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Summary. Since the discovery in 1977 that the GC1 gene 
could be resolved into two common subcomponents on an 
isoelectric focusing (IEF) gel, a large number of ethnic groups 
have been screened to analyze the extent of genetic variation 
in human populations. Using the IEF technique, approxi- 
mately 50,000 individuals from 160 different populations have 
been tested for the GC polymorphism. A marked variation in 
common GC suballele frequencies in different geographic 
areas seems to correlate with skin pigmentation and intensity 
of sun light. Pigmented (black) and keratinized (yellowish) 
skin type populations have a relatively high frequency of the 
GC*IF allele as compared to white skin populations. By com- 
parison non-pigmented and non-keratinized white skin popu- 
lations are generally characterized by having the maximum 
values of the GC*IS allele. The anthropologic significance of 
the GC locus has been enhanced further by detecting addi- 
tional unique GC variants which provide useful information 
about evolutionary links between different populations. How- 
ever, the presence of some electrophoretically identical 
unique variants in genetically and geographically distinct 
populations demand further investigation of these allelic var- 
iants to shed more light on their origins. 

Introduction 

In the last three decades, since the discovery by Smithies 
(1955) that mixtures of proteins can be separated by elec- 
trophoresis in starch gels, biologic anthropologists and forens- 
ic scientists have developed other electrophoretic support 
media, including polyacrylamide, agarose and cellulose ace- 
tate, to resolve genetically determined variations in proteins 
and enzymes from blood and other body fluids. About  one 
third of the loci studied by these electrophoretic methods have 
been found to be polymorphic in human populations (Harris 
1980). 

In conventional electrophoresis the separation of protein 
components depends on relative differences in net charge, 
shape, and molecular size, and the separation usually takes 
place at constant pH and ionic strength. However, these con- 
ventional methods of electrophoresis do not permit adequate 
differentiation in macromolecules having similar or identical 
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molecular size and conformation, but slightly different iso- 
electric points. The development of the isoelectric focusing 
(IEF) technique utilizing different supporting media (Svens- 
son 1961, 1962; Vesterberg and Svensson 1966; Fawcett 1968; 
Riley and Coleman 1968) has made possible the discrimina- 
tion of such protein molecules by allowing differentiation of 
proteins having a difference of isoelectric point as small as 
0.01 pH units. 

Using conventional methods of electrophoresis, approxi- 
mately one third of the possible amino acid substitutions can 
be detected by differences in electrophoretic migration (Har- 
ris 1980; Ayala 1982). The IEF technique can detect differ- 
ences in the isoelectric point conferred on a protein indirectly 
by amino acid substitutions which do not directly involve 
amino acids with a charged side chain (Constans et al. 1983b). 

In IEF a voltage gradient is applied to a complex mixture 
of buffer components known as carrier ampholytes (a mixture 
of aliphatic amino-carboxylic acids with molecular weight be- 
tween 300-600). The electric field produces a pH gradient be- 
tween a strong base as catholyte and a strong acid as anolyte. 
When a protein is introduced in this pH gradient it migrates 
along the pH gradient until the differences between its isoelec- 
tric point and the pH of the gradient approaches zero. In this 
way very small differences in isoelectric points between pro- 
tein molecules can be detected. The high resolution achieved 
by IEF is due to an inherent concentrating effect which coun- 
teracts the diffusion which occurs in conventional elec- 
trophoresis. The detailed mechanism of IEF  has been discus- 
sed by Righetti and Drysdale (1976). 

The routine application of IEF has added a new dimension 
in population genetic studies by the detection, not only of ad- 
ditional alleles at many loci, but also by revealing additional 
polymorphic variation at loci which had appeared to be mono- 
morphic when examined by conventional methods of electro- 
phoresis. For example alpha-l-antitrypsin or proteinase in- 
hibitor (PI) and transferrin (TF) - two serum proteins - were 
considered to be monomorphic in most human populations. 
With the application of the IEF technique these proteins have 
turned out to be highly polymorphic. Likewise, the hetero- 
zygosities of the vitamin D-binding protein or group-specific 
component (GC) and phosphoglucomutase-1 (PGM1) have 
been increased by the discoveries of new alleles at these loci. 

