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ABSTRACT: Gene frequencies were computed in four racial categories from 5956 blood
donors from California, Hawaii, Mexico City, and Texas. Calculations were based on the
phenotypic distribution of 22 blood genetic systems including 7 blood groups and 15 geneti-
cally controlled polymorphic proteins and enzymes. Matching probabilities for 20 systems were
approximately 1 in 100 000 Asians, 1 in 200 000 blacks, 1 in 330 000 Mexicans, and 1 in
1 000 000 whites. The complementary discrimination probability, which measures the likeli-
hood that two random individuals do not match, was, for practical purposes, unity. The
combined new technology for blood grouping and electrophoresis using cellulose acetate
membranes provides a powerful individualizing and discriminating tool for forensic science
investigation.
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Civil and criminal investigations often employ analysis of human blood group data as a
tool for identification. When two blood samples compared for identification do not match,
the innocence of an accused person is established. When two compared samples match,
the accused person is not eliminated from suspicion on the basis of blood analysis. In this
case, mathematical probabilities are the best method available to assess the likelihood
associated with the failure of genetic evidence to give a conclusive answer. The calculation
of these probabilities depends on accurate knowledge of the phenotypic or gene fre-
quencies of the genetic variants being compared. The probability of matching [1,2], the
probability of discrimination [2,3], and the probability of paternity [2,4] are all examples
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of mathematical probabilities computed from blood group data employed in medicolegal
situations.

A prerequisite for useful probabilities is reliable estimates of the phenotypic and gene
frequencies from specific populations. An earlier report from this laboratory [1]described
the frequency distribution and discrimination probability of twelve genetically controlled
systems in four human racial categories. The present study extends the previous work to
the frequency distribution of phenotypes in 22 human blood genetic systems based on
newly collected data. These data were used to estimate the gene frequencies associated
with 20 human blood group systems for four racial categories. Also included is a test of
the "goodness of fit" for each of these estimates along with the discriminant probabilities
that measure the relative efficacy of each system for identification.

Method

As part of a project entitled "Admissibility of Technical Physical Evidence" funded by
the California Office of Criminal Justice Planning, 5956 blood samples were analyzed to
determine the phenotypes for up to 22 separate genetic systems for each individual sampled
(Table 1). All determinations were made on fresh blood specimens from blood bank
donors. Each blood sample received from a blood bank was contained in a segment of
donor tubing. A section (two adjoining sealed segments) was snipped off at the blood bank
and then shipped with others in a refrigerated container to the University of California
laboratory at Berkeley. The blood bank identified each sample by code number, to pre-
serve the anonymity of the donor, and provided the age, sex, and ethnic group of the
donor.

At the Berkeley laboratory, the sample segments were separated so that a coded half of
each sample could be shipped immediately in a refrigerated container to the Harbor
General Hospital laboratory at Torrance, Calif., for blood typing for ABO, Rh, MNSs,
Kell, Duffy, Kidd, and P systems.

The blood grouping was done with immunological techniques. Red cell groupings were
performed with Microtiter® plates using slight modifications of the technic of Crawford et
al [5]. The red cell samples and appropriate controls were placed vertically. The resultant
mixtures were agitated. One plate was used for room temperature reactions, another plate
for 37°C reactions, and a third plate for anti-globulin testing. All reactions took place
under identical conditions and were read at the same time. Immediate comparisons
betweez reactions were made. When a permanent record was needed, the plates were
photographed. More detailed methods will be described elsewhere.3

At the Berkeley laboratory each blood sample was analyzed electrophoretically for up to
15 variants. Haptoglobin typing was done by electrophoresis in a horizontal 1-mm-thick
acrylamide gel for about 60 mm, using a newly designed apparatus [6]. The electrophoresis
of the other 14 protein and enzyme systems was done on Sartorius cellulose acetate
membranes.

The data were collected so that adequate numbers of individuals were present for four
ethnic groups (white, black, Mexican, and Asian). Unselected samples from California
blood banks contain very few specimens from minority ethnic groups. To correct this
inequality, special effort was made to collect samples from blood banks in areas where
there are concentrations of particular ethnic groups. Participating blood banks were
requested first to give all samples collected from specific ethnic minorities, then to supple-
ment their quota for a given period with blood from white donors. When it became
apparent that an adequate statistical balance could not be secured from California blood

3B. W. Grunbaum, A Manual for the Forensic Analyst for Phenotyping of Human Fresh Blood
and Bloodstains, in prcparation.
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banks alone, we asked the Blood Bank of Hawaii for Asian samples and the Banco
Central de Sangre of Mexico City for Mexican samples. The Hawaiian blood bank has
kindly given us a more complete breakdown of the Asian donors, marking them as Japanese,
Chinese, Korean, Filipino, and so forth. However, only Japanese and Chinese were con-
sidered as Asians for this report. This more precise racial determination has enabled us to
make some interesting statistical observations that will be presented in a separate report.

The distribution of the samples by ethnic groups is given in Table 2. The white sample
is mostly from southern California (63%), the black sample predominantly from northern
California (92%), the Mexican group primarily from Mexico City (73%), and the Asian
sample is almost entirely from Hawaii (86%).

The data were not classified by variables other than race for statistical analysis. Cate-
gories such as age, residence within California, and sex (except for the glucose-6-phos-
phate dehydrogenase system) were analyzed and found to have no measurable influence on
the distribution of phenotypic and, therefore, genotypic frequencies. The assumption that
these data were homogeneous for demographic characteristics other than race is consis-
tent with genetic theory and empiric data [11.

