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Determination of Allele Frequencies at Loci 
with Length Polymorphism.l y Quantitative 

Analysis of DNA Amplified from 
Pooled Samples 

P~ivi Pacek, Antti Sajantila, and Ann-Christine Syv~inen 

Department  of Human  Molecular Genetics, National Public Health Institute, SF-00300 Helsinki, Finland 

We present a new method that allows 
rapid determination of allele fre- 
quencies at loci exhibiting length 
polymorphism. In this method a flu- 
orescence-labeled PCR primer is used 
to amplify the polymorphic region 
from pooled DNA samples originat- 
ing from a large number of individu- 
als. The fluorescent PCR products are 
separated by gel electrophoresis on 
an automatic DNA sequencer and the 
relative amount of the PCR products 
are determined. The distribution of 
the PCR products obtained from the 
alleles present in the pooled samples 
directly corresponds to the allele fre- 
quency in the population in ques- 
tion. The allele frequencies at a short 
tandem repeat locus in the yon Wille- 
brand factor gene and at the DIS80 
locus were determined in the Finnish 
population. We found that the allele 
frequencies determined by quantita- 
tire analysis of PCR products from 
pooled DNA samples and by analyz- 
ing individual samples were in good 
agreement. 

A n a l y s i s  of polymorphic  dinucleotide 
repeat, (~) short tandem repeat (STR) (z) or 
variable number  of tandem repeat 
(VNTR) regions (3) of the h u m a n  genome 
have proven to be highly useful in foren- 
sic identification and in genetic linkage 
studies of h u m a n  diseases. The polymor- 
phic alleles can be conveniently identi- 
fied with the aid of the PCR (4) using 
primers flanking the repeated core unit. 
The amplified alleles are detected most 
commonly  after gel electrophoretic size 
separation by using autoradiography, 
staining with e th idium bromide, (s'6~ or 
silver nitrate. (7) A fluorescent label can 
also be introduced into the amplifica- 
tion product by mediat ion of the PCR 
primer, which allows the alleles to be de- 
tected during the electrophoresis with a 
fluorescence detector. (8-~~ 

The statistical interpretation of the re- 
sults of forensic and linkage analyses re- 
quires informat ion on the population 
frequency of the specific alleles at each 
locus analyzed. To determine accurately 
the allele frequencies at loci revealing 
multiple alleles, a large number  of sam- 
ples in the population of interest have to 
be analyzed. 

Here, we introduce a new general ap- 
proach that allows rapid determinat ion 
of the allele frequencies at loci exhibit- 
ing length polymorphism.  The method 
is based on amplification of the poly- 
morphic  region from a pooled sample 
containing DNA from a large number  of 
individuals using a fluorescence-labeled 
PCR primer. The PCR products synthe- 
sized from each allele are separated and 
quantified using an automatic fluores- 
cence sequencing instrument.  The distri- 

bution among the PCR products ob- 
tained from the alleles in the DNA pool 
corresponds well to the frequencies of 
the alleles in the populat ion sample. 

In the present study we applied this 
method to determine the Finnish allele 
frequencies at a STR locus in the von 
Willebrand factor gene (VWA) on chro- 
mosome 12 (~) and at the DIS80 
(MCT118) VNTR locus on chromosome 
1. (s) At the VWA locus the polymor- 
phism is caused by a tetranucleotide re- 
peat unit. At the D1S80 locus, where the 
po lymorphism is the result of a 16-bp 
tandem repeat unit, a distribution of 15 
alleles has been reported previously in 
the Finnish population. ~]2) 

