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In spite of the increasing application of DNA fingerprinting to natural populations 

and to the genetic identification of humans, explicit methods for estimation ofbasic 

population genetic parameters from DNA fingerprinting data have not been de- 

veloped. Contributing to this omission is the inability to determine, for multilocus 

fingerprinting probes, relatively important genetic information, such as the number 

of loci, the number of alleles, and the distribution of these alleles into specific loci. 

One of the most useful genetic parameters that could be derived from such data 

would be the average heterozygosity, which has traditionally been employed to 

measure the level of genetic variation within populations and to compare genetic 

variation among different loci. We derive here explicit formulas for both the esti- 

mation of average heterozygosity at multiple hypervariable loci and a maximum 

value for this estimate. These estimates are based upon the DNA restriction-pattern 

matrices that are typical for fingerprinting studies of humans and natural popula- 

tions. For several empirical data sets from our laboratory, estimates of average and 

maximal heterozygosity are shown to be relatively close to each other. Furthermore, 

variances of these statistics based on simulation studies are relatively small. These 

observations, as well as consideration of the effect of missing alleles and alternate 

numbers of loci, suggest that the average heterozygosity can be accurately estimated 

using phenotypic DNA fingerprint patterns, because this parameter is relatively 

insensitive to the lack of certain genetic information. 

Introduction 

Hypervariable minisatellite or VNTR (variable number of tandem repeat) probes 

have proved to be quite powerful for resolving genetic identity or relationship in 

humans (Gill et al. 1985; Jeffreys et al. 19853, 1985 c; Baird et al. 1986; Gilbert et al. 

1990b) and other vertebrate species (Burke and Bruford 1987; Jeffreys and Morton 

1987; Jeffreys et al. 1987; Wetton et al. 1987; Burke et al. 1989; Gilbert et al. 19900, 

199 1; Kuhnlein et al. 1990; Reeve et al. 1990). When used in conventional Southern 

blotting experiments, these probes produce “DNA fingerprints,” so-called because of 

the demonstrable individual specificity in outbred populations (Jeffreys et al. 198&z, 

1985b, 1985 c; Jeffreys 1987; Gilbert et al. 1990b). The genetic basis for this specificity 

is that a single VNTR probe is homologous to a moderate or large number of chro- 

mosomally dispersed genomic loci, many of which exhibit considerable genetic poly- 

1. Key words: hypervariable minisatellites, genetic relatedness, polymorphism, gene diversity, population 
genetics. 
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730 Stephens et al. 

morphism (Jeffreys et al. 1985a, 1990; Wong et al. 1986, 1987; Jeffreys 1987; Nakamura 

et al. 1987 ). The simultaneous screening of many highly polymorphic loci is, in many 

ways, ideal for resolving questions of genetic individualization. 

To date, published population studies involving minisatellite probes have ignored 

several important genetic parameters. In these studies, band sharing (or difference) 

has been used as a simple phenotypic metric to compare populations (Jeffreys et al. 

1985a, 19856, 1985~; Burke and Bruford 1987; Wetton et al. 1987; Gilbert et al. 

1990~; Reeve et al, 1990). Previous theoretical approaches (Lynch 1988, 1990) to 

DNA fingerprint data have concentrated on the relationship of phenotypic band sharing 

to other population genetic parameters (measures of relatedness, identity in state, and 

population homozygosity) but have not attempted to estimate genomic heterozygosity, 

in theory or in practice. Our own laboratory has attempted to relate band sharing to 

heterozygosity; however, the present paper represents a new, explicit estimation for 

average heterozygosity, an estimation that we believe has marked advantages over 

previous attempts (Gilbert et al. 1990b; Yuhki and O’Brien 1990). 