Results

In Table 3 the data obtained from the laboratory phenotyping is presented by fre-
quency for each phenotype for the 22 genetic systems in four racial groups. However, the
basic measure of the distribution of a genetic variant in a population isthegenefrequency.
The estimated gene frequencies for 20 of the 22 analyzed systems4 are given in Table 4
along with their standard errors. These gene frequencies were estimated by the widely
used method of maximum likelihood [17], which has several optimum statistical properties.
For codominant genetic systems with two alleles, the maximum likelihood estimates of the
two gene frequencies pi and P2 are

= (2x + y)/2N
and

P2 = 1 — ji
where x symbolizes the number of one homozygotic type, y symbolizes the number of the
heterozygotic type, and N is the total number of individuals analyzed. The standard error
of the estimates Pi and 2 is (plp2/2N)2. Estimates and standard errors for more
complicated systems were calculated by a computer algorithm. Rare phenotypes (Table 3)
(occurrence of less than 1% in the general population) were excluded from the estimation
procedure since inclusion complicated the estimation and does not appreciably improve
the gene frequency estimates.

TABLE 2—The distribution of ethnic groups in the data by areas sampled (percentages).

Area White Black Mexican Asian

Northern California 12.0 92.4 13.6 13.8
Southern California 63.2 5.6 7.9 ..
Dallas, Texas 24.6 1.9 5.4 ...
Hawaii 0.2 0.1 0.6 86.2
Mexico City . . . . . . 72.5 .

4Phosphoglucose isomerase and transferrin had only rare phenotypes, and thus the gene frequency
estimates are 1.0.
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tent with genetic theory and empiric data [1]. 

Results 

In Table 3 the data obtained from the laboratory phenotyping is presented by fre- 
quency for each phenotype for the 22 genetic systems in four racial groups. However, the 
basic measure of the distribution of a genetic variant in a populationisthegenefrequency. 
The estimated gene frequencies for 20 of the 22 analyzed systems 4 are given in Table 4 
along with their standard errors. These gene frequencies were estimated by the widely 
used method of maximum likelihood [17], which has several optimum statistical properties. 
For codominant genetic systems with two alleles, the maximum likelihood estimates of the 
two gene frequencies pl  and p2 are 

/31 = (2x + y ) / 2 N  
and 

/32 = 1 - - / 31  

where x symbolizes the number of one homozygotic type, y symbolizes the number of the 
heterozygotic type, and N is the total number of individuals analyzed. The standard error 
of the estimates/31 and/32 is ( p l p 2 / 2 N )  1/2. Estimates and standard errors for more 
complicated systems were calculated by a computer algorithm. Rare phenotypes (Table 3) 
(occurrence of less than 1% in the general population) were excluded from the estimation 
procedure since inclusion complicated the estimation and does not appreciably improve 
the gene frequency estimates. 

TABLE 2--The distribution of ethnic groups in the data by areas sampled (percentages). 

Area White Black Mexican Asian 

Northern California 12.0 92.4 13.6 13.8 
Southern California 63.2 5.6 7.9 . . .  
Dallas, Texas 24.6 1.9 5.4 
Hawaii 0.2 0.1 0.6 86.2 
Mexico City . . . . . .  72.5 . . .  

4 Phosphoglueose isomerase and transferrin had only rare phenotypes, and thus the gene frequency 
estimates are 1.0. 
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TABLE 3—Frequency distribution of 22 human blood genetic systems in four racial categories. 

White, Black, Mexican, Asian, Other,a Total, 
Phenotype N 1121 N=924 N2047 N 1605 N259 N=5956 

ABO 
A1 288 147 239 442 16 1132 

A2 83 37 39 4 0 163 
B 85 137 113 287 5 627 
00 412 359 801 475 13 2060 

A1B 36 20 15 125 4 200 

A2B 10 13 5 9 0 37 
Total 914 713 1212 1342 38 4219 

Rh" 
DCCee 150 32 324 560 13 1079 
dccee 165 61 32 2 0 260 
DCcee 284 154 215 112 6 771 
DccEe 113 94 91 46 2 346 
DCcEe 122 38 316 466 15 957 
Dccee 37 283 19 23 0 362 
DccEE 13 14 84 95 1 207 
dccEE 2 0 2 0 0 4 
DCCEe 4 2 46 14 0 66 
dCcee 7 12 2 3 0 24 
dccEe 5 0 2 3 0 10 
DCcEE 3 0 47 6 0 56 
dCCEe 0 0 0 1 0 1 

DCCEE 0 0 28 0 0 28 
D"CCee 1 0 0 4 0 5 
D'ccee 1 12 0 1 1 15 
D'Ccee 6 7 0 2 0 15 
D'ccEe 1 4 0 1 0 6 
D"CcEe 0 0 0 3 0 3 

dCCEE 0 0 4 0 0 4 
Total 914 713 1212 1342 38 4219 

MNSs 
MNss 177 198 215 553 18 1161 

MNSs 158 75 205 80 4 522 
MMSs 111 68 277 79 2 537 
NNss 119 145 85 234 6 589 
MMss 81 128 183 347 7 746 
MMSS 49 16 133 8 0 206 
NNSs 22 48 31 30 1 132 
MNSS 28 21 52 8 0 109 
NNSS 6 11 8 3 0 28 
Total 751 710 1189 1342 38 4030 

