, 0.05 and 0.01
respectively. The results of the calculations are pre-
sented below on scatterplots. In Figure 1, frequencies
of profiles are calculated without corrections in rela-
tion to frequencies with correction to 0.10, in Figure 2
to 0.05, and in Figure 3 to 0.01.

Analysis of the results revealed that profile fre-
quencies lie between 2.2 x 102 and 1.9 x 107"". Spe-
cific values are shown in Table II.
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TABLE II. MINIMAL AND MAXIMAL VALUES
OF GENETIC PROFILE FREQUENCIES

Frequency Min frequency  Max frequency
correction
No correction 22 x 102 1.9x 10!
0.10 22x107"° 1.9x 10"
0.05 1.0x 107" 1.9x10™"
0.01 1.5x107" 1.9 x 10
107 4 3
é 1075 3 :
£ 10'20: :

102 107 1070

freq. with no correction

Fig. 1. Comparison of genetic profile frequencies for SGM
Plus. Horizontal axis: profile-frequency values calculated with-
out correction; vertical axis: profile frequencies calculated with
replacement of frequencies of alleles rarer than 0.10 by 0.10.
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Fig. 2. Comparison of genetic profile frequencies for SGM
Plus. Horizontal axis: profile-frequency values calculated
without correction; vertical axis: profile frequencies calcu-
lated with replacement of frequencies of alleles rarer than
0.05 by 0.05.
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Fig. 3. Comparison of genetic profile frequencies for SGM
Plus. Horizontal axis: profile-frequency values calculated
without correction; vertical axis: profile frequencies calcu-
lated with replacement of frequencies of alleles rarer than
0.01 by 0.01.

Additionally, we calculated by how many times the
introduction of specific corrections to allele frequen-
cies increases the final value of the profile frequency;
that is, we tested how introduction of particular correc-
tions lowers the evidence value of an expert opinion. The
results of these calculations are presented in Table II1.

4. Discussion

The performed studies showed that alleles of low
frequency appear in the multiplex profile rather rarely:
even at a very high threshold of 0.10, in only somewhat
over 4 cases out of 20, on average. In other words, in
nearly 16 cases out of 20, allele frequencies are greater
than 0.10 (this very high threshold was taken from the
interim ceiling principle). But, if we take the threshold
f=0.05, then such alleles appear on average only in
slightly more than 1 allele in 20 (this threshold was from
the ceiling principle). However, with a threshold of
f=0.01, an allele of low frequency appears only in an
average of 0.25 alleles out of a possible 20.

Thus, rare alleles presented a problem in earlier times,
when few loci were studied. Today by contrast, in multi-
plex studies, they appear in the total profile so rarely that

TABLE III. ANALYSIS OF QUOTIENTS OF PROFILE FREQUENCY CALCULATED BY APPLICATION OF SPECIFIC
CORRECTIONS TO ALLELE FREQUENCY DIVIDED BY PROFILE FREQUENCY CALCULATED WITHOUT

ANY CORRECTION
Frequency ~ Min. Max. Average Number of samples where quotient
threshold quotient  quotient  quotient 1-10 10100 100— 1000— 10,000 > 100,000
1000 10,000 100,000
0.10 1 481211  766.61 1056 776 275 101 23 2
0.05 1 10 702 36.18 1813 312 98 8 2 -
0.01 1 258 2.18 2175 56 2 — — —
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their influence on the final result is slight (since the vast
majority of alleles are those of great frequency).

Profile frequencies calculated without any correc-
tions occur in the range from ca. 10>’ to ca. 10", and
with correction for £< 0.10, from ca. 10'° to ca. 107",
This means that the introduction of such a correction
limits the lowest profile frequencies, in certain cases
even by ca. 4 decimal places. Correction, of course,
only limits the lowest profile frequencies (thus the
graph shows a “cloud” dispersing to the left), while
higher profile frequencies are not limited. The highest
profile frequencies are ca. 107", that is, these geno-
types appear in the study population with a frequency
not higher than ca. 10", Thus, this profile occurs most
often once in 10" persons, or once in one-hundred bil-
lion persons. This means that the evidential value of
examinations based on SGM Plus is enormous and
fully sufficient for criminal investigations.

The issue of “limiting” allele frequency by raising
the actual frequency, before calculating the profile fre-
quency, to some established value (as proposed in the
early stages of DNA research), no longer has any great
practical significance. Profiles of very low frequencies
occur relatively rarely, as seen in the scatterplot of Fig-
ure 1: on the left there are fewer points than on the
right, i.e. the graph “densifies” from left to right.

Similarly, an analysis of the scatterplots shown in
Figure 2 and 3 leads to the same conclusions. These
two graphs are very similar to Figure 1, only “denser”,
which means that, the smaller the correction, the more
rarely it must be applied, and the smaller is its effect on
the final result. This is best seen on the last scatterplot,
Figure 3 (where < 0.01). Most of the points lie on the
line dividing it in half, and only a few are distant fromit.