Our estimate is intended for the following empirical conditions encountered fre- 

quently with multilocus DNA fingerprint probes: ( 1) multiple loci are screened si- 

multaneously with a single probe; (2) these loci are generally unlinked and otherwise 

genetically independent; ( 3 ) many (often more than 10) bands of unknown genetic 

relationship to each other are observed in each individual; and (4) a pair of bands 

may be alternative alleles at a single locus or may be alleles at two different loci, but 

they are generally not both fragments of the same allele at a locus. The lack of infor- 

mation about relationship among the various alleles makes each allele effectively dom- 

inant: we cannot generally discern whether an individual is heterozygous or homo- 

zygous for each allele. 

Condition 2 is important for computing heterozygosity of multiple minisatellite 

loci and, indeed, for any collection of loci presumed to be a random sample of the 

genome. This condition will be true for large population samples, in the absence of 

tight linkage, epistatic selection, and other forces that generate linkage disequilibrium 

among loci. In DNA fingerprint data sets, one can test for allelic independence by 

tracking the departure of pairwise fragment cooccun-ences from expectation (Gilbert 

et al. 1990b); however, with available sample sizes the power of this test is not very 

high. Nonetheless, linkage disequilibrium is rare between tested linked loci that are 

more than a few centimorgans apart (Hill 1974; Bodmer and Cavalli-Sforza 1976; 

Hart1 1980). In our estimates of heterozygosity, we assume that alleles of minisatellite 

loci are independent, although we remain aware of the caveats implicit in this as- 

sumption. 

The first three conditions listed above are often true for minisatellite probes, 

because of the homology between the probe’s minisatellite core sequence and multiple 

polymorphic loci interspersed throughout the genome. In principle, these conditions 

also apply to any data set obtained from a probe that has homology to multiple genomic 

loci; examples of such probes are those corresponding to loci with many dispersed 

pseudogenes or those obtained from multigene families such as the major histocom- 

patibility complex (MHC) (Yuhki and O’Brien 1990)) although one needs to be more 

careful about linkage effects in the latter situation. 

We note that a large number of probes to specific, individual loci have been 

developed from minisatellite systems by screening clone libraries with a panel of oli- 

gonucleotides based on the core sequences ( Wong et al. 1986, 1987; Nakamura et al. 

1987, 1988; Gilbert et al. 199 1). Our present concern is with the estimation of het- 
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Heterozygosity Estimation for DNA Fingerprints 73 1 

erozygosity when detailed knowledge of the component loci underlying a DNA fin- 

gerprint is not available or would be impractical to obtain. This is often the case for 

DNA studies of natural populations, especially when probes from heterologous species 

are used. 

The fourth condition listed above is usually appropriate for minisatellite probes, 

since polymorphism is generally due to variable lengths of the tandem repeat-potential 

nucleotide sequence variation within the flanking restriction sites or within the tandem 

repeat itself is generally not monitored (but see Jeffreys et al. 1990). For probes detecting 

either variation within multigene families or other nontandem repeat variation, the 

fourth condition may not hold, in which case the presence of two bands as a single 

allele would be detectable as an absolute concordance in the occurrence of the two 

bands (observation of only + + and - - individuals). 

Several factors determine the average heterozygosity of systems of loci such as 

those under consideration here. One would like to know the number of polymorphic 

loci, the number and frequency of alleles, the distribution of alleles into specific loci, 

and the dominance relationships among the alleles at each locus. These factors are 

seldom known in experimental studies, but the principal factors relevant to the cal- 

culation of heterozygosity can be estimated, as we show below. The reliability of our 

estimates has been tested by using simulation studies, which show that the estimation 

of heterozygosity is not overly sensitive to the absence of the aforementioned genetic 

information. 

