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Summary. Populations of white Caucasians, Afro-Carib-
beans and Asians residing within the UK have been
analysed at 4 different hypervariable loci. A computer-
ised system was used to store and to analyse the data.
Simulation experiments were carried out in order to de-
termine whether there was any evidence for population
stratification, which would lead to non-independence of
allelic distributions.
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Zusammenfassung. Populationen weiffer Europder von
“Afro-Caribbeans” und von Asiaten, welche in GroBbri-
tanien leben, wurden an 4 unterschiedlichen hyperva-
riablen Loci untersucht. Ein computerisiertes System
wurde benutzt, um die Daten zu lagern und zu analysie-
ren. Simulationsexperimente wurden durchgefiihrt, um
zu bestimmen, ob irgendein Beweis fiir Populations-
Schichtung besteht; ein Befund, welcher auf fehlende
Unabhingigkeit der Allelverteilung schlieBen lassen
wiirde.

Schliisselworters DNA — Hypervariable Loci — Matching
window — Rassen — Populations-Studie

Introduction

Problems associated with the determination of molecu-
lar weight of continuous distributions of alleles from
hypervariable loci have been discussed by Gill et al.
(1990). Evett and Gill (1990) introduced the use of a
2.8% kB match guideline. This figure was based on a
survey of 437 samples analysed in duplicate, giving 95266
comparisons, using YNH24. The guideline is not rigid;
this series of experiments demonstrated that 2.1% of
duplicates actually fell outside the 2.8% limit (i.e. bands
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were >2.8% kB apart), whereas 0.78% of profiles from
randomly chosen individuals were included. However,
use of the Bayesian model proposed by Evett et al. (1990)
circumvents the need for using a rigid criterion for decid-
ing whether 2 bands match (where P=0 or P=1). The
Bayesian model calculates a likelihood ratio which can
be either positive or negative (i.e. P of a match is not bi-
nary but is somewhere between 0 and 1).

Recently, Lander (1989a, b) and Cohen (1990) have
raised issues relating to the possible effect of linkage dis-
equilibrium resulting from population stratification, where
a population consists of mixed racial sub-groups which
do not interbreed. The effect of population stratification
has been examined by Evett and Gill (1990) using a
model which consisted of an artificial population com-
prised of a mixture of Afro-Caribbeans and white Cau-
casians (the latter group had 2kB added to each band in
the database in order to accentuate the stratification).
They showed that using this extreme example of a strati-
fied population, the probability of observing chance as-
sociations of YNH24 was not changed.

Population stratification could result in associations
between alleles from different loci, i.e. linkage disequi-
librium which is not dependent upon physical linkage of
loci (Lander 1989a, b). Surveys of the population struc-
ture of hypervariable loci are not yet extensive. Baird
et al. (1986), Balazs et al. (1989) and Odelberg et al.
(1989) found different allelic frequencies among differ-
ent ethnic groups; Flint et al. (1989) have examined al-
lelic distributions in Polynesian islanders. This paper in-
cludes a detailed analysis of the population variation in 3
different ethnic groups (white Caucasian, Afro-Carib-
bean and Asian). Between 200-300 people were analysed
in each ethnic group using up to 4 different probes. Using
the match guideline of 2.8%, a simple computer pro-
gram was used to search for chance matches between ran-
domly chosen individuals, where each had been analysed
at 2 or more loci. This work was carried out in order to
determine whether there was evidence for non-indepen-
dence between loci examined in each of the different
ethnic groups tested.
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Table 1. Results of comparisons between different races
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YNH24 MS31 pMLIJ14 MS43a Total Pm
White Caucasian
No. of HETS 381 236 182 253
No. of HOMS 5 33 57 22
No. of observations 272 214 239 213
No. of comparisons 36856 22791 28441 22578
Pm 0.011 0.012 0.0084 0.012 1.2778
Heterozygosity (%) 94.9 90.2 90.0 91.6
Afro-Caribbean
No. of HETS 177 85 47 92
No. of HOMS 1 1 18 3
No. of observations 224 196 200 222
No. of comparisons 24976 19110 19900 24531
Pm 0.006 0.004 0.002 0.003 4.0670
Heterozygosity (%) 96.9 95.4 89.5 94.6
Asian
No. of HETS 289 218 73 142
No. of HOMS 17 7 5 32
No. of observations 238 224 220 214
No. of comparisons 28203 24976 24090 22791
Pm 0.011 0.009 0.003 0.008 24279
Heterozygosity (%) 93.7 93.8 94.1 874