MATERIALS AND METHODS 
DNA Samples 

Batches of leukocytes, which had been 
used previously in the production of in- 
terferon-a (1~) were obtained from the 
Finnish Red Cross Blood Transfusion 
Service. Each batch originated from 400 
ml of blood from a known number  (be- 
tween 90 and 200) of donors l iving in 
the capital region of Finland. DNA was 
purified from an aliquot of each leuko- 
cyte batch according to a standard 
method.  (14) The concentrat ion of the 
DNA was determined by measuring the 
absorbance at 260 nm. The DNA isolated 
from the leukocytes was combined  into 
larger pools, taking into account the 
number  of individuals in each batch, to 
yield four pools containing an equal 
amount  of DNA from 1350, 690, 1100, 
and 180 individuals, respectively. DNA 
was also purified from individual  blood 
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samples, ~14~ which had been sent for dis- 
puted paternity analysis to the National 
Public Health Institute, Helsinki, Fin- 
land. 

Primers 

The primers for amplif icat ion of the 
VWA locus were those described by 
Kimpton et al., (ls~ and they had the fol- 
lowing sequences: 5'-CCC TAG TGG ATG 
ATA AGA ATA ATC (upstream primer; nu- 
cleotide 1640-1663 of intron 40) and 5'- 
GGA CAG ATG ATA AAT ACA TAG GAT 
GGA TGG (downstream primer: nucle- 
otide 1793-1764 of intron 40). The size 
of the PCR product obtained with these 
primers is 150--180 bp. The D1580 prim- 
ers were those described by Kasai et al. (s~ 
Their sequences were 5'-GAA ACT GGC 
CTC CAA ACA CTG CCC GCC G (up- 
stream primer) and 5'-GTC TTG TTG 
GAG ATG CAG GTG CCC CTT GC 
(downstream primer). The size of the 
PCR product obtained with these prim- 
ers is 430--750 bp. 

The primers were synthesized on an 
Applied Biosystems 392 DNA synthe- 
sizer. The 5' ends of the upstream VWA 
and the downstream D1580 primer were 
fluorescence-labeled during the synthe- 
sis using the FluorePrime reagent (Phar- 
macia LKB Biotechnology AB). The prim- 
ers were used without  purification. 

PCR 

One hundred (30,000 molecules), 10 
(3,000 molecules), or 1 ng (300 mole- 
cules) of DNA was amplif ied using 20 
nmoles of the four dNTPs, 100 pmoles of 
each primer, and 2.5 units of Taq DNA 
polymerase (Promega Biotech) in 100 I~l 
of 50 mM Tris-HC1 (pH 8.8), 15 mM 
(NH4)2SO 4, 1.5 mM MgCl2, 0.1% Triton 
X-100, and 0.01% gelatin. The PCR was 
initiated with a "hot  start" by first heat- 
ing the samples for 5 min  at 95~ fol- 
lowed by the addit ion of the Taq DNA 
polymerase at 80~ Thirty PCR cycles of 
1 rain at 95~ 1 min  at 58~ and 1 rain 
at 72~ were carried out with the VWA 
primers, and 30 cycles of 1 min  at 95~ 
1 min  at 65~ and 5 rain at 72~ were 
carried out with the D1S80 primers. 

Quantitative Analysis of the PCR 
Products 

The fluorescent PCR products were sep- 
arated on 6% denaturing polyacrylamide 

gels using an automatic DNA Sequencer 
(A.L.F., Pharmacia LKB Biotechnology 
AB). Between 0.25 and 5 i~l of the PCR 
products were analyzed after denatur- 
ation at 95~ for 3 rain in 50% forma- 
mide containing blue dextran. The sam- 
ples were run at 1500 V for 3 hr (VWA) or 
8 hr (D1580) at 40~ The relative 
amount  of PCR product obtained in each 
sample was determined with the aid of 
the A.L.F. DNA Fragment Manager V1.0 
program, kindly provided to us by Per 
Johan Ulfendahl and Margareta Deger- 
man (Pharmacia LKB, Molecular Biology 
Systems Division, Uppsala, Sweden). 