Calculation of Heterozygosity 

The standard unbiased estimate of heterozygosity (h) at a given locus is 

h = (1-ix;)&, 
J=l 

(Nei and Roychoudhury 1974)) where y1 is the number of individuals sampled and A 

is the number of alleles at the locus, each with estimated frequency Xi. The quantity 

calculated in equation ( 1) has also been called the “gene diversity”  (Nei 1973), because 

it has a meaningful genetic interpretation in all types of organisms (e.g., viruses, bac- 

teria, and polyploid organisms), not just in diploids. (In the case of nondiploid or- 

ganisms, the 2n’ s should be replaced by IZ times the ploidy.) This value is the observed 

heterozygosity for diploid populations if the genotypes are in Hardy-Weinberg equi- 

librium. In field studies of natural populations, it is customary to test whether genotypes 

are in Hardy-Weinberg equilibrium. Equilibrium is typically observed unless there is 

strong population subdivision or unless directional forces such as natural selection 

are in operation. 

An unbiased estimate of average heterozygosity (H) for a system of L loci is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

;: (ldx;)& 
1. A, 

H=;=' 
J=l 

L 

where Ai is the number of alleles at the ith locus and Xi, is the estimated frequency of 

the jth allele at the ith locus. Since the sum of A, equals A (the total number of alleles 
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732 Stephens et al. 

observed over all polymorphic and monomorphic loci), and since we can determine 

A by observation, the double summation in the middle term has been reduced to the 

single summation at the end of equation (2). In words, the specific distribution of 

alleles into loci is immaterial to the estimation of heterozygosity. 

Because each band or allele in a DNA fingerprint is effectively dominant, we 

must estimate each allele frequency (xk) from the frequency of occurrence of the kth 

band ( sk) . If we make the assumption that genotypes are in Hardy-Weinberg equilib- 

rium, then 

xk= l-\/l-Sk, (3) 

as in the papers by Gilbert et al. ( 1990b) and Yuhki and O’Brien ( 1990). The estimates 

of the individual xk’s can be totaled to provide an estimate of L, as in the paper of 

Gilbert et al. ( 1990b): 

A 

L= c&. 
k=l 

(4) 

Substitution into equation (2) gives 

(5) 

k=l 

as our estimate of average heterozygosity. The formula corresponding directly to the 

observable quantities (A and Sk) is 

2n 
H=- 

2n - 1 

k=l 

We have estimated A across all loci as being the number of different storable bands 

on the gel, a procedure which may miss additional alleles and additional loci. We 

discuss the effect of this possibility below. 

Maximum Heterozygosity for an Observed Number of Alleles 

The primary observations in the types of data sets considered here are A and Sk. 

Above we have estimated &‘s and the number of loci from these data. What number 

of polymorphic loci and distribution of alleles into loci will maximize the heterozygosity 

estimate for a given data set? According to Yuhki and O’Brien ( 1990), each band for 

which Sk = 1 is treated as a monomorphic locus (xk= 1). Let LM be the number of 

such loci and let AP = A-L.+, be the number of polymorphic bands, i.e., the number 

of alleles at the variable loci. We derive an estimate of the number of polymorphic 

loci ( Lp) that maximizes the average heterozygosity for a given LM and Ap. In doing 

this we will ignore the observed Sk for the polymorphic bands, since our objective is 
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Heterozygosity Estimation for DNA Fingerprints 733 

to ask, What distribution of AP alleles into Lp polymorphic loci will maximize H for 

a given LM? 

We note that for LM = 0, AP = A, and His maximized trivially by assuming both 

that all of the alleles occur at a single locus ( L=Lp= 1) and that each of the alleles is 

present in frequency 1 /A. In this case, H= [ 2n/( 2n- 1 )] [ 1- ( 1 /A)], from equation 

( 1). For L,,,, > 0, there is an optimum Lp that maximizes H, which reflects the trade- 

off between many slightly heterozygous loci and a few highly heterozygous loci. 

For a fixed number of alleles at a locus, an even distribution of xk’s maximizes 

heterozygosity, as above for Lp = 1. Likewise, for a fixed number of loci, an even 

distribution of alleles into loci will also maximize heterozygosity. In algebraic terms, 

heterozygosity is maximized when Ai = Ap/Lp and when each xv = 1 /Ai = Lp/Ap. 