Between individual comparisons of each sample in the database were made; the number of heterozygote (HETS) and homozygote (HOMS)
chance associations (within a 2.8% window) were recorded. The total number of comparisons made is (n*n-1)/2 where 7 is the sample size
of the population. The expected combined chance association of 4 probes is obtained by multiplication of Pm (match probability) for each

probe

Materials and methods

The populations. The population results of white Caucasians were
based on blood samples collected during the course of casework
from forensic science laboratories in England and Wales; the Afro-
Caribbean population originated from Manchester and the Asian
population originated from Oxford and Edgbaston, England.

Electrophoretic system and probes used. Aliquots of DNA (2-3 ug)
were extracted following the procedure described by Gill et al.
(1987). The DNA was digested with approximately 30X excess
Hinfl (Boehringer) and run overnight on 20 X 25 cm agarose gels
(0.04 M Tris; 0.02 M Na Acetate; 0.2mM EDTA). Gels were de-
purinated, denatured and Southern blotted onto nylon membranes
(Amersham Hybond) following the method of Gill et al. (1987).
Membranes were hybridised with oligolabelled probes YNH24,
pCRE1.2 (a sub-clone of pMLJ14 described by Nakamura et al.
1987}, MS31 and MS43a (Wong et al. 1987). The protocol has
been described by Gill et al. (1990).

Analysis of band positions and frequency determination. The meth-
od of band analysis used was as described by Gill et al. (1990) ex-
cept that frequencies were calculated using a +2.8% sliding win-
dow fit. Sizes of band fragments were determined using the meth-
od of Elder and Southern (1987) and profiles were sized by refer-
ence to 3 Lambda ladder markers (Amersham Catalogue No.
NK8668). In addition, each plate contained at least 1 genomic con-
trol.

Analysis of probabilities of chance association. To determine the
effect of window size on the probability of chance association, data
were analysed as follows:

(i) Only samples which had been analysed using at least 2 probes
were included.

(ii) Each race code was taken separately. Taking each probe in
turn, each sample was compared with every remaining sample in
the database so that the total number of comparisons = n*(n-1)/2
where n = number of individuals analysed for each probe. The
numbers of homoyzgote and heterozygote matches were recorded
and are shown in Table 1. The experiment was repeated several
times, increasing the window in steps from 2.8% to 11.2%.

(iii) For each sample and taking each race code sequentially, band
positions for every pair of probes (i.e. a total of 6 different combina-
tions; Table 2) were compared with each remaining sample in the
database. This experiment was carried out using a 2.8% window only.

(iv) Finally, each profile was compared with all other profiles in
the database in order to determine whether matches using 3 and 4
probes could be observed.

Results and discussion

Population databases

Population frequency histograms for white Caucasians,
Afro-Caribbeans and Asians are illustrated in Figs. 1-4.
All ethnic groups showed marked differences from each
other.

Characteristics of YNH24

A major peak was found in white Caucasians centred at
2750bp. Afro-Caribbeans at 3000 bp and Asians at 2850
bp. The range of alleles observed was between 1700 bp
(Asian) and 8400 bp (white Caucasian).
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Table 2. Comparison of pairs of probes for each-database

Probe 1 Probe2  Number of Expected Observed
comparisons
(n*n-1)/2 n
White Caucasian database
YNH24 MS31 15225 175  1.88 2
YNH24 pMLJI14 13695 166  1.21 1
YNH?24 MS43a 16110 180  2.06 1
MS31 pMLIJ14 7626 124 0.76 0
MS31 MS43a 6328 113 091 0
pMLJ14 MS43a 6903 118 0.71 1
Total 65887 7.51 5
Proportion 1.1417%  7.5897°
Afro-Caribbean database
YNH24 MS31 17578 188  0.56 0
YNH24 pMLJ14 16290 181  0.38 1
YNH24 MS43a 16836 184  0.46 1
MS31 pMLIJ14 13530 165 0.20 1
MS31 MS43a 12561 159  0.22 0
pMLJI14 MS43a 14706 172 0.19 0
Total 91501 2.01 3
Proportion 2.1987°  3.2797°
Asian
YNH24 MS31 21945 210 2.14 2
YNH?24 pMLJ14 22791 214 0.80 2
YNH?24 MS43a 19701 199 1.63 0
MS31 pMLJ14 19701 199  0.57 0
MS31 MS43a 19110 196  1.31 2
pMLI14 MS43a 17578 188  0.43 0
Total 120826 6.90 6
Proportion 5.7127%  4.9667°