Amp-FLP Analysis 

The individual DNA samples were typed 
by the amplified fragment length poly- 
morphism (Amp-FLP) technique ~7~ using 
vertical polyacrylamide gels and staining 
with silver nitrate as described previ- 
ously. ~12~ 

RESULTS 

The method described here is based on 
quantitative analysis of PCR products ob- 
tained from alleles varying in length. Be- 
cause the efficiency of the PCR can be 
expected to depend on the size of the 
amplified allele, we first determined the 
relative amount  of the two PCR products 
obtained from the DNA of six heterozy- 
gous individuals with different combina- 
tions of the VWA alleles. In these sam- 
ples the two alleles differed in size by 
from 1 to 6 tetranucleotide repeat units, 
and the size of the PCR products varied 
between 150 and 180 bp. Comparison of 
the amount  of PCR product from both 
alleles in each sample showed that the 
efficiency of the amplification of the al- 
leles is independent  of their size differ- 
ence (Table 1). The amount  of DNA (100, 
10, or 1 ng) subjected to the PCR did not 
affect the allele distribution (data not 
shown). 

The alleles at the VWA locus were 
then amplif ied from three pooled sam- 
ples containing an equal amount  of DNA 
from 1,350, 690 and 1,100 Finnish indi- 
viduals, respectively, and the amount  of 
PCR product obtained from each allele 
in the pooled sample was determined. 
Figure 1 shows the result of the electro- 
phoretic separation of the alleles ampli- 
fied from the sample containing DNA 
from 1100 individuals as registered by 
the fluorescence detector of the sequenc- 

TABLE 1 Relative Amounts of PCR 
Products Obtained from the VWA 
Alleles of Individuals with 
Different Genotypes 

Allele Relative amount 
Sample combination a of PCR product b 

W1 1-7 0.50-0.50 
W2 1-6 0.47--0.53 
W3 1-5 0.55-0.45 
W4 2-5 0.50--0.50 
W5 3-5 0.47-0.53 
W6 3-4 0.50-0.50 

aThe alleles are designated according to their 
size, with the smallest allele being number 1. 
bMean values of three determinations. 

ing instrument.  The area of the peaks in 
the curve reflects the relative amount  of 
PCR product from each allele. Figure 2 
shows the allele frequencies obtained by 
determining the area of the peaks in 
each curve. Similar allele distributions 
were obtained from the three samples. 
The same result was obtained when  100, 
10, or 1 ng of the pooled DNA was am- 
plified (data not shown). 

We also determined the allele fre- 
quencies at the VWA locus from 100 in- 
dividual samples using the Amp-FLP 
technique. The allele frequencies deter- 
mined  from individual  and from pooled 
leukocytes were in good agreement (Ta- 
ble 2). 

Table 3 shows the distribution of the 
PCR products obtained by amplif icat ion 
of the alleles at the D1S80 locus from 
DNA of eight heterozygous individuals 
with different allele combinat ions.  Con- 
trary to the result at the VWA locus, at 
the D1580 locus we found that  the 
smaller allele was amplif ied more effi- 
ciently than the large one in all samples, 
but the difference in efficiency was small 
for alleles that differed from each other 
by only one 16-bp repeat unit. The 
amount  of DNA (100 or 10 ng) subjected 
to the PCR did not affect the result (data 
not shown). 

Because the amplif icat ion efficiency 
did not vary significantly between adja- 
cent alleles, we proceeded to determine 
the allele frequencies at the D1S80 locus 
from two pooled DNA samples repre- 
senting 690 and 180 individuals, respec- 
tively. Figure 3 shows the electro- 
phoretic separation of the alleles 
amplified from the samples containing 
DNA from 690 individuals. Table 4 corn- 
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FIGURE Separation of the VWA alleles amplified from 10 ng of a pooled sample containing DNA from 1100 individuals on the automatic DNA 
sequencer. 

pares the allele frequencies determined 
from the pooled samples to those deter- 
mined previously in the Finnish popula- 
tion from 140 individual samples by the 
Amp-FLP technique. (12) The correlation 
between the two methods is good, even 
though a tendency toward higher fre- 
quencies of the smaller alleles and lower 
frequencies of the larger alleles in the 
pooled samples can be noticed. Two rare 
alleles observed in the individual sam- 
ples remained below the detection limit 
in the pooled samples. 