Recognizing that the L,,,, monomorphic loci contribute nothing to heterozygosity, we 

have, from equation (2 ) , 

Because LM and AP are known, it remains for us to choose Lp such that H,,.,,, is, in 

fact, the maximum. From elementary calculus, it can be shown that 

LP = vzGG&LM = G&LM. (8) 

Statistical Considerations 

If the & in our estimate had been estimated from genotypic (rather than phe- 

notypic) observations, our estimate L would normally be quite accurate and generally 

could be treated as a constant. The variance of L in our simulation studies is generally 

quite small, with coefficients of variation that are on the order of 2%-3%. If L were 

an unbiased estimate with a symmetric distribution, the general effect would be to 

increase both the mean and the variance of H, because L occurs in the denominator 

of equation (2). An additional concern is that the allele frequency estimates were 

derived by assuming that genotype frequencies are in Hardy-Weinberg equilibrium. 

This is the case for the vast majority of loci and organisms, but one should still be 

cautious in any particular study. Overall, it does not appear that use of phenotypic 

observations (i.e., the &) would greatly distort H from the value that would be obtained 

were gene frequencies estimated more accurately. 

Nei and Roychoudhury ( 1974) have shown that the sampling variance of average 

heterozygosity is composed of an intralocus variance and an interlocus variance. The 

interlocus variance is due to heterozygosity differences among the constituent loci in 

the sample, whereas the intralocus variance is based on sampling fluctuations of &‘s 

at each locus. Although we are unable to resolve the xk’s of a DNA fingerprint in a 

locus-by-locus fashion, it is still feasible to obtain a conservative estimate of the variance. 

According to Nei and Roychoudhury, if average heterozygosity is estimated as 

2 hi 

H=Ty (9) 
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0.20 0.11 
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1.00 1.00 
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0.53 0.32 
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0.40 0.23 

0.13 0.07 

0.07 0.03 

0.13 0.07 

0.33 0.18 
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0.20 0.z 

0.07 0.03 

0.20 0.11 

0.40 0.23 
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0.07 0.03 

0.20 0.11 

0.07 0.03 

0.13 0.01 

0.13 0.07 

0.93 0.74 

0.53 0.32 

0.07 0.03 

0.27 0.14 

0.13 0.07 

0.13 0.07 

0.07 0.03 

0.20 0.11 

0.47 0.27 

0.13 0.07 

0.27 0.14 

0.07 0.03 

0.67 0.42 

0.20 0.11 

0.20 0.11 

0.07 0.03 

0.27 0.14 
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0.13 0.07 
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FE. 1 .-DNA fingerprinting data set of 15 unrelated domestic cats (labeled a-o). Genomic DNA was 

digested with MspI and was probed with feline minisatellite probe FCZ9 (Gilbert et al. 199 1). Sixty-seven 

distinct storable bands were seen; a plus sign (+) denotes presence in an individual, and a minus sign (-) 

indicates absence in an individual. sk estimates and xk estimates are indicated, other estimated parameters 

are L = C $1,~~ = 16.22 and H = 0.4180; LM = 7 and Ap = 60, from which Lp = 14.66 and H,,,,. = 0.5 115. 

where hi is the estimate of heterozygosity of the ith locus, the sampling variance of 

H may be estimated as 

(10) 

in which V(h) is the expected variance of h, estimated by 

i (hi-H)2 

I’(h) = i=l L_l , (11) 

under the assumption that the heterozygosities among loci are not correlated. In the 

present situation, the individual hi’s are not precisely estimable. However, in practice, 

the observed band frequencies are often extremely bimodal; that is, some number of 

loci (i.e., LM) are monomorphic, with the rest (i.e., LP) being highly heterozygous. In 

the extreme, then, each locus has h = 1 with probability H = Lp/L, or h = 0 with 

probability LM/ L = 1 -H. This situation suggests that heterozygosity at each locus is 
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Table 1 

Estimates of Average and Maximal Heterozygosity by Using Multilocus Minisatellite Probes in Natural Populations 

No. 