Analysis of the specific frequency quotients shows
that the quotient, of course, reaches its greatest value
where the correction for f < 0.10 was applied. Then,
the maximum quotient is as high as 481, 211. When
the corrections are smaller, the quotients also diminish
to a maximum of 10, 702 and 258, respectively. But
such great values are sporadic, since average values
are, respectively, 766.61, 36.18 and 2.18. This means
that calculating the profile frequency with the correc-
tion f < 0.10 causes on average a 766.61 times increase
in profile frequency, while corrections /< 0.05 and
£<0.01 cause smaller changes: the average profile fre-
quency increase is then only 36.18 and 2.18 times re-
spectively.

Summarising, years ago rare alleles could pose
a problem, since only few loci were studied. Then, the
appearance of such an allele as one among only a few
others could significantly affect the final result, mark-
edly lowering the final value of the profile frequency.

Today, in multiplex studies many loci are examined
and rare alleles appear in the total profile so infre-
quently that their influence on the final result is slight,
since the decisive majority of all alleles are those of
high frequency.

5. Conclusions

Alleles with low frequencies appear in the multi-
plex STR profile rarely, which causes their effect on
the final profile frequency result to be small. Profile
frequencies calculated for the SGM Plus system, with
correction for rare allele frequencies as well as without
correction, are never greater than ca. 1.9 x 10™"", which
indicates the enormous evidence value provided by
this system in criminal investigations.
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WPLYW RZADKICH ALLELI NA CZESTOSC PROFILU DNA PRZY

BADANIU ZESTAWEM SGM PLUS’

1. Wstep

Badania z uzyciem markeréw typu STR sa aktualnie
najpopularniejsza metoda stosowana do ustalenia pokre-
wienstwa i w badaniach §ladéw biologicznych. Systemy
multipleksowe umozliwiaja identyfikacj¢ pitci na pod-
stawie analizy lokus amelogeniny (AMG) i genotypo-
wanie, w zaleznosci od zestawu, od 7 do 15 loci typu
STR. Charakterystyczna cecha tych systemow jest ich
wysoka czulo$¢, duza informatywnos¢, wiarygodnosé
i powtarzalno$¢ wynikdéw oraz ograniczenie czasu anali-
zy do jednego procesu badawczego [2]. Powyzsze zalety
spowodowaty wykorzystanie loci STR réwniez w kra-
jowych bazach DNA [np. 6]. W zwiazku z powyzszym
istotne znaczenie ma zbadanie i ustalenie czestosci
wystgpowania alleli loci STR w populacji oraz wykaza-
nie, ze dane te, wyliczone na podstawie przebadanej
proby populacyjnej, moga stanowi¢ narzedzie stuzace do
okreslenia warto$ci prawdopodobienstwa opisujacego
losowa szans¢ wystapienia profilu DNA [1, 3]. Z uwagi
na mozliwos$¢ przeszacowania tej wartosci, w pierwszym
raporcie opracowanym przez National Research Council
w 1992 r. zalecano stosowanie tzw. interim ceiling prin-
ciple lub ceiling principle. W pierwszym przypadku za-
lecano stosowanie czgstosci alleli o wartosci co najmniej
0,1, a w drugim 0,05. W drugim raporcie NRC opubliko-
wanym w 1996 r. nie zaleca sig juz stosowania takich pro-
gow [4, 5]. W zwiazku z powyzszym autorzy podjeli
probe oszacowania faktycznego wplywu rzadkich alleli
na warto$¢ dowodowa ekspertyzy w odniesieniu do duzej
probki populacyjnej pochodzacej z terenu catej Polski.

Celem pracy byla analiza czgstosci pojawiania si¢ al-
leli uznawanych za rzadkie (o czgstos$ciach nizszych niz
0,1, 0,0510,01) w profilach genetycznych wchodzacych
w sktad duzej bazy danych oraz ocena wptywu, jaki tego
typu allele maja na czgstos¢ catego profilu genetycznego.
Badano rowniez wplyw, jaki ma podniesienie warto$ci
czestosei rzadkich alleli do zadanych wartoSci progo-
wych (0,1, 0,05 i 0,01) na ostateczna czgsto$¢ catego
profilu.

* Badania populacyjne opisane w niniejszej pracy przeprowa-
dzone zostaty przez pracownikow Zaktadu Biologii Central-
nego Laboratorium Kryminalistycznego Komendy Glownej
Policji w Polsce oraz Zaktadu Medycyny Sadowej Akademii
Medycznej w Warszawie i wykonano je w ramach projektu
128-270/C-T00/99. Projekt sfinansowany zostal przez Komi-
tet Badan Naukowych w Polsce. Kierownikiem projektu byta
mgr Halina Dabrowska, a koordynatorem naukowym
prof. Andrzej Ptocienniczak.