In addition to these four systems the data on IEF for other 
blood genetic markers is increasing rapidly. However, the lit- 
erature best documents the application of IEF to these four 
systems and an enormous amount of population data has ac- 
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cumulated. It is beyond the scope of this paper to cover all 
these systems. Therefore, we have attempted to review cur- 
rent IEF data on GC in a large number of population groups. 
In addition to the common allelic forms the significance of 
some unique variants at the GC locus in population differenti- 
ation is discussed. 

Historical background 

The group-specific component (GC) in human serum was first 
detected immunologically by Hirschfeld (1959). In the same 
year Thomas et al. (1959) reported a vitamin D-binding ct- 
globulin (DBP) present in human serum. The biologic func- 
tion of GC remained unknown until Daiger et al. (1975) show- 
ed that GC is the serum transport protein of vitamin D and its 
metabolites, and it is now well established that DBP and GC 
are identical proteins (Bouillon et al. 1976; Haddad and Wal- 
gate 1976; Imawari and Goodman 1977; Cleve and Patutsch- 
nick 1977; Svasfi and Bowman 1978; Kawakami and Good- 
man 1981). 

GC is a serum az-globulin. It consists of a single polypep- 
tide chain of molecular weight 52,000-56,000 (Svasti et al. 
1979; Coue et al. 1983) and contains one vitamin D-related 
sterol binding site per molecule of protein. GC is produced 
primarily in the liver. It circulates in the serum essentially as 
an apoprotein which is the form free of ligands. The normal 
concentration of GC in plasma is 300-600ug/ml (see Kawa- 
kami and Goodman 1981). However, there is a slight decrease 
in these values in liver cirrhosis patients (Cleve and Dencker 
1966; Kawai et al. 1983). Apo GC can be detected after elec- 
trophoresis of serum followed by print-immunofixation using 
a specific GC antibody (Constans et al. 1979a). 

The GC protein displays genetic polymorphism. Three 
common phenotypes GC 1-1, GC 2-1, GC 2-2 were first de- 
tected by immunoelectrophoresis (Hirschfeld 1959) and sub- 
sequently inheritance data showed that these phenotypes are 
controlled by two autosomal codominant alleles, GC*I and 
GC*2 at the GC locus (Hirschfeld et al. 1960). In addition to 
the immunoelectrophoresis technique, GC phenotypes may 
also be visualized by starch gel electrophoresis (see Cooper 
1978), agarose gel electrophoresis followed by immunofixa- 
tion (Johnson et al. 1975), and polyacrylamide gel elec- 
trophoresis (Kitchin 1965). Gel electrophoresis shows that the 
GC 1-1 phenotype consists of two protein bands, GC l fast 
and GC 1slow, with almost equal intensities, whereas the GC 
2-2 phenotype is manifested by one major band. The differ- 
ence between GC l fas t  and GC 1 slow is posttranslational in 
nature, involving a difference in the number of sialie acid re- 
sidues (Svasti and Bowman 1978; Cleve and Patutschnick 
1979), while the difference between GC 1 and GC 2 is due to 
a difference in primary structure (Svasti et al. 1979). 

In addition to the difference in sialic acid residues between 
the fast and slow GC 1 components, Constans et al. (1983a) 
have observed an extra sialic acid residue in the GC 1 protein 
present in patients with alcoholic cirrhosis. Similarly, it has 
been reported now that the fast and slow components of three 
new GC i mutants contain different numbers of sialie acid re- 
sidues (Thymann et al. 1985). In contrast, although it is well 
known that the single band GC variants remain unaltered 
after neuraminidase treatment, recently Nakasono et al. 
(1983, 1985) described two new GC single band variants which 
contain neuraminidase sensitive sialic acid residues. 
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Fig.1. Diagrammatic representation showing the difference in the 
numbers of common GC phenotypes obtained by IEF and conven- 
tional agarose gel electrophoresis 

In addition to the occurrence of two common alleles, there 
are a number of other variants, most of which are rare (Cleve 
1973; Cooper 1978). With the introduction of IEF the GC 
polymorphism was extended from two to three common al- 
leles due to the discovery of the GC*I subtypes, GC*IF and 
GC*IS (Constans and Viau 1977). This allows six common 
phenotypes, 1F, 1S, 1F1S, 2-1F, 2-1S, and 2 (Fig. l )  to be 
identified. At  an international workshop on the GC system 
held in July 1978 (Constans et al, 1979b), a new nomenclature 
was developed for the designation of the increasing number of 
GC variants. Double band variants were called GC 1 and 
single band variants GC 2. Furthermore, the cathodal band of 
GC 1S was considered as the reference for double-banded var- 
iants. All  double-banded variants, which are anodal to GC 1S, 
are called GC 1A and all double-banded variants which are 
cathodal to GC 1S are called GC 1C. Similarly, any single- 
banded variant more anodal than GC 2 is called GC 2A and 
more cathodal to GC 2 is called GC 2C. 