Restriction No. of of 

Species Population Probe Enzyme Individuals Bands LM L-L&j & P Pmx~ H Hm APD Reference 

Human 33.6 Hue111 33 121 0 9.41 1.00 1.00 1 .oo 0.86 0.99 76.9 Gilbert et al. (1990b) 

33.6 HinfI 33 114 0 8.34 1.00 1.00 1 .oo 0.88 0.99 81.1 Gilbert et al. ( 1990b) 

Fox ___ ..I.. SCA 33.6 Hi& 16 37 7 8.73 9.09 0.56 0.57 0.31 0.39 25.3 Gilbert et al. (1990a) 

SRO 33.6 HinfI 16 30 9 6.68 7.43 0.43 0.45 0.26 0.29 23.7 Gilbert et al. (1990a) 

SCR 33.6 HinfI 11 25 16 2.56 4.00 0.14 0.20 0.09 0.11 10.0 Gilbert et al. (1990a) 

SCL 33.6 HinfI 16 33 20 2.90 5.69 0.13 0.22 0.08 0.13 8.5 Gilbert et al. (1990a) 

SMI 33.6 Hid 10 31 25 1.22 2.84 0.05 0.10 0.04 0.05 4.7 Gilbert et al. ( 199Oa) 

SNI 33.6 HinfI 14 19 19 0.00 0.00 0.00 0.00 0.00 0.00 0 Gilbert et al. (1990a) 

Domestic cat 33.6 HinfI 16 29 4 3.31 6.77 0.45 0.63 0.36 0.46 40.5 Gilbert et al. (199 1) 

33.15 HinfI 18 27 0 7.16 1.00 1.00 1.00 0.58 0.96 42.5 Gilbert et al. (1991) 

FCZ8 MspI 17 76 6 10.31 15.35 0.63 0.72 0.48 0.56 47.1 Gilbert et al. (1991) 

FCZ9 MspI 15 67 7 9.22 14.66 0.57 0.68 0.43 0.51 44.5 Gilbert et al. (1991) 

Lion SRI FCZ8 MspI 15 71 5 9.27 13.84 0.65 0.74 0.50 0.58 49.7 Gilbert et al. (1991) 

NGC FCZ8 MspI 23 89 8 10.96 18.68 0.58 0.70 0.45 0.54 45.8 Gilbert et al. (199 1) 

GIR FCZ8 MspI 16 23 20 1.35 1.45 0.06 0.07 0.03 0.04 2.6 Gilbert et al. (199 1) 
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Table 2 

Estimation of Average and Maximal Heterozygosity by Using MHC Probes 

in Natural Populations 

Species and Restriction Enzyme zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
No. of No. of 

Individuals Bands H H mar APD MAPD” 

Human: 

PstI .................... 

BumHI ................. 

EcoRI .................. 

Domestic cat (sample 1): 

PstI .................... 

BumHI ................. 
EcoRI .................. 
EcoRV ................. 

Domestic cat (sample 2): 

PstI .................... 

BarnHI ................. 
EcoRI .................. 
EcoRV ................. 

Cheetah (eastern): 

PSI .................... 

BumHI ................. 
EcoRI .................. 
EcoRV ................. 

Cheetah (southern, sample 1): 

PstI .................... 

BumHI ................. 
EcoRI .................. 
EcoRV ................. 

Cheetah (southern, sample 2): 

PstI .................... 
BumHI ................. 
EcoRI .................. 
EcoRV ................. 

Lion (Serengeti): 

Psd .................... 

BumHI 

EcoRI .................. 
EcoRV ................. 
Hind111 ................. 

Lion (Ngorongoro Crater): 

PstI .................... 

BumHI ................. 
EcoRI .................. 
EcoRV ................. 

Hind111 ................. 