2. Material i metody

W pracy wykorzystano baz¢ danych liczaca 2233 pro-
file genetyczne, ktoére oznaczono przy wykorzystaniu ze-
stawu SGM Plus. Materiat biologiczny w postaci wy-
mazow z jamy ustnej zostal pobrany na zasadzie dobro-
wolnosci od niespokrewnionych anonimowych dawcow
rasy kaukaskiej. W celu uzyskania reprezentatywnej dla
polskiej populacji probki, kompletowanie dawcow od-
bywato si¢ z uwzglednieniem catego obszaru Polski,
amiejsce urodzenia przyjeto za kryterium przynaleznosci
terytorialnej.

Dla wszystkich profili z bazy sprawdzono, jak czgsto
pojawiaja si¢ w niej allele o czgsto$ci mniejszej niz 0,10,
0,05 1 0,01, a wyniki przedstawiono tabelarycznie (ta-
bela I). Nastgpnie obliczono czgstosci poszczegoélnych
profili DNA. Najpierw obliczono je bez zadnych popra-
wek, stosujac wzory dla homozygot /= p x p, dla hetero-
gozygot f'= 2 x p; x pj, a nastepnie z taka poprawka, ze
w przypadku pojawienia si¢ rzadkiego allela jego czg-
sto$¢ zwigkszano do zadanego progu (tj. kolejno 0,10, 0,5
10,1). Na koniec obliczono iloraz jednej czestosci (z po-
prawka) przez druga (bez poprawki), czyli, innymi sto-
wy, sprawdzano, ile razy zwigkszy czg¢stos¢ profilu wpro-
wadzenie poprawki albo ile razy zmniejszy si¢ warto§é
dowodowa wyniku przez wprowadzenie takiej poprawki.

Obliczenia przeprowadzono, stosujac wlasnorecznie
napisane programy komputerowe w jezyku Delphi, za$
do analizy statystycznej pakiet statystyczny STATGRA-
PHICS® Plus 5.0 Professional Edition.

3. Wyniki

W pierwszym etapie analizy sprawdzono, ile alleli
w catym multipleksowym profilu sktadajacym sig z 10 loci,
czyli 20 alleli, ma czgsto$ci mniejsze od zadanego progu.
Stwierdzono, ze przy progu wynoszacym 0,10 (srednio
4,46574) allela ma czgsto§¢ mniejsza od tego progu
(SD =1,81066, minimum = 0, maximum = 11). Przy pro-
gu wynoszacym 0,05 $rednio 1,17278 allela ma czgstos¢
mniejsza od niego (SD = 1,17278, minimum = 0, maxi-
mum = 6), a dla progu wynoszacego 0,01 juz tylko $red-
nio 0,241379 allela ma czg¢sto$¢ mniejsza od tego progu
(SD = 0,485865, minimum = 0, maximum = 3). Szcze-
gbétowe wyniki Nastgpnie obliczono czg¢stosci wszystkich
profili z bazy danych bez jakichkolwiek poprawek oraz
z poprawka zwigkszajaca czgstos¢ rzadkich alleli do za-
danego progu, tj. odpowiednio do 0,10, 0,051 0,01. Wy-
niki obliczen przedstawiono ponizej na wykresach
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rozproszenia. Na rycinie 1 porownano wartosci czgstosci
profili obliczone bez poprawek w stosunku do czgstosci
z poprawka dla 0,10, na rycinie 2 dla 0,05 a na rycinie 3
dla 0,01.

Analizujac wyniki stwierdzono, ze czgstosci profili za-
wieraja si¢ w zakresach pomiedzy 2,2 x 102°a 1,9 x 10",
Szczegdtowe wartosci podano w tabeli II.

Dodatkowo obliczono jeszcze, ile razy wprowadzenie
poszczegolnych poprawek do czestosci allelicznych
zwigksza koncowsa wartos¢ czestosci profilu, czyli in-
nymi stowy, sprawdzono, jak wprowadzenie poszcze-
golnych poprawek zmniejsza warto§¢ dowodowa eks-
pertyzy. Wyniki tej czgséci obliczen przedstawiono w ta-
beli III.

4. Dyskusja

Przeprowadzone badania wykazaty, ze allele o niskie;j
czgstosci pojawiaja si¢ w multipleksowym profilu sto-
sunkowo rzadko. Nawet przy bardzo wysokim progu
réownym 0,10 tylko $rednio w nieco ponad 4 przypadkach
na 20, czyli w blisko 16 przypadkach na 20, czgsto$ci al-
leliczne sa wigksze niz 0,10 (ten bardzo wysoki prog
wzigto z interim ceiling principle). Przy zastosowaniu
progu /= 0,05 takie allele pojawiaja si¢ srednio tylko
w ponad 1 przypadku na 20 (taki prog wynikat z ceiling
principle). W przypadku progu /= 0,01 allele o niskiej
czestosei pojawiaja si¢ juz tylko w §rednio 0,25 allela na
20 mozliwych.

