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Abs t rac t  In order that there can be confidence that DNA 
profile frequency estimates will not place undue bias 
against a defendant, 2 methods are described for estimat- 
ing minimum allele frequency bounds for PCR-based 
loci. One approach estimates minimum allele frequencies 
for VNTR and STR loci using sample size and the ob- 
served heterozygosity at a locus, while the second ap- 
proach, appropriate for loci typed with allele-specific oligo- 
nucleotide probes, is based only on sample size. The use 
of a minimum allele frequency enables compensation for 
sparse sampling of infrequent alleles in population data- 
bases. 

K e y  w o r d s  Allele Frequency • VNTR • STR • PM Loci • 
Population Data 

Introduction 

Highly polymorphic loci, such as minisatellites and mi- 
crosatellites, can contain a large number of alleles and 
many alleles could be rare. To allay concerns that esti- 
mates presented in legal cases might underestimate the 
frequency of occurrence of DNA profiles, and therefore 
place undue bias against a defendant, some procedure 
should be used to compensate for sparse sampling of in- 
frequent alleles in population databases. For the variable 
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number of tandem repeat (VNTR) loci detected by restric- 
tion fragment length polymorphism (RFLP) typing, many 
in the forensic community in North America use the fixed 
bin method to classify quasi-continuous distributions of 
alleles. To allow for use of small-size databases and pro- 
vide a bound on rare allele frequencies a minimum allele 
frequency of rare alleles is derived by a process termed 
"rebinning" whereby bins with fewer than 5 counts are 
merged with contiguous bins (Budowle et al. 1991 b). 

For polymerase chain reaction (PCR)-based loci more 
discrete allelic data can be obtained than is possible with 
VNTRs typed by RFLP analysis. Some VNTR loci, such 
as D1S80 (Kasai et al. 1990; Budowle et al, 1991a) and 
ApoB (Boerwinkle et al. 1989; Ludwig et al. 1989), can 
be amplified first by PCR and the amplified products sub- 
sequently resolved by electrophoresis into allele classes 
based on the size of the repeat. The short tandem repeat 
(STR) loci are a subgroup of these VNTR loci. These loci 
are highly polymorphic and are abundant in the human 
genome (Edwards et al. 1991, 1992). Because the allele 
size of STRs is generally less than 350 base pairs, they are 
amenable to amplification by the PCR (Saiki et al. 1985; 
Edwards et al. 1991). The STR loci are composed of 
tandemly repeated sequences 2-5 base pairs in length. 
The amplified products of  STR loci can be resolved to at 
least one repeat unit by separation on denatured polyacry- 
lamide gels (Edwards et al. 1991). 

DNA from forensic samples also can be typed with 
loci whose alleles are due to variation in their nucleotide 
sequence. Currently, 6 loci can be amplified simultane- 
ously and typed: HLA-DQ~x (Gyllensten and Erlich 1988; 
Saiki et al. 1989), low density lipoprotein receptor (LDLR) 
(Yamamoto et al. 1984), glycophorin A (GYPA) (Siebert 
and Fukuda 1987), hemoglobin G gammaglobin (HBGG) 
(Slightom et al. 1980), D7S8 (Horn et al. 1990), and 
group-specific component (Gc) (Yang et al. 1985) [also 
known collectively as PM loci; Amplitype PM DNA Test 
System, Roche Molecular Systems, Alameda, Calif; Her- 
rin et al. (1994)]. 

This paper implements 2 statistical/population genetics 
approaches for estimating a minimum allele frequency for 
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each of  the P C R - b a s e d  loci.  The methods  offer a better-  
founded  approach  than ad hoc m i n i m u m  al lele  f requency 
bounds ,  such as 0.05 (proffered by  N R C  Repor t  1992; I. 
Evet t  and R. Fourney  personal  communica t ions) .  The first  
method,  under  the pred ic t ions  o f  the Inf ini te  Al le le  M o d e l  
( IAM)  (Kimura  and Crow 1964; Ewens  1972), def ines  a 
m i n i m u m  al lele  f requency  for  the V N T R  and STR loci,  
which  can be es t imated  f rom the sample  size and the ob-  
served  he te rozygos i ty  in a da tabase  sample.  The second 
approach,  based  so le ly  upon sample  size, is appropr ia te  
for the P M  loci  where  the total  number  o f  obse rved  al leles 
is f ixed  by  the assay (and could  be appl ied  to V N T R  and 
STR loci,  as well).  