8 28 0.077 0.110 8.08 

6 15 0.106 0.156 13.20 

8 8 0.108 0.117 8.94 

16 16 0.107 0.143 8.28 

16 8 0.138 0.172 10.72 

18 10 0.092 0.127 8.65 

16 10 0.194 0.292 13.01 

11 18 0.119 0.146 7.94 

11 15 0.067 0.077 6.26 

18 10 0.092 0.127 8.65 

22 9 0.042 0.063 3.53 

13 18 0.000 0.000 0.00 

13 14 0.027 0.039 2.32 

13 18 0.042 0.063 3.53 

13 13 0.033 0.042 3.05 

8 20 0.000 0.000 0.00 

8 14 0.025 0.039 1.92 

8 17 0.041 0.049 3.85 

8 13 0.042 0.042 2.74 

8 20 0.034 0.056 4.37 

9 15 0.024 0.036 2.21 

9 18 0.065 0.08 1 6.12 

9 13 0.005 0.020 0.89 

18 19 0.084 0.095 7.80 

18 18 0.148 0.172 9.68 

18 26 0.08 1 0.092 8.35 

18 12 0.080 0.134 5.25 

14 22 0.133 0.172 12.94 

15 19 0.047 0.076 4.69 

15 21 0.060 0.068 6.08 

15 24 0.05 1 0.072 5.46 

15 11 0.016 0.024 2.27 

15 17 0.034 0.049 4.26 

10.07 

10.17 

6.60 

2.23 

2.13 

3.40 

8.80 

4.55 
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Table 2 (Conrinued) 

No. of No. of 

Species and Restriction Enzyme Individuals Bands H H max APD MAPD” 

Lion (Gir Forest): 

PSfI 18 25 0 0 0.00 

BamHl 18 14 0 0 0.00 

,;oRI 18 12 0 0 0.00 

EcoRV . . 18 9 0 0 0.00 

Hind111 18 11 0 0 0.00 

.oo 

Nom-These values replace those in the paper by Yuhki and O’Brien (1990). Probes used were pFLA24 (for felids) 

and HLAB7 (for humans). 

*Average of APD among all enzymes used. 

a Bernoulli trial, in which case the average heterozygosity has binomial variance of 

approximately 

V(H) = H( l-H)/L ) (12) 

which is similar to the result obtained by using equations ( 10) and ( 11). 

Of more concern, statistically, is V,(H) , the variance that describes the distribution 

of H on repeated sampling of a given population. Nei ( 1987) has given an estimate 

of this variance, for heterozygosity of the ith locus: 

Unfortunately, this expression does not readily lead to the desired variance in the 

current situation, because the alleles would need to be partitioned among the appro- 

priate loci. Below, we estimate V,(H) by computer simulation. 

Sample Calculations 

We have developed several population genetic data sets that involve DNA fin- 

gerprinting data (Gilbert et al. 1990a, 1990b, 199 1; Yuhki and O’Brien 1990). Figure 

1 shows both how each data set is coded and the relevant parameters and their estimates 

from this data set. Table 1 summarizes our estimates of the genetic parameters as 

calculated above for several DNA fingerprinting data sets, along with the phenotypic 

metric average percent difference (APD) in bandsharing. APD is simply the average 

among all pairwise comparisons between individuals of the quantity 

PD = (bx-bxy)+(by-bx,) 

bx+b, 
x100= 100(1-Z)= 100(1-S,,), (14) 

where S,, = 2b,,/( b,+b,) . The quantity PD is the percent difference in band sharing, 

defined by Yuhki and O’Brien ( 1990), where b, is the number of bands observed in 

individual x, by is the number of bands observed in individual y, and b,.. is the number 

of bands shared between x and y. Note that PD has a simple mathematical relationship 

to S,,, the similarity index defined by Lynch ( 1990). 
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FIG. 3.-Distribution ofH [m; eq. (5)] and APD/ 100 [ ; eq. ( 14)] in simulation studies of each of three empirical population samples. The leftmost distributions (.06- 

. 11) are for 1,000 replicate samples based upon the Santa Clara Island fox population (SCL in table 1; Gilbert et al. 1990~). The intermediate distributions (.37-.48) are for 