Kell 

kk 824 694 1189 1339 38 4084 
Kk 84 19 23 3 0 129 
KK 3 0 0 0 0 3 
Total 911 713 1212 1342 38 4216 

Duffy 
Fy(a+b—) 201 117 493 1093 29 1933 
Fy(a—b+) 291 149 182 15 3 640 
Fy(a+b+) 408 33 517 232 6 1196 
Fy(a—b—) 13 414 20 2 0 449 
Total 913 713 1212 1342 38 4218 

Kidd 
Jk(a+b—) 144 303 288 262 11 1008 

Jk(a—b+) 126 4! 206 311 7 691 

Jk(a+b+) 244 353 649 767 19 2032 
Total 514 697 1143 1340 37 3731 

P 
648 622 835 454 16 2575 

Pt— 266 91 377 888 22 1644 
Total 914 713 1212 1342 38 4219 :--
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TABLE 3—Continued. 

White, Black, Mexican, Asian, Other, Total, 
Phenotype N = 1121 N = 924 N = 2047 N = 1605 N = 259 N = 5956 

Hp 
1-1 154 135 218 148 11 666 
1-2 418 236 393 444 14 1505 

2-2 288 89 163 512 12 1064 
Rarec 0 3 1 1 0 5 
Total 860 463 775 1105 37 3240 

Gc 
1-1 537 638 1160 780 148 3263 
1-2 429 183 655 590 82 1939 

2-2 74 18 80 118 13 303 
Rarer 10 28 13 78 6 135 

Total 1050 867 1908 1566 249 5640 
Tf 

CC 786 467 742 1259 31 3285 
Rarec 15 35 23 36 1 110 

Total 801 502 765 1295 32 3395 
Hb 
AA 1040 716 1561 1448 144 4909 
AS 0 54 3 1 0 58 
AC 0 18 3 0 0 21 
Rarec 0 4 2 2 0 8 
Total 1040 792 1569 1451 144 4996 

AK 
1.1 944 722 1347 1406 81 4500 
1.2 77 13 31 4 2 127 
2-2 0 0 2 0 0 2 
Rarec 0 1 0 0 0 1 
Total 1021 736 1380 1410 83 4630 

ADA 
1-1 910 701 1284 1317 63 4275 
1-2 91 24 44 73 7 239 
2-2 3 1 1 1 0 6 
Rare' 1 0 0 0 0 1 

Total 1005 726 1329 1391 70 4521 

EAP 
AA 106 31 109 67 9 322 
BA 426 305 640 502 64 1937 
BB 391 481 986 972 99 2929 
CA 45 2 19 0 2 68 
CB 69 8 40 1 5 123 
Rarec 7 18 3 0 0 28 
Total 1044 845 1797 1542 179 5407 

EsD 
1.1 794 626 1077 561 48 3106 
1-2 225 140 370 674 51 1460 
2.2 6 4 31 193 10 244 
Total 1025 770 1478 1428 109 4810 

G-6-PD (males) 
B 699 389 1433 1236 161 3918 
A 1 98 13 .. 112 
BA ... ... ... 
A— ... 45 7 1 1 54 
Rarer 3 12 6 13 6 40 
Total 703 544 1459 1250 168 4124 

G-6-PD (females) 
B 347 182 311 275 49 1164 
A 1 28 1 30 
BA 1 67 3 .. 1 72 
A— 0 2 0 0 0 2 
Rarec 2 11 4 2 0 19 
Total 351 290 319 277 50 1287 
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TABLE 3—Continued.

White, Black, Mexican, Asian, Other," Total,
Phenotype N = 1121 N = 924 N = 2047 N = 1605 N = 259 N = 5956

PGM
1-1 626 530 961 851 78 3046
1-2 393 238 563 557 56 1807
2-2 48 27 87 77 5 244
Rarec 2 7 10 15 1 35
Total 1069 802 1621 1500 140 5132

6-PGD
AA 918 752 1719 1257 188 4834
AC 31 73 85 276 25 490
Rarec 2 3 2 8 2 17
Total 951 828 1806 1541 215 5341

PGI
1-1 768 546 785 1252 33 3384
Rarec 1 1 0 8 0 10

Total 769 547 785 1260 33 3394
GPT

1-1 198 359 180 400 10 1147
2-2 127 53 401 220 7 808
1-2 189 148 438 454 8 1237
Rarec 3 0 2 2 0 7
Total 517 558 1021 1076 25 3197

GLO-I
1-1 54 39 111 4 0 208
2-2 94 146 525 755 9 1529

1-2 165 125 444 125 2 861

Total 313 308 1080 884 11 2596
PEP-A

1-1 300 442 761 108 17 1628

2-2 0 5 0 0 0 5
1-2 0 41 3 0 0 44
Rarec 1 4 2 0 0 7
Total 301 492 766 108 17 1684

"Other race not available, or American Indian, Filipino, Hawaiian, and other South Sea
Islanders.

bD = DDor Dd phenotypes.
Rare = phenotypes occurring in less than 1% in the general population.