Several other new variants, unresolved by conventional 
electrophoresis, have been delineated by IEF and the total 
number of mutant alleles at the GC locus now exceeds 80. An 
up-to-date list of GC variants is given in Table I and their 
diagrammatic representation is presented in Fig. 2. 

World distribution of GC variants 

A survey of the literature reveals IEF data for GC gene fre- 
quencies on 160 population groups (Table 2). This makes GC 
the most intensively studied blood genetic marker using IEF. 
The extended polymorphism at the GC locus shows three 
common alleles and a large number of unique variants which 
are markers of certain racial groups. Due to the importance of 
both common and specific genes in population differentiation 
we will discuss them separately. 

Common alleles 

The classification based on traditional methods permits only 
two common alleles, GC*I and GC*2, to be recognized at the 
GC locus. The variation in the GC*2 allele frequency was con- 
sidered to be the criteria to differentiate between populations. 
In general the GC*2 allele frequency is higher in Caucasians 
and their derivatives than in Black populations. The only 
population completely devoid of the GC*2 allele are the 
Tuareq Kel Kummar of Mali from the Southern Sahara. The 
absence of GC*2 in this small group is best explained by ge- 



Table 1. List of GC variants 

GC Variant Reference 

1A1 

1A2 

1A3 

1A4 

1A5 

1A6 

1A7 

1A8 

1A9 

1A10 

1Al l  

1A12 

1A13 

1A14 

1A15 

1A16 

1A17 

1A18 

1A19 

1A20 

1A21 

1A22 

1A26 

1F 

1S 

1C1 

1C2 

1C3 

1C4 

1C5 

1C6 

1C7 

1C8 

1C9 

1C10 

1Cll  

1C12 

1C13 

1C14 

1C15 

1C16 

1C17 

1C18 

1C19 

1C20 

1C21 

1C22 

1C23 

1C24 

1C25 

1C26 

1C27 

1C28 

1C29 

1C30 

Cleve et al. (1963) 

Daiger and Cavalli-Sforza (1977) 

Matsumoto (Ref. Constans et al. 1979b) 

Cox et al. (1978) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Cleve et al. (1981) 

Cleve et al. (1981) 

Cleve et al. (1981) 

Cleve et al. (1981) 

Cleve et al. (1981) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Goedde et al. (1985) 

Constans and Viau (1977) 

Constans and Viau (1977) 

Constans et al. (1978a) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Litwiak and Henningsen (1977) 

Constans et al. (1979b) 

Cleve et al. (1981) 

Dykes and Polesky (1982) 

Thymann et al. (1982) 

Thymann et al. (1982) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Dykes et al. (1983) 

Kamboh et al. (1984) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Constans et al. (1983b) 

Table 1 (continued) 

GC Variant Reference 
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1C31 Dykes et al. (1983) 

1C32 Dykes et al. (1983) 

1C33 Dykes et al. (1983) 

1C34 Constans et al. (1983b) 

1C35 Yuasa et al. (1983b) 

1C35Aborigines Kamboh et al. (1984) 

1C36 Yuasa et al. (1983a) 

1C37 Constans et al. (1983b) 

2A1 Constans et al. (1979b) 

2A2 Vavrusa and Cleve (1974) 

2A3 Constans et al. (1978b) 

2A4 Constans et al. (1979b) 

2A5 Constans et al, (1979b) 

2A6 Speiser et al. (1972) 

2A7 Cleve et al. (1981) 

2A8 Weidinger et al. (1981) 

2A9 Thymann et al. (1982) 

2A10 Constans et al. (1983b) 

2Al l  Constans et al. (1983b) 

2A12 Constans et al. (1983b) 

2A13 Constans et al. (1983b) 

2AR Nakasono et al. (1985) 

2C1 Constans et al. (1979b) 

2C2 Cleve et al. (1966) 

2C3 Weidinger et al. (1981) 

2C4 Constans et al. (1983b) 

2C5 Thymann et al. (1982) 

2C6 Thymann et al. (1982) 

2C7 Constans et al. (1983b) 

2C8 Constans et al. (1983b) 

2C9 Constans et al. (1983b) 

2C10 Constans et al. (1983b) 

netic drift or founder  effect (Constans et al. 1980a). Al though 
the frequency of GC*2 gives some indication of overall  popu- 
lation variation, its similar f requency in Europeans  and Mon-  
goloids cannot differentiate these groups. However ,  two sub- 
alleles of  GC 1, GC*IF, and GC*IS clearly separate these two 
genetically distinct populations.  