1,000 replicate samples based upon a study of domestic cats (FCZ9 in table 1; Gilbert et al. 199 1) . The rightmost distributions ( .72- .88) are for 1,000 replicate samples based 

upon a study of human cell lines (probe 33.6 restriction enzyme Hue11 in table 1; Gilbert et al. 1990b); respective means and standard deviations of H are 0.076 + 0.0068, 

0.422 f 0.0148, and 0.851 f 0.0102, and respective means and standard deviations of APD/ 100 are 0.084 + 0.0079, 0.431 f 0.0141, and 0.756 f 0.0125. 
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740 Stephens et al. 

For convenience in comparing H with H,,, we decomposed the estimated L 

from equation (4) into LM and L-L M. Table 1 shows the estimated fraction of loci 

that are polymorphic [P = 1 - ( LM/ L)] , corresponding to our standard estimate [ eq. 

(4)], and corresponding to our maximum estimate [PC,,,, = Lp/( Lp+LM); eq. (S)]. 

For many cases, even those of heterozygosity extremes, His fairly close to H,,,, , which 

supports our claim that the heterozygosity estimate is reasonably insensitive to the 

missing genetic information. 

Table 2 shows estimates of heterozygosity based on restriction-fragment pattern 

when cDNA probes from MHC class I genes in several species are used (Yuhki and 

O’Brien 1990). As with the heterozygosity estimates in table 1, H is generally close 

to H,,,. In both tables we have also calculated the APD, which has been shown 

previously to correlate well with heterozygosities obtained from other genetic systems, 

such as allozymes (Yuhki and O’Brien 1990). Figure 2 shows the relationship of 

APD to our estimate of heterozygosity [ eq. (5 )] from the same data sets. In both 

cases, the correlation is quite good and highly significant, as predicted from theory 

(Lynch 1990). 

We have run computer simulations to examine the distribution of H [ eq. (5)], 

L [ eq. (4)], H,,,,, [ eq. (7)], and APD [ from eq. ( 14)] among replicate samples taken 

from the same underlying population. We chose three of our empirical data sets as 

models for the simulated populations. In these simulations, observed band frequencies 

were taken as population band frequencies, and all bands were assumed to be inde- 

pendent. Sample sizes of individuals in the simulations were taken as the sample sizes 

from the empirical data sets. The number of bands observed in a simulation varied 

because of sampling errors, in accordance with the following considerations: 

Consider a band whose frequency is only 1 /n in the population. The probability 

of not observing this band in a sample of n individuals is [l-( 1 /n)]“, which is 0.3- 

0.4 for any sample size greater than 3. If the true number of bands with population 

frequency 1 / n is fr( 1 ), the observed number of such bands is expected to be fo( 1) 

= { 1- [ 1 -( 1 /n)]” )fr( 1 ), which is substantially less than fr( 1). Generalizing this 

notion, our simulations set the number of bands with population frequency j/n to 

fr( j) = $J j)/ { l- [ l-( j/n)]” >, to allow for “loss” of such bands. The fo( j) were 

determined from each empirical data set being modeled in a simulation. The distri- 

butions of H and APD/ 100, for 1,000 replicates for each of the three model data sets, 

are shown in figure 3. In each case, the variance of H is equivalent to or perhaps even 

smaller than that for APD/ 100. It is interesting that H and APD/ 100 are not statistically 

significantly different for the first two samples but are clearly different for the sample 

of human cell lines. In the latter case, H values are substantially greater than APD/ 

100 values, which is somewhat counterintuitive in light of the fact that the limiting 

(observable) situation of each band in frequency 1 / y1 would give APD/ 100 = 1, but 

H = 1 - ( 1 /n) . However, Lynch’s ( 1990) theoretical results indicate that the similarity 

index is an upwardly biased estimator of population homozygosity, which means that 

APD/ 100 could be expected to be a biased underestimate of average heterozygosity 