Standard errors are an assessment of the magnitude of the influence of sampling varia-
tion on the estimated gene frequencies. In general, the standard error associated with each
gene frequency estimate is less than 0.015, showing that the number of blood samples
analyzed was large enough to produce rather stable estimates (that is, fluctuations of
tO.015] = are extremely unlikely to be a result of strictly sampling variation). For

example, differences within genetic systems among the four racial categories are con-
sistently larger than would be expected from the effects of only sampling variation. The
difference between gene frequencies almost always exceeds two or three times the standard
error for the 20 systems analyzed (Table 4). This observation reaffirms that biological
variation among racial groups is very much an issue when blood group frequencies are
applied for purposes of identification.
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TABLE 3--Continued. 

White, Black, Mexican, Asian, Otherf Total, 
Phenotype N = 1121 N = 924 N = 2047 N = 1605 N = 259 N = 5956 

PGM 
1-1 626 530 961 851 78 3046 
1-2 393 238 563 557 56 1807 
2-2 48 27 87 77 5 244 
Rare c 2 7 10 15 1 35 
Total 1069 802 1621 1500 140 5132 

6-PGD 
AA 918 752 1719 1257 188 4834 
AC 31 73 85 276 25 490 
Rare c 2 3 2 8 2 17 
Total 951 828 1806 1541 215 5341 

PGI 
1-1 768 546 785 1252 33 3384 
Rare c 1 1 0 8 0 10 
Total 769 547 785 1260 33 3394 

GPT 
1-1 198 359 180 400 10 1147 
2-2 127 53 401 220 7 808 
1-2 189 148 438 454 8 1237 
Rare c 3 0 2 2 0 7 
Total 517 558 1021 1076 25 3197 

GLO-I 
1-1 54 39 111 4 0 208 
2-2 94 146 525 755 9 1529 
1-2 165 125 444 125 2 861 
Total 313 308 1080 884 11 2596 

PEP-A 
1-1 300 442 761 108 17 1628 
2-2 0 5 0 0 0 5 
1-2 0 41 3 0 0 44 
Rare c 1 4 2 0 0 7 
Total 301 492 766 108 17 1684 

"Other = race not available, or American Indian, Filipino, Hawaiian, 
Islanders. 

b D = DD or Dd phenotypes. 
c Rare ---- phenotypes occurring in less than 1% in the general population. 

and other South Sea 

Standard errors are an assessment of the magnitude of the influence of sampling varia- 
tion on the estimated gene frequencies. In general, the s tandard error associated with each 
gene frequency estimate is less than 0.015, showing that  the number  of blood samples 
analyzed was large enough to produce rather stable estimates (that is, fluctuations of + 3  
[0.015] ----- _+0.045 are extremely unlikely to be a result of strictly sampling variation). For 
example, differences within genetic systems among the four racial categories are con- 
sistently larger than would be expected from the effects of only sampling variation. The 
difference between gene frequencies almost always exceeds two or three times the s tandard 
error for the 20 systems analyzed (Table 4). This observation reaffirms that  biological 
variation among racial groups is very much an issue when blood group frequencies are 
applied for purposes of identification. 
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Goodness of Fit

The estimated gene frequencies were tested against the observed data to measure their
goodness of fit. Each genetic system was investigated assuming simple or multi-allelic
inheritance with gene frequencies at Hardy-Weinberg equilibrium, and the lack of fit
was expressed in terms of a x2 statistic. This assumption is typically made when one is
dealing with human blood group genetics. A blood group system was considered worthy of
special note when the probability of observing the specific x2 value by chance fluctuation
alone was less than 0.05. For example, consider the phosphoglucomutase system for
whites as a typical case. The data and the x2 calculation are given in Table 5. The lack of
fit of the gene frequency estimates to the observed data was likely a result of random
variation. The probability of observing the lack of fit that produced the x2value of 1.935
by change variation is 0.164 (p value). The other systems were similarly analyzed and a
summary of the results is given in Table 6.

The race-specific gene frequencies given in Table 4 were used to calculate expected
phenotypic frequencies. This computation is the basis for the x2 test of goodness of fit
used to produce Table 6. For example, the Kell system phenotype Kk has an estimated
frequency of 2(0.049)(0.951) = 0.093, where 0.049 is the frequency of Gene K and 0.951 is
the frequency of Gene k among whites, as taken from Table 4. For some systems, the
calculation is slightly more complicated but follows the same principle. The Ai phenotype
of the ABO system, for example, is made up of two genotypes AiAi and AiO. Therefore,
the total frequency of Ai types is the sum of the frequencies of the two relevant genotypes
or [(0.196)2 + 2(0.196)(0.665)] = 0.299, using the gene frequencies Ai and 0 from the
white sample (Table 4).

Fifteen blood group systems showed good to extremely good fit to the theoretical fre-
quencies (calculated under the assumption that the system is at Hardy-Weinberg equilib-
rium) for each of the four racial categories. Four blood group systems, MNSs, Duffy, Kidd,
and glutamic pyruvic transaminase, consistently failed to fit the theoretical expectations.
The MNSs system had a significant excess of NNSS genotypes for all races and lacked
MNSs genotypes for all races except white. The Duffy system had excess "silent" Fy types
among whites and an excess of Fy(a+b+) among blacks, Mexicans, and Asians. The
Kidd system also significantly did not fit the hypothesis of Hardy-Weinberg equilibrium of
gene frequencies for blacks, Mexicans, and Asians [lack of Jk(a —b+) and excess of
Jk(a+b—) and of Jk(a+b+)]. The twentieth system, the P system, could not be tested
for goodness of fit because only two phenotypes were identified.