Materials and methods 

The databases used in this study, as examples, were reported pre- 
viously (Budowle et al. 1995 a, b; Hochmeister et al. 1994; Huang 
et al. 1994, 1995; Kloosterman et al. 1993). 

The theory described by Chakraborty (1992) was used to deter- 
mine the minimum allele frequency for VNTR/STR loci. The min- 
imum allele frequency for a database is estimated with 100 (1 - c~) 
percent confidence by 

1 1 

P m i n  = 1 - [l - (1 - ( x ) c ]  2 n  

where Pmin is the minimum allele frequency, c is the number of 
common alleles which can be estimated from the level of het- 
erozygosity, and n is the number of individuals (see Chakraborty 
1992 for derivation and effectuation). A rare allele was defined as 
any allele that occurs less frequently than 0.01 in a sample data- 
base (Nei 1975; Neel 1973; Chakraborty 1981). In this study o~ was 
set at 0.05. 

The number of alleles for PM loci is fixed by the number of 
probes immobilized on the nylon strips. The above described ap- 
proach, founded on the IAM, would therefore not be applicable. 

The minimum allele frequency for a database was estimated 
according to the suggestion by Weir (1992) per Nelson (1978) as 

1 

Pmin  = 1 - - I ~  2n 

where the variables are defined as before. 

Results and discussion 

Tables 1 and 2 d i sp lay  examples  of  m i n i m u m  al lele  fre- 
quencies  for a number  o f  VNTR,  STR, and PM loci.  The 
es t imates  (o~ = 0.05) are based  on he te rozygos i ty  (for 
V N T R  and STR loci)  and/or  sample  size (for P M  loci)  in- 
s tead of  ad hoc approaches .  The 2 methods  do not  y ie ld  
substant ia l ly  different  m i n i m u m  al le le  f requencies ,  with 
the Chakrabor ty  (1992) approach  y ie ld ing  larger  mini-  
m u m  al le le  f requency  es t imates  for V N T R  and STR loci. 
However ,  the Chakrobor ty  (1992) approach  is a more  de- 
s i rable  es t imator  of  m i n i m u m  al le le  f requencies  for 
V N T R  and STR loci,  s ince it incorpora tes  more  informa-  
tion, i.e., both  sample  size and heterozygosi ty .  

Obvious ly ,  as sample  size increases,  g rea te r  confi-  
dence in al lele  f requency es t imates  can be obta ined  and 
the m i n i m u m  al lele  f requency bound  decreases .  W h e n  
sample  size is he ld  constant ,  for  the Chakrabor ty  (1992) 
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Table 1 Minimum allele frequency estimates for VNTR and STR 
loci (c~ = 0.05) 

Population/Locus Sample Her. a Minimum Minimum 
Size Fre- Fre- 
(N) quency u quency ~ 

Chinese/HUMTHO 1 a 116 0.681 0.0220 0.0128 
Chinese/TPOX a 116 0.621 0.0212 0.0128 
Chinese/CSF1PO d 116 0.698 0.0222 0.0128 
Swiss/VWA e 100 0.820 0.0278 0.0149 
Swiss/HUMTHO 1 e 100 0.820 0.0278 0.0149 
Swiss/F13A1 e 99 0.768 0.0276 0.0150 
African American/ 606 0.870 0.0049 0.0025 

D1S80 f 
US Caucasian/D 1 $80 f 718 0.784 0.0039 0.0021 
Chinese/D 1 s80g 105 0.905 0.0287 0.0142 
Dutch/D1 $80 h 150 0.790 0.0183 0.0099 
SE Hispanics/D1S80 f 247 0.806 0.0114 0.0060 
SW Hispanics/D 1 $80 f 162 0.796 0.0171 0.0092 