[see eq. ( 14)]. It is interesting that his results suggested that bias would be greatest 

when most alleles are at intermediate frequency, whereas our results suggest that this 

bias is greatest when most alleles are rare (in this case, 12 1 alleles are distributed 

among 9.4 loci). 
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Discussion 

DNA fingerprints yield an extraordinarily rich picture of the genetic diversity in 

humans and in natural populations-hence their particular importance for demo- 

graphic and other studies where close genetic relationship and even individual identity 

is being evaluated (Gill et al. 1985; Jeffreys et al. 1985a, 1985b, 1985 c; Burke and 

Bruford 1987; Jeffreys and Morton 1987; Wetton et al. 1987; Burke et al. 1989; Gilbert 

et al. 1990a, 1990b, 199 1; Kuhnlein et al. 1990; Reeve et al. 1990). An interpretive 

drawback to such studies stems from their complexity-the typically large number of 

alleles at an unknown number of loci, all envisioned on a single Southern blot, precludes 

rigorous ascertainment of relevant genetic information. As shown above, this lack of 

information need not undermine the estimation of at least one important parameter, 

the average heterozygosity of the component loci in the DNA fingerprint. 

Corn&ration of distinct alleles as a single band will tend to make our heterozygosity 

estimates underestimates, since a band of moderate or high frequency would generally 

be replaced by bands of lower frequency. That other alleles at the loci in question may 

be missed-e.g., if they are above or below the storable region of the gel-also looms 

as a potential reservation with regard to our estimation of heterozygosity. In an eval- 

uation of DNA fingerprints of human cell lines, Gilbert et al. ( 1990b) addressed the 

importance of the missing alleles, by using an acrylamide gel that allowed resolution 

of the smaller band sizes. They found that the inclusion of about a dozen new bands 

of low molecular weight that were resolved on polyacrylamide sequencing gels made 

very little difference in the overall population genetic parameters (i.e., heterozygosity 

and probability of individual identification) calculated from this data set. 

We can calculate that an additional band will increase the heterozygosity estimated 

by equation (6) only if its frequency is less than l-H2 [equivalent to the xk being 

less than 1 -H in eq. ( 5 )] . As in the paper by Gilbert et al. ( 1990b), additional bands 

can be gleaned from the smaller size range of bands (conventionally, cl-2 kb). Typ- 

ically, this range is ignored or even run off the gel, since the smaller bands tend to be 

more monomorphic. One may challenge this protocol, under the contention that 

exclusion of such bands biases the heterozygosity upward. However, ascertainment 

of heterozygosity of every locus homologous to a specific probe would seem to be a 

rather idealistic goal. After all, many homologous loci will fail to be detected as a 

function of stringency, so the heterozygosity estimate must be viewed as an operational 

one. Thus, the estimated heterozygosity of a DNA fingerprint may be seen as a char- 

acteristic of the specific probe/enzyme combination but should not be separated from 

technical factors such as the stringency of the gel or the size range of resolvable bands. 

Rigorous comparisons among labs will thus necessitate comparable technical criteria 

such as the range of band sizes and stringency. In this perspective, DNA fingerprints 

are analogous to conventional types of molecular data (e.g., protein electrophoresis), 

in that they provide estimates of genomic diversity that are directly comparable to 

equivalently collected data, and are cot-relatable with other estimates of diversity (e.g., 

allozyme electrophoresis, RFLP typing, and DNA sequence variation) used to quantity 

genetic variation in populations. 

We have presented here both an estimate of average heterozygosity, H, and max- 

imum heterozygosity, H,-,-,=, by using multilocus hypervariable gene families. The 

estimate was applied to data sets from four species (table 1) by using minisatellite 

probes, as well as to several mammal species typed with class I MHC probes (table 
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742 Stephens et al. 

2). In many cases H approaches H,,,,, and correlates well with other molecular estimates 

of genomic diversity that have been reported elsewhere (Gilbert et al. 1990~2, 19906, 

1991; Yuhki and O’Brien 1990). 
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