The only enzyme system that did not fit the Hardy-Weinberg model was glutamic
pyruvic transaminase; all races lacked 1-2 types and had an excess of 1-1 and 2-2 types.
The glutamic pyruvic transaminase system is subject to a classification bias. The 1-1 and
2-2 types can be accurately identified but the 1-2 types may be ambiguous and, conse-
quently, not accurately classified. An estimate of gene frequencies can be made by com-
pensating for the misclassification of heterozygous types [18].Under the assumption that
the misclassified 1-2 type is equally likely to be classified as a 1-1 or 2-2 type, the esti-
mated gene frequencies given in Table 4 are unaffected (that is, unbiased) but the stan-
dard errors are increased. However, if the ambiguous phenotypes are not misclassified at
random, the gene frequencies can be highly influenced. A few other systems failed to fit
the theoretical expectations for isolated phenotypes but not in a consistent pattern and are
noted in Table 5 (for example, the Rh system).

Computations Using Gene Frequencies

Phenotypic frequencies, either estimated from gene frequencies or derived directly from
the data, are necessary for the calculation of the probability that two randomly chosen
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Goodness of Fit 

The estimated gene frequencies were tested against the observed data to measure their 
goodness of fit. Each genetic system was investigated assuming simple or multi-allelic 
inheritance with gene frequencies at Hardy-Weinberg equilibrium, and the lack of fit 
was expressed in terms of a X 2 statistic. This assumption is typically made when one is 
dealing with human blood group genetics. A blood group system was considered worthy of 
special note when the probability of observing the specific X 2 value by chance fluctuation 
alone was less than 0.05. For example, consider the phosphoglucomutase system for 
whites as a typical case. The data and the X 2 calculation are given in Table 5. The lack of 
fit of the gene frequency estimates to the observed data was likely a result of random 
variation. The probability of observing the lack of fit that produced the X a value of 1.935 
by change variation is 0.164 (p value). The other systems were similarly analyzed and a 
summary of the results is given in Table 6. 

The race-specific gene frequencies given in Table 4 were used to calculate expected 
phenotypic frequencies. This computation is the basis for the X 2 test of goodness of fit 
used to produce Table 6. For example, the Kell system phenotype Kk has an estimated 
frequency of 2(0.049)(0.951) = 0.093, where 0.049 is the frequency of Gene K and 0.951 is 
the frequency of Gene k among whites, as taken from Table 4. For some systems, the 
calculation is slightly more complicated but follows the same principle. The A1 phenotype 
of the ABO system, for example, is made up of two genotypes A1A1 and A10. Therefore, 
the total frequency of A1 types is the sum of the frequencies of the two relevant genotypes 
or [(0.196) 2 + 2(0.196)(0.665)] = 0.299, using the gene frequencies A1 and O from the 
white sample (Table 4). 

Fifteen blood group systems showed good to extremely good fit to the theoretical fre- 
quencies (calculated under the assumption that the system is at Hardy-Weinberg equilib- 
rium) for each of the four racial categories. Four blood group systems, MNSs, Duffy, Kidd, 
and glutamic pyruvic transaminase, consistently failed to fit the theoretical expectations. 
The MNSs system had a significant excess of NNSS genotypes for all races and lacked 
MNSs genotypes for all races except white. The Duffy system had excess "silent" Fy types 
among whites and an excess of F y ( a + b + )  among blacks, Mexicans, and Asians. The 
Kidd system also significantly did not fit the hypothesis of Hardy-Weinberg equilibrium of 
gene frequencies for blacks, Mexicans, and Asians [lack of J k ( a - b + )  and excess of 
J k ( a + b - - )  and of J k ( a + b + ) ] .  The twentieth system, the P system, could not be tested 
for goodness of fit because only two phenotypes were identified. 

The only enzyme system that did not fit the Hardy-Weinberg model was glutamic 
pyruvic transaminase; all races lacked 1-2 types and had an excess of 1-1 and 2-2 types. 
The glutamic pyruvic transaminase system is subject to a classification bias. The 1-1 and 
2-2 types can be accurately identified but the 1-2 types may be ambiguous and, conse- 
quently, not accurately classified. An estimate of gene frequencies can be made by com- 
pensating for the misclassification of heterozygous types [18]. Under the assumption that 
the misclassified 1-2 type is equally likely to be classified as a 1-1 or 2-2 type, the esti- 
mated gene frequencies given in Table 4 are unaffected (that is, unbiased) but the stan- 
dard errors are increased. However, if the ambiguous phenotypes are not misclassified at 
random, the gene frequencies can be highly influenced. A few other systems failed to fit 
the theoretical expectations for isolated phenotypes but not in a consistent pattern and are 
noted in Table 5 (for example, the Rh system). 

Computations Using Gene Frequencies 

Phenotypic frequencies, either estimated from gene frequencies or derived directly from 
the data, are necessary for the calculation of the probability that two randomly chosen 
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TABLE 5—A typical x2 calculation (goodness-of-fit) using the
phosphoglucomutase system for whites.