DISCUSSION 

We describe a novel strategy to deter- 
mine the allele frequencies in the popu- 
lation at loci exhibiting length polymor- 
phism. We used quantitative analysis of 

FIGURE 2 Allele frequencies at the VWA locus 
determined by amplification of the DNA from 
three pooled samples (1350, 690, and 1100 
individuals, respectively). The PCR products 
were separated on the DNA sequencer, and 
the relative amount of PCR products was de- 
termined using the A.LF. DNA Fragment 
Manager Program Vl.0. The columns show 
the mean values obtained from three separate 
PCRs from each pool. The variation range be- 
tween the determinations are indicated by 
vertical lines. 

PCR products obtained from pooled 
DNA samples representing a large num- 
ber of individuals to determine the allele 
frequencies at two loci. This approach 
greatly simplifies the determination of 
allele frequencies because the same in- 
formation that is obtained by analyzing 
hundreds of individual samples is ob- 
tained in one or a few reactions. One dis- 
advantage of our method, compared 
with analysis of individual samples, is 
that  the distribution of genotypes in the 
population can only be deduced by as- 
suming that the marker conforms to 
Hardy-Weinberg expectations. 

In this study the relative amounts  of 
the amplified alleles were determined by 
fluorescence detection using an auto- 
matic DNA sequencer. The PCR products 
are labeled by mediation of a fluorescent 
primer, and consequently, each mole- 
cule of PCR product carries one molecule 
of label. Contrary to the detection of 
PCR products by staining gels with ethid- 
ium bromide or silver nitrate, where the 
signals depend on the size of the ampli- 

TABLE 2 Comparison of Allele 
Frequencies at the VWA Locus 
Determined from Pooled and 
Individual Samples 

Allele frequency 
(samples) 

Allele pooled a individuaP 

1 0.136 0.125 
2 0.081 0.040 
3 0.172 0.195 
4 0.289 0.310 
5 0.190 0.175 
6 0.106 0.130 
7 0.022 0.025 

aMean value of the frequencies given in Fig. 2, 
3140 individuals are represented in the pools. 
bResults from 100 individual samples. 

fied fragment,  the result of the fluores- 
cent quantitative analysis is obtained as 
the molar  distribution between the alle- 
les. 

At the VWA STR locus, where the al- 
leles differ in size by only a repetitive 
tetranucleotide unit, and the size of the 
PCR products range from 150 bp to 180 
bp, the method gave an accurate esti- 
mate of the allele frequencies as com- 
pared with the allelic frequencies deter- 
mined from 100 individual samples. At 
the D1S80 locus, where the alleles differ 
by a 16-bp repeat unit  and the size of the 
PCR products vary from 430 to 750 bp, 
we found that the smaller alleles were 
amplified slightly more efficiently, and, 
as could be expected the difference in 
PCR efficiency depended on the differ- 
ence in size between the alleles. Despite 
this, the correlation between the allele 
frequencies determined from the pooled 
samples and those determined by ana- 
lyzing individual samples was accept- 
able. 

More efficient ("preferential")  ampli- 
fication of smaller VNTR alleles has been 

TABLE 3 Relative Amounts  of PCR 
Products Obtained from the DIS80 
Alleles of Individuals with 
Different Genotypes 

Allele Relative amount 
Sample combination a of PCR product b 

M1 18-31 0.63-0.37 
M2 18-24 0.52-0.48 
M3 24-28 0.65-0.35 
M4 18-19 0.53-0.47 
M5 24-25 0.51-0.49 
M6 28-29 0.54-0.46 
M7 29-30 0.51-0.49 
M8 31-32 0.55-0.45 

aThe alleles are designated according to the 
number of repeat units. (12) 
bMean values of three determinations. 
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FIGURE 3 Separation of the D1S80 alleles amplified from 10 ng of a pooled sample containing DNA from 690 individuals on the DNA sequencer. 