Rzadkie allele mogly zatem stanowi¢ problem w cza-
sach, gdy badano mato Joci. Natomiast obecnie przy ba-
daniach multipleksowych pojawiaja si¢ one w catym pro-
filu tak rzadko, ze ich wptyw na koncowy wynik bedzie
niewielki (zdecydowana wigkszos¢ alleli to allele o duzej
czestosci).

Czgstosci profili obliczone bez zadnych poprawek za-
wierajg si¢ w zakresie od okoto 102° do okoto 107",
a z poprawka dla /< 0.10 od okoto 10'® do okoto 107",
Oznacza to, ze wprowadzenie takiej poprawki ogranicza
najmniejsze czg¢stosci profili w niektérych przypadkach
nawet o okoto 4 rzgdy wielkosci. Poprawka ogranicza
oczywiscie tylko najmniejsze czgstosci profili (stad wy-
kres tworzy ,,chmurg” rozpraszajaca si¢ w lewo), nato-
miast najwigksze czgstosci profili nie sa ograniczane.
Najwyzsze czestosci profili wynosza okoto 107", czyli
dane genotypy pojawiaja si¢ w badanej populacji z czg-
stoscia nie wyzsza niz okoto 107", Taki profil wystepuje
najczesciej raz na 10'! o0sob, czyli raz na sto miliardow.
Warto$¢ dowodowa badania zestawem SGM Plus jest
wigc miarodajna i wystarczajaca do badan kryminalistycz-
nych.

Kwestia ,,ograniczania” czgstosci alleli przez pod-
wyzszanie faktycznych czgstosci alleli przed obliczenia-
mi czgstosci profilu do jakiej$ zatozonej wartosci

(proponowana w poczatkowej fazie badan DNA) nie ma
juz wigkszego praktycznego znaczenia. Profile o bardzo
malych czgstosciach zdarzaja sig¢ stosunkowo rzadko (co
wida¢ na rycinie 1 — po lewej stronie jest mniej punktow
niz po prawej, wykres si¢ ,,zageszcza” przy przesuwaniu
si¢ od lewej do prawej). Rowniez analiza rycin 2 i 3 pro-
wadzi do takich samych wnioskow. Oba te wykresy maja
bardzo podobny charakter jak wykres przedstawiony na
rycinie 1, tyle tylko, ze sa ,,bardziej zwarte”, co oznacza,
ze im mniejsza poprawka, tym rzadziej trzeba ja stosowac
i tym samym mniejszy jest jej wptyw na koncowy wynik.
Najlepiej to widaé na rycinie 3 (dlaf < 0,01). Wigkszos¢
punktéw na nim lezy na linii dzielacej go na potowe,
a tylko nieliczne oddalaja si¢ od tej linii.

Analiza ilorazéw poszczegoélnych czgstosci wska-
zuje, ze iloraz ten najwigksze wartosci osiaga oczywiscie
tam, gdzie stosowano poprawke dla /< 0,10. Wowczas
maksymalny iloraz wynosi nawet 481 211. Gdy popraw-
ki sa mnigjsze, to ilorazy tez maleja do — odpowiednio —
maksymalnie 10 702 i 258. Jednak tak duze warto$ci sa
sporadyczne, bowiem wartosci $rednie wynosza odpo-
wiednio 766,61, 36,18 i 2,18. Oznacza to, ze prowa-
dzenie obliczen czgstosci profilu z poprawka f < 0,10
spowoduje srednio 766,61-krotny wzrost czgstosci pro-
filu. Wprowadzenie zas poprawek / < 0,051/ < 0,01 spo-
woduje jeszcze mniejsze zmiany, bowiem $rednio od-
powiednio tylko 36,18-krotne i 2,18-krotne.

5. Podsumowanie

Rzadkie allele mogly stanowi¢ problem przed laty,
gdy badano mato loci. Wowczas pojawienie si¢ takiego
allela jako jednego sposrod kilku innych moglo znaczaco
wplywac na wynik koncowy, wyraznie obnizajac kon-
cowa warto$¢ czestosci profilu. Natomiast obecnie, przy
badaniach multipleksowych, badanych jest wiele loci,
a rzadkie allele pojawiaja si¢ w catym profilu tak rzadko,
ze ich wptyw na koncowy wynik bedzie niewielki (zde-
cydowana wigkszos¢ alleli jest allelami o duzej czgs-
tosci).

Problems of Forensic Sciences 2006, LXVIII, 362-367