Phenotype
Observed
Number

Expected
Frequency'

Expected
Number

Contribution to
x2 Statistic

1-1 626 0.594 634.026 0.101
1-2 393 0.353 376.948 0.683
2-2 48 0.052 56.026 1.151

Total 1067 1.000 1067.000 1.935

aBased on gene frequencies PGM'> = 0.771 and PGM2 = 0.229.

individuals match by chance for all compared genetic systems. Employing the gene fre-
quencies to estimate the phenotypic frequencies is preferable from the point of view of
statistical precision. Taking the phenotypic frequencies directly from the sample data
incurs a small loss of statistical efficiency (that is, larger standard errors). The probability
of matching is precisely defined by Fisher [2J and Jones [3]. Table 7 gives the probability
of matching for each system within each of the four racial categories. The probability of
matching indicates the chance a system will produce two matching phenotypes when two
randomly chosen individuals are compared.

Table 7 shows the well-known fact that the discrimination probability increases for each
additional system used for identification. More importantly, Table 7 shows the exact
amount of gain in discrimination efficacy expected from each system. For example, the
probability that two randomly chosen white individuals will match with respect to any
phenotype within the Kell system is 0.825. The haptoglobin system has a matching prob-
ability of 0.381, indicating that this system is more than twice as effective as the Kell
system for discrimination among white individuals. The probability of matching for several
systems is the product of the specific matching probabilities for the systems being com-
pared. The discrimination probability is the complementary probability [P(discrimination)= 1.0 — P(matching)] and measures the likelihood that two randomly chosen individuals
do not match for at least one of the systems being compared. The matching probability
computed for all 20 systems among males, for example, is extremely small for each racial
category. For whites the matching probability is 9.65 >< i07 (approximately 1 in
1 000 000); for blacks it is 5.20 X 106 (about 1 in 200 000); for Mexicans it is 3.23 X
10—6 (about 1 in 330 000); and for Asians it is 9.61 X 106 (about 1 in 100 000). There-
fore, the discrimination probability is correspondingly close to 1.0. The females have a
similar matching probability for all 20 systems since they differ only for the G-6-PD
system.

Discussion

The lack of fit of the observed frequencies to the theoretical phenotypic frequencies
(estimated under the hypothesis that the genetic system is a Hardy-Weinberg equilibrium)
results, at least in part, from one or more known sources of bias. The data used to esti-
mate the gene frequencies are the result of a carefully conducted large-scale screening
project. Nevertheless, it is expected that errors will occur when close to 6000 individual
blood samples are analyzed for a large number of genetic systems. In particular, blood
group systems like the Duffy and Kidd, where the agglutination tests involve a degree of
subjective judgment, are prone to laboratory misclassification. Also, the quality of the
antisera can be a source of error with several of the agglutination tests. The GPT enzyme
system, found in an extremely low concentration in human blood, is subject to ambiguity
of heterozygous phenotypes. The lack of fit observed for this system came about because
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TABLE 6—Results of the goodness of fit tests in terms of x2 values and significance probabilities
(p value for four racial categories).0

x2 p Value CommentsSystem

ABO
White 5.00 0.082
Black 5.31 0.070
Mexican 1.83 0.400
Asian 21.00 0.000

Rh
White 11.363 0.327
Black 12.636 0.245
Mexican 102.057 0.000
Asian 12.861 0.169

MNSs
White 13.014 0.023
Black 41 .278 0.000
Mexican 14.544 0.013
Asian 14.760 0.011

Kell
White 0.301 0.584
Black 0.123 0.719
Mexican 0.111 0.739
Asian 0.001 0.966

Duffy
White 10.263 0.001
Black 7.942 0.005
Mexican 20.529 0.000
Asian 2.103 0.147

Kidd
White 1.255 0.263
Black 22.478 0.000
Mexican 22.880 0.000
Asian 28.684 0.000

Hp
White 0.012 0.913
Black 0.611 0.434
Mexican 0.330 0.565
Asian 10.504 0.001

Gc
White 1.852 0.604
Black 1.648 0.649
Mexican 1.300 0.729
Asian 0.288 0.962

Hb
White . ...
Black 1.29 0.731
Mexican . . . .

Asian ... ...
AK

White 1.567 0.211
Black 0.058 0.809
Mexican 0.096 0.757
Asian ... ...

ADA
White 0.203 0.652
Black 0.025 0.876
Mexican 0.942 0.332
Asian 0.000 0.991

EAP
White 4.202 0.240
Black 4.280 0.233
Mexican 2.312 0.510
Asian 0.296 0.961

excess A2B, lack A2

lack DCCEe, excess DCCEE

excess NNSs, excess NNSS
lack MNSs, excess NNss, MNss, NNSS
lack MNSs, excess NNss, NNSS
lack MNSs, excess NNss

excess Fy(a—b—)
excess Fy(a+b+)
excess Fy(a+b+), Fy(a—b—)

lack Jk(a—b+), excess Jk(a+b+)
lack Jk(a—b+), excess Jk(a+b+), Jk(a+b—)
lack Jk(a—b+), excess Jk(a+b+), Jk(a+b—)

lack 1-2, excess 1-1

no polymorphism

six variants other than AA
no polymorphism

four variants other than 1-1
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0.245 
0.000 lack DCCEe, excess DCCEE 
0 . 1 6 9  . . .  

0.023 excess NNSs, excess NNSS 
0.000 lack MNSs, excess NNss, MNss, NNSS 
0.013 lack MNSs, excess NNss, NNSS 
0.011 lack MNSs, excess NNss 

0.584 
0.719 
0.739 
0.966 

0.001 excess Fy(a - -b - - )  
0.005 excess F y ( a + b + )  
0.000 excess F y ( a + b + ) ,  F y ( a - - b - )  
0..147 . . .  