encountered particularly at the D17S30 
(YNZ22) locus, (6'16) where the size differ- 
ence between the alleles is large (70 bp). 
It has been suggested that  this problem 
can be avoided by raising the molar  ratio 
of the Taq DNA polymerase to the tem- 
plate DNA during the PCR. O6) We have 
also found that loss of the larger YNZ22 
allele can be avoided by decreasing the 
amount  of DNA template subjected to 
the PCR (A. Sajantila, M. Lukka, and A. C. 
Syvanen, unpubl.).  In this study we 
found that  the amoun t  of DNA template 
subjected to PCR did not  affect the rela- 
tive distribution between the amplified 
alleles in the range tested at the VWA or 
D1S80 locus. The sensitive quantitative 
determination of PCR products using a 
DNA sequencer is a useful tool for fur- 
ther studies of the factors that affect the 

TABLE 4 Comparison of the Allele 
Frequencies at the DIS80 Locus 
Determined from Two Pooled Samples 
and from Individual Samples 

Allele frequency 

individual 
pool pool samples 

Allele (n = 690) (n = 180) (n = 140) a 

18 0.343 0.331 0.307 
19 0.024 0.014 0.011 
20 0.048 0.034 0.032 
21 0.010 0.008 0.018 
22 0.017 0.020 0.014 
23 0.012 0.008 0.014 
24 0.330 0.343 0.311 
25 0.073 0.071 0.075 
26 0.010 0.004 0.011 
27 0 0 0.007 
28 0.059 0.047 0.068 
29 0.022 0.039 0.032 
30 0.006 0.009 0.043 
31 0.042 0.067 0.079 
37 0 0 0.007 

aFrom Sajantilla et al. (12) 

efficiency of the PCR at loci exhibiting 
length polymorphisms.  

From a practical point of view, an ad- 
vantage of detecting PCR products by sil- 
ver staining is that a lower efficiency of 
the amplification of larger alleles is com- 
pensated by more efficient staining of 
them. If scanning of silver-stained gels 
would be applied to determine allele fre- 
quencies from pooled samples, an over- 
estimate of the frequency of larger alleles 
could be expected. 

Our results showed that STR alleles 
differing in size by a tetranucleotide unit  
are amplified with equal efficiency, 
which indicates that STR markers with 
short alleles may be the markers of 
choice for PCR-based DNA typing. On 
the other  hand, when using markers 
having a repeated core unit  of only two 
nucleotides, a frequently encountered 
problem in PCR-based typing is artifac- 
tual amplification products one or two 
repeat units smaller in size than the ac- 
tual allele. These artifacts may account 
for a substantial proportion of the PCR 
products and, thus, hamper  the DNA 
typing. In such cases, our method of 
determining allele frequencies from 
pooled samples would be difficult to ap- 
ply. When analyzing individual samples 
at the VWA locus, we observed a small 
amount  of PCR product one repeat unit  
smaller than  the real alleles, but  the 
amount  of this product never exceeded 
5%. When amplifying pooled samples 
we repeatedly obtained a small amoun t  
(<0.8%) of product one repeat unit  
smaller than allele 1 (Fig. 1). This was 
interpreted as being a PCR artifact but 
may also represent a rare allele. 

In conclusion, we have devised a 
rapid procedure for determination of the 
population frequencies of alleles at 
polymorphic STR or VNTR loci. The 
number  of reported polymorphisms in 
the h u m a n  genome is increasing rapidly 

at present. Therefore, this convenient  
method to evaluate the informativity of 
new markers to be applied to forensic 
identification or genetic linkage studies 
in a particular populat ion should be 
highly useful. 
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