The legend is the same as for Table 1 except that between indi-
vidual comparisons of pairs of probes were made. Expected fre-
quencies were calculated: (Pm(1) X Pm(2) X (n*n-1)/2) where Pm
was taken from Table 1 and (n*n-1)/2 from Table 2

Characteristics of pMLJ14

A major peak existed in both white Caucasians and Asians
at 1560 bp, the frequencies of the remaining alleles were
below 0.04. In Afro-Caribbeans, alleles were more com-
mon (up to 0.08) between the 2-3.7 kB range. The over-
all distribution of alleles in pMLJ14 ranged between 1~
21kB, all alleles above 7kB were rare (< 0.01).

Characteristic of MS31

All 3 databases peaked at similar positions (6700 bp,
white Caucasian; 6760bp, Afro-Caribbean; 6900bp,
Asian). Alleles ranged between 3-14kB; Afro-Carib-
beans had additional low molecular weight alleles down
to 1.6 kB.

Characteristics of MS43a

Generally, alleles ranged between 3.4-13.6kB in white
Caucasians, with rare alleles being found up to 20kB in
Asians and Afro-Caribbeans.
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Fig.1. Frequency distribution of probe YNH24 using a +2.8%
sliding window fit. The sliding window fit is described by Gill et al.
(1990). Essentially, it consists of a “bin” which moves at 5 bp inter-
vals. The histogram is a compilation of all possible “bin” frequen-
cies

Biological significance of observed allelic distributions

The mutation rate of hypervariable loci is significantly
greater than for other loci in the human genome (Jef-
freys et al. 1988). Frequency distributions described in
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froquency

this paper all become rare towards the high molecular
weight end of the distribution. This trend is well illus-
trated by YNH24 Afro-Caribbeans where the frequency
progressively declines from 2.6kB down to 7.4kB. Al-
leles detected by pMLIJ14 also become progressively rare
above 5kB in all races. Distributions of MS31 and MS43a
are both shifted towards the higher molecular weights,

P. Gill et al.: Population genetics of 4 hypervariable loci

nsit
White Caucasian
8,16
8.14+
8,12+
=n
] B.1
[
= 8,688
a
fred 0.86
8.04+
0,824
B..
1588 3086 4508 6088 7508 3006 18568 128686 13508
Base pairs
MSIL
Afro-Caribbean
8.1+
g
[—
-]
g
“
]
1508 3008 4508 6888 7500 9688 10560 12068 13508
Base pairs
NSt
fAsian
9.167
8,14+
B.12
=
] 8.1
a
) 8,088
al
i 8.86
8.084
8.02

B..
1508 3696 4508 6086 7500 9600 10568 12088 13580

Base pairs

Fig. 3. Frequency distribution of probe MS31 using a +2.8% slid-
ing window fit

with the latter locus showing a high molecular weight
peak at 9kB for white Caucasians and Asians. Compari-
son with the Afro-Caribbean population shows a pro-
gressive decline in frequency of bands greater than 5.4
kB. If the ancestral population of the human race has
originated from Africa (Cann et al. 1987) then it would
be expected that greater heterogeneity would be found
in African populations since the two effects of recurrent
mutation and genetic drift would have operated over a
longer period of time. It is probable that high molecular
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Fig. 4. Frequency distribution of probe MS43a using a * 2.8% slid-
ing window fit

weight alleles are more likely to mutate than low molec-
ular weight alleles. This effect would account for their
rarity in the high molecular weight regions and is sup-
ported by the observation that the frequency of bands
using multi-locus probes decreases as the molecular weight
increases (Jeffreys et al. 1985; Gill et al. 1987).
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Fig. 5. Match probabilities of 4 probes for 3 different ethnic groups
using a 2.8% window guideline

Table 3. Probability of chance association for 4 probes according
to window size

Window size Observed Pm using 4 probes

(%) 5 X X
‘White Afro-Caribbean Aslan
2.8 1.27°8 4.0671° 2.427°
5.6 1.277% 45278 3.9277
8.4 1.817° 9.7177 6.6676
11.2 1.8374 7.697° 44273

The effect of window size on match probability using 4 probes

Independence of alleles between hypervariable loci

For each population database, the number of matches
between heterozygotes and homozygotes was recorded
using the 2.8% window guideline for each ethnic group
(Table 1, Fig. 5). Probe pMLJ14 gave the lowest proba-
bility of chance association for each race. Afro-carib-
beans were more heterogeneous than both white Cauca-
sian and Asian populations for 3 of the 4 probes tested
(Table 1).