0.263 
0.000 lack J k ( a - - b + ) ,  excess J k ( a + b + )  
0.000 lack J k ( a - - b + ) ,  excess J k ( a + b + ) ,  J k ( a + b - - )  
0.000 lack J k ( a - - b + ) ,  excess J k ( a + b + ) ,  J k ( a + b - )  

0.913 
0.434 
0.565 
0.001 

0.604 
0.649 
0.729 
0.962 

lack 1-2, excess 1-1 

01 31 

0.211 
0.809 
0.757 

0.652 
0.876 
0.332 
0.991 

0.240 
0.233 
0.510 
0.961 

no polymorphism 

six variants other than  AA " 
no polymorphism 

four variants other than 1-1 
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TABLE 6—Continued.

System p Value Comments

EsD
White 0.338 0.561
Black 1.666 0.197
Mexican 0.014 0.906
Asian 0.177 0.674

G-6-PD
White 1.500 0.682
Black 45.273 0.000 lack A, AB , excess AA
Mexican 6.991 0.072
Asian 6.740 0.081

PGM
White 1.935 0.164
Black 0.002 0.965
Mexican 0.146 0.702
Asian 1.334 0.248

6.PGD
White 1.838 0.175
Black 0.318 0.573
Mexican 1.049 0.306
Asian 5.045 0.025 lack CC

GLO-I
White 1.614 0.204
Black 2.212 0.137
Mexican 1.411 0.235
Asian 0.235 0.628

PEP-A •0 lack of common polymorphism
GPT

White 32.200 0.000 lack 1-2, excess 1-1, 2-2
Black 34.005 0.000 lack 1-2, excess 1-1, 2-2
Mexican 9.767 0.002 lack 1.2, excess 1-1, 2-2
Asian 18.187 0.000 lack 1-2, excess 1.1, 2-2

a No test was possible for the P system because only two phenotypes were identified.

when the 1-2 GPT phenotypes were poorly resolved, they were not classified as hetero-
zygotes.

Racial definition is another source of bias that will cause the expected phenotypic fre-
quencies to deviate from the observed. The racial category for each sample was determined
at the blood bank and certainly involves the possibility of error. No account was taken, for
example, of individuals with racially mixed parents. Racial misclassification will have the
most influences on the goodness of fit when the race-specific gene frequencies widely differ
within a specific system (for example, the Rh and Duffy systems). A small number of
racially misclassified individuals can be the primary source of lack of fit for the Duffy and
Kidd systems. For example, the Duffy sample showed 20 Mexican individuals with pheno-
type Fy(a—b—) where only 10.6 were expected. Deviations of this sort are likely caused by
racial admixture (for example, the A2 frequency in the ABO system among Asians).

Another source of lack of fit is the heterogeneity in gene frequencies observed among
the different populations included in this study. For example, the use of Mexican speci-
mens from both California and Mexico adds a small contribution to the x2 statistic
because of the differences in gene frequencies between the two areas. This source of bias
was observed to be small for the groups included in the data in Table 1.

The gene frequencies given in Table 4 were compared to gene frequencies from a variety
of other sources. As expected, there is close agreement in some cases and lack of agree-
ment in others. These similarities and differences are undoubtedly a function of genetic
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TABLE 7—Matching probabilities for 20 genetic systems analyzed for four racial categories.

System White Black Mexican Asian

1. ABO 0.320 0.334 0.484 0.290
2. Rh 0.205 0.250 0.182 0.308
3. MNSs 0.152 0.191 0.168 0.275
4. Kell 0.825 0.948 0,963 0.995
5. Duffy 0.342 0.404 0.364 0.692
6. Kidd 0.375 0.417 0.376 0.375
7. P 0.587 0.777 0.571 0.552
8. Haptoglobin 0.381 0.378 0.376 0.406
9. Group specific component 0.435 0.585 0.492 0.401

10. Hemoglobin 1.000 0.829 0.992 0.999
11. Adenylate kisiase 0.862 0.965 0.951 0.994
12. Adenosine deaminase 0.828 0.931 0.933 0.899
13. Erythrocyte acid phosphatase 0.318 0.474 0.432 0.505
14. Esterase D 0.654 0.697 0.594 0.393
15. Glucose.6.phosphate dehydrogenase

(male) 0.994 0.666 0.983 1.000
Glucose-6-phosphate dehydrogenase
(female) 0.989 0.499 0.966 1.000

16. Phosphoglucomutase 0.480 0.535 0.481 0.471
17. 6-Phosphogluconate dehydrogenase 0.933 0.838 0.911 0.704
18. Glyoxalase I 0.379 0.410 0.420 0.751
19. Peptidase A 1.000 0.817 0.992 1.000
20. Glutamic pyruvic transaminase
Total for all 20 systems

0.380
9.65 X i—

0.483
5.20X 106

0.388
3.23 x10 0.382

9.61 X10

variation that is observed throughout the world. The data employed to calculate the gene
frequencies for Mexicans and Asians are not samples primarily from California (72%
Mexico City [Mexicans] and 86% Hawaii [Asian]). The extent to which these populations
are unrepresentative of a California population cannot be precisely assessed. However, the
overall calculation of the discrimination probability is not highly affected by variation in
gene frequencies. The degree of area-heterogeneity among the white and black samples in
these data was investigated and found to be small or nonexistent.