There  is significant variat ion in the distribution of the two 
sub-allele frequencies in different ethnic groups. Europeans  
and closely related populations are characterized by having 
the maximum values of  the GC*IS allele which vary from 50 
to 60%. By comparison,  Negroes f rom Afr ica  and Amer ica  
have a low incidence of the GC*IS allele. However ,  they 
demonstra te  a common feature in having the highest f requen-  
cies of the GC*IF allele. The range of GC*IF frequencies in 
Black Americans  is more  or less uniform and varies from 67 to 
79%. However  there is ext reme geographical  variat ion in the 
frequency of the GC*IF allele among Afr ican populations.  
North and East  Africans have a GC*IF frequency slightly 
lower than 50% and in some cases nearly equal  to the GC*IS 
frequency. The frequencies of GC*IF and GC*IS in these 
groups indicate gene flow from Middle East  populations.  The  
GC*IF allele f requency is higher in South and West  Africa,  
ranging from 60 to 83%. 
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Fig.2a-c. Diagrammatic representation of GC patterns detectable on IEF: a double-banded GC*I variants anodal to the GC 1S; b double-banded 
GC*I variants cathodal to the GC 1S; c single-banded GC*2 variants anodal and cathodal to the GC 2 

The Black Caribs from Central America, an African- 
Amerindian hybrid population, have a GC*IF frequency of 
less than 50%, but Black Carib populations are known to 
show strong founder effects for alleles at several genetic loci. 
In North American Indians the GC*IF frequencies vary from 
30 to 40% whereas South American Indians have particularly 
low frequencies for the GC*IF allele, ranging between 20- 
33%. 

There are only two published reports on GC subtyping for 
Eskimos residing in Alaska and they do not coincide. Our un- 
published data on Eskimos from Kodiak Island, Alaska also 
indicate some variation and this probably reflects different 
sampling localities with variable local white admixture. 

East and Southeast Asian populations have a GC*IF fre- 
quency of about 50% and similar values are also present in 
most Pacific populations. Exceptionally high values of GC*IF 
(72-79%) and correspondingly low values of allele GC*2 (5- 
6%) have been observed in two samples from Malaysia in 
Malay and Bidayal (Tan et al. 1981). The same authors have 
reported consistently higher frequencies of GC*IFin Indone- 
sians and Chinese than have been observed by others (Table 
2). The reported pattern of GC frequencies in Malaysia is very 
similar to those in Blacks. However, it would be interesting to 
look at more populations in Southeast Asia before making any 
suggestion about possible Black ancestry or admixture in 
these groups. 

Most of the populations in the Pacific region including 
Australia have very similar frequencies for the two GC sub- 
alleles. In Polynesians the range of the GC*IS and GC*IF 
values is between 27-36% and Melanesians have relatively 
high values varying from 31-40%. The Australian Aborigines 
have about 40% frequency of both the GC*IF and GC*IS al- 
leles. 

The pattern of GC allele frequency variation is presented 
in a simple graphical way in Fig. 3. The triangular display pre- 
sents the frequencies for the three common GC alleles (data 

from Table 2). Only representative populations from each 
ethnic group have been chosen for this analysis. However, av- 
erage values have been calculated in certain cases to remove 
discrepancies in allele frequencies. The most apparent di- 
vergence in Fig. 3 is in the extreme and distinct clusters of 
Blacks and Europeans. This difference is mainly due to their 
extreme frequencies for GC*IF and GC*IS alleles. The Euro- 
pean cluster includes Asiatic Indians on one side and Middle 
Easterns on the other, all sharing similar GC frequencies. 
Amerindians occupy rather an isolate position but again not 
far away from the European cluster. A third and distinct clus- 
ter of populations include East and Southeast Asians together 
with Polynesians. It is interesting to note in this context that a 
close relationship between east Asians and Polynesians has 
been observed previously using data from a single locus or 
multiple loci (Kirk 1982a,b; Serjeantson et al. 1982, 1983; 
Kamboh et al. 1983). These genetic results coincide with ar- 
chaelogical studies reviewed by Bellwood (1978). The scat- 
tered positions of Micronesians (Nauru and Kiribati), Melane- 
sians (Fiji and New Caledonia), and Australian Aborigines in- 
dicate differences between them. However, their sequential 
distribution provide evidence of a genetic relationship be- 
tween Pacific populations. 