Table 2 shows comparisons between pairs of probes
using a 2.8% window guideline. The probability of chance
association using 2 probes was approximately 107> and
was no different to that expected. This is a strong indica-
tion that the populations analyses are independent at the
4 loci examined.

No matches were observed when 3 or 4 probes were
compared for each sample. The probability of chance as-
sociation using 4 probes was calculated as 107® and 107
(Table 3) using a 2.8% window.

Population stratification

Jeffreys et al. (1991) pointed out that the effect of recur-
rent mutation will counteract the effect of genetic drift,
and will therefore prevent the occurrence or tendency
for alleles to become fixed, even in highly inbred popula-
tions. Furthermore, observed mutation rates recorded
by Jeffreys et al. (1985, 1988, 1991) and Armour et al.
(1989) are almost certainly underestimates, since many
mutations could occur which would never be detected
because of the limited resolving power of the electropho-
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retic system utilised or because changes can occur within
the tandem repeat which does not produce a change in
the size of the fragment. Jeffreys et al. (1990) showed
that even alleles of identical length can be different and
have arisen by convergent evolution. It follows that if al-
leles within a bin are different, then this requires a very
high mutation rate to new length alleles. It is the high
mutation rate alone which prevents any given allele from
reaching a significant population frequency.

Relationship between probability
of chance association and heterozygosity

Given a continuous allelic distribution in hypervariable
loci it follows that observed heterozygosity estimates
(Table 1) are underestimated because they are partly de-
pendent upon the resolving power of the electrophoretic
system utilised. An apparent homozygote could be 2
bands differing in size by only a few base pairs. Alterna-
tively, observations of homozygotes are likely to be
greater than expected because of the loss of low molecu-
lar weight alleles which run off the end of the gel and the
possibility of the occurrence of null alleles. It is not pos-
sible to count the number of alleles in a hypervariable
system; clear peaks in the allele frequency distribution
usually represent collections of alleles which on internal
mapping are clearly related in origin (Alec Jeffreys,
Pers. Comm.), i.e. the 2kb peak for YNH24 Afro-carib-
beans might be a collection of very few different alleles.
Hence measurements of Hardy Weinberg equilibrium
are problematical.

Measurements of observed heterozygosity (Ht) at the
loci examined do not give a good indication of popula-
tion heterogeneity. This is best achieved by determina-
tion of chance matches by simulation. The lowest proba-
bility of chance association (Pm) was found in pMLI14
Afro-Caribbean (Pm = 0.003; Ht = 89.5%); the greatest
was in MS43a (Pm =0.012; Ht = 91.6%).

Searching databases

It may be a future requirement in forensic laboratories
to search databases for profiles which have been gener-
ated using different electrophoretic systems in different
laboratories. Different electrophoretic systems and pro-
tocols result in difficulties in obtaining results which are
directly comparable between laboratories (Rose and
Keith 1989). This could result in an interlaboratory error
of greater than 2.8% (where protocols are different).
Simulations were carried out in order to determine prob-
abilities of chance association using 4 probes and these
are shown in Table 3. Even the use of a window of 11.2%
resulted in a probability of chance association of 107°.
This indicated that a large window could be utilised for
searching purposes provided that at least 4 different
single locus probes are used. To carry out a meaningful
statistical comparison on results from different laborato-
ries using different protocols would require a demonstra-
tion of compatibility of results, coupled with suitable
quality controls to ensure that fragment sizes were with-
in designated limits.
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If it was suspected that 2 samples match, the alterna-
tive approach would be to re-run samples from different
laboratories on the same electrophoretic plate; direct
statistical comparisons could then be made.

Conclusion

Data have been analysed for 4 different probes using 3
different ethnic groups. Each race has a different distri-
bution of alleles for each probe. Examination of data for
band matches using computer simulation demonstrated
independence of bands (and therefore lack of linkage
disequilibrium) in all populations analysed. The greatest
heterogeneity was found in Afro-Caribbean populations
and this could be associated with the possible ancestry of
the human race.
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