Several other sources of lack of fit certainly exist but probably at low levels, particularly
in human populations. Phenomena such as selection, mutation, and nonrandom sampling
(with respect to blood types) are generally not strong biases in blood group data.

Other relevant sets of data must be found for calculations concerning individuals who
come from populations differing in genetic composition.

The MNSs system yielded observed values that deviated from the expected Hardy-
Weinberg equilibrium to an extent that cannot be entirely explained by misclassification,
antisera problems, or racial admixture. This lack of fit associated with the MNSs has been
observed by other investigators [19]. Race and Sanger [19] concur with Wiener that the
antisera used for MNSs testing could produce some spurious results [20], but this has not
been elaborated further in their latest edition. Among blacks the existence of a silent
allele, called S(u), is a complicating factor and accounts for some of the lack of fit ob-
served for the MNSs system. Silent alleles could also be a source of bias in other systems
(for example, C'' in the Rh system).

As expected, 911 of the donors (15.3%) in this survey had one or more rare phenotypes.5
A rare phenotype, as mentioned before, is defined as a phenotype that occurs in the
population of 5956 donors with a frequency of less than 1%. Appearance of certain of
these phenotypes was more frequent in particular racial subgroups, as for instance, Ge

data on rare variants found in this study and the earlier study [1] of blood samples
from 11 678 donors will be published separately.
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TABLE 7--Matching probabilities for 20 genetic systems analyzed for four racial categories. 
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4. Kell 0.825 0.948 0.963 0.995 
5. Dully 0.342 0.404 0.364 0.692 
6. Kidd 0.375 0.417 0.376 0.375 
7. P 0.587 0.777 0.571 0.552 
8. Haptoglobin 0.381 0.378 0.376 0.406 
9. Group specific component 0.435 0.585 0.492 0.401 

10. Hemoglobin 1.000 0.829 0.992 0.999 
11. Adenylate kinase 0.862 0.965 0.951 0.994 
12. Adenosine deaminase 0.828 0.931 0.933 0.899 
13. Erythrocyte acid phosphatase 0.318 0.474 0.432 0.505 
14. Esterase D 0.654 0.697 0.594 0.393 
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(male) 0.994 0.666 0.983 1.000 
Glucose-6-phosphate dehydrogenase 
(female) 0.989 0.499 0.966 1.000 

16. Phosphoglucomutase 0.480 0.535 0.481 0.471 
17. 6-Phosphogluconate dehydrogenase 0.933 0.838 0.911 0.704 
18. Glyoxalase I 0.379 0.410 0.420 0.751 
19. Peptidase A 1.000 0.817 0.992 1.000 
20. Glutamic pyruvic transaminase 0.380 0.483 0.388 0.382 
Total for all 20 systems 9.65 X 10-7 5.20 • 10-6 3.23 • 10-6 9.61 • 10-6 
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gene frequencies. The degree of area-heterogeneity among the white and black samples in 
these data was investigated and found to be small or nonexistent. 
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(with respect to blood types) are generally not strong biases in blood group data. 

Other relevant sets of data must be found for calculations concerning individuals who 
come from populations differing in genetic composition. 

The MNSs system yielded observed values that deviated from the expected Hardy- 
Weinberg equilibrium to an extent that cannot be entirely explained by misclassification, 
antisera problems, or racial admixture. This lack of fit associated with the MNSs has been 
observed by other investigators [19]. Race and Sanger [19] concur with Wiener that the 
antisera used for MNSs testing could produce some spurious results [20], but this has not 
been elaborated further in their latest edition. Among blacks the existence of a silent 
allele, called S (u), is a complicating factor and accounts for some of the lack of fit ob- 
served for the MNSs system. Silent alleles could also be a source of bias in other systems 
(for example, C w in the Rh system). 

As expected, 911 of the donors (15.3%) in this survey had one or more rare pbenotypes. 5 
A rare phenotype, as mentioned before, is defined as a phenotype that  occurs in the 
population of 5956 donors with a frequency of less than 1%. Appearance of certain of 
these phenotypes was more frequent in particular racial subgroups, as for instance, Gc 

5Combined data on rare variants found in this study and the earlier study [1] of blood samples 
from 11 678 donors will be published separately. 
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phenotypes in Asians or G-6-PD in blacks (Table 3). While rare variants in all the blood
group systems are listed according to their phenotypes in Table 3, the rare variants for
each protein and enzyme system are grouped together. For example, six rare phenotypes
(3.2%) for the Tf system are grouped together and ten PGI variants are grouped together.
Some of these were not identifiable because of a lack of a standard of comparison. How-
ever, in medicolegal analysis, the identification of a rare variant, whether known or un-
known, significantly increases the individualization of a blood specimen.
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Addendum

It has been pointed out to us that in our previous paper (see Ref 1, Table 7) the CB
phenotype in the EAP system does not fit the Hardy-Weinberg equilibrium expected
values. This lack of fit is not extreme (about 1% of the CB phenotypes were presumably
misclassified) and is an inherent problem with EAP phenotyping (see Journal of Forensic
Sciences, Vol. 23, No. 3, July 1978, pp. 615—618). However, the gene frequencies given
in Table 7 of Ref 1 are only slightly affected. In the present paper, no evidence of mis-
classification exists for any of the EAP phenotypes.
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