Unique alleles 

Like other blood traits GC has also several unique alleles 
which are potentially important in population discrimination. 
However, most of the rare allelic variants have a highly re- 
stricted distribution. We will discuss here those mutants which 
provide information about population movements and anti- 
quity and ignore those identified only in single families or iso- 
lated groups. 

One of the first and most important GC variants, which 
has gained considerable attention from physical anthropolo- 



Table 2. World  distribution of GC  allele frequencies 

Populat ion Number  IF  1S 2 Others  Reference 
tested 

Europe  

Germany  

South Ge rmany  1523 0.14 0.60 0.26 < 0.01 

Dfisseldorf 1156 0.16 0.55 0.29 < 0.01 

Munich 440 0.14 0.59 0.26 < 0.01 

Marburg 146 0.17 0.55 0.27 < 0.01 

Hessen  261 0.13 0.60 0.27 - 

Uni ted  Kingdom 

English 100 0.16 0.57 0.26 - 

Asians  243 0.19 0.52 0.29 - 

France 

Toulouse  256 0.13 0.54 0.31 <0.01  

Lille 114 0.20 0.55 0.24 - 

Basques  200 0.06 0.55 0.39 - 

Pyrenean 290 0.08 0.51 0.41 - 

Alps (Savore) 285 0.14 0.53 0.30 <0.01  

Strasbourg 112 0.12 0.59 0.27 < 0.01 

Belgium 

Liege 267 0.16 0.54 0.29 - 

Italy 

La t ium 1235 0.14 0.57 0.28 - 

Italy 147 0.14 0.58 0.26 - 

Sweden 3394 0.14 0.61 0.25 < 0.01 

Spain 

Basques  190 0.09 0.57 0.34 - 

D e n m a r k  

Copenhagen  1674 0.15 0.57 0.26 < 0.01 

Copenhagen  390 0.14 0.60 0.25 - 

Iceland 382 0.10 0.63 0.26 - 

USSR 

Siberia 227 0.52 0.28 0.20 

North  Amer ica  

U S A  Whites  

Pennsylvania  110 0.14 0.57 0.27 - 

Minnesota  7247 0.15 0.56 0.27 - 

Mennoni tes  611 0.11 0.56 0.31 - 

Minneapolis  1376 0.17 0.56 0.26 - 

California 404 0.28 0.49 0.21 < 0.01 

U S A  Blacks 

Philadelphia 273 0.68 0.17 0.13 0.02 

Georgia 219 0.79 0.12 0.08 0.01 

Minnesota  540 0.67 0.18 0.10 0.03 

Balt imore 126 0.67 0.17 0.13 0.03 

U S A  Amer ind ians  

Apache  457 0.31 0.59 0.08 - 

Aache  127 0.29 0.66 0.03 - 
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Weidinger et al. (1981) 

Scheil et al. (1980) 

Cleve et al. (1978) 

Cleve et al. (1978) 

Kfihnl et al. (t978) 

Papiha et al. (1982a) 

Karlsson et al. (1983b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1979b) 

Constans et al. (1978a) 

Constans  et al. (1979a) 

Constans  et al. (1979a) 

Hoste  (1979) 

Petrucci and Congedo (1983) 

Cleve et al. (1978) 

Svensson and Hjalmarsson (1981) 

Constans et al. (1985) 

T h y m a n n  (1981) 

Constans et al. (1979a) 

Karlsson et al. (1983a) 

Dykes and Polesky (1984) 

Kueppers  and Harpel  (1979 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  and Polesky (1982) 

Garber  et al. (1983) 

Kueppers  and Harpel  (1979) 

Kueppers  and Harpel  (1979) 

Dykes  et al. (1983) 

Constans et al. (1985) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 
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T a b l e  2 (continued) 

Population Number  1F 1S 2 Others  Reference 
tested 

U S A  Amer indians  

Blackfeet 74 

Cocopa 135 

Chippewa 249 

Lumbee  242 

Pima 58 

Maricopa 68 

Navajo 103 

Pima 332 

Walapi  115 

Yakima 92