~Het = Heterozygosity 
b Chakrabory (1992) 
°Nelson (1978) 
dHuang et al. (1995) 
e Hochmeister et al. (1994) 
fBudowle et al. (1995 a) 
gHuang et al. (1994) 
hKloosterman et al. (1993) 

Table 2 Minimum allele frequency estimates for PM loci (R = 
0.05) 

Population/Locus Sample Minimum 
Size (N) Frequency" 

African American/PM and DQA1 Loci b 145 0.0103 
US Caucasian/PM and DQA1 Loci b 148 0.0101 
SE Hispanic/PM and DQA1 Loci b 94 0.0158 
SW Hispanic/PM and DQA1 Loci b 96 0.0155 

aNelson (1978) 
bBudowle et al. (1995 b) 

approach,  and he te rozygos i ty  increases  the m i n i m u m  al- 
le le  f requency  also increases  - the m i n i m u m  al lele  fre- 
quency  mus t  increase  to account  for decreased  prec is ion  
in the obse rved  f requency o f  al leles that are rare for a 
g iven  database.  Therefore ,  m i n i m u m  frequency es t imates  
of  D N A  prof i les  conta in ing rare al leles for the more  po ly-  
morph ic  loci  wil l  tend to be larger  than for less po lymor -  
phic loci. 

Fo r  the Chakrabor ty  (1992) approach,  a rare al lele  was 
def ined  as any al le le  with a f requency less than 0.01. A 
rare a l le le  could  have been  def ined with a h igher  mini-  
m u m  al lele  frequency. However ,  according to theory as 
the bound  for a rare a l le le  increases,  there are fewer  com-  
mon  al leles  (c), and the m i n i m u m  al le le  f requency esti-  
mate  decreases .  Therefore ,  a des ignat ion  of  a rare al lele  
based  on a fequency  of  0.01 is appropria te .  

One could  argue, that ins tead of  the IAM,  an al terna- 
t ive muta t ion  mode l  for  the genera t ion  of  new al leles  at a 
locus,  i.e. the s tep-wise  muta t ion  mode l  (SMM),  may  be 
more  appropr ia te  for some V N T R  and STR loci  because  
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the generat ion of new alleles may be subject to different 
mutat ional  forces (Shriver et al. 1993; Valdes et al. 1993). 
While  this may be true, there is little concern for forensic 
applications. When  the mutat ion rate is considered the 
same, the IAM predict ion of heterozygosity is higher than 
that of the SMM, and hence for the same size database, 
the IAM generates larger m i n i m u m  allele frequencies 
than the SMM (Ohta and Kimura  1973). 

Since the number  of alleles for the PM loci is predeter- 
mined  and fixed by the nubmer  of sequence-specific 
ol igonucleotide probes used, neither the IAM nor SMM is 
appropriate for determining the expected number  of alle- 
les to be observed in a sample database at such loci. Con- 
sequently, informat ion on heterozygosity cannot  be uti- 
lized in est imating the m i n i m u m  allele frequencies for PM 
loci. Thus, the m i n i m u m  allele frequency for PM loci is 
based only on sample size (Table 2). These m i n i m u m  
bounds also generate a threshold for rare alleles that should 
yield a conservative profile frequency, when rare alleles 
are part of the DNA profile. 

In conclusion,  m i n i m u m  allele frequencies for PCR- 
based loci, based on statistical and populat ion genetics 
theory, were determined in order that there can be confi- 
dence that D N A  profile frequency estimates are meaning-  
ful even with small  size databases. Caut ion should be 
taken not to infer similarities or dissimilarit ies among dif- 
ferent databases based on the tabulated m i n i m u m  allele 
frequencies. If databases differ in sample size, and/or in 
heterozygosity, m i n i m u m  allele frequencies will differ. 
Therefore, DNA profile frequency comparisons between 
databases, particularly where m i n i m u m  allele frequencies 
are invoked, may not  be similar even if the samples are 
derived from the same ethnic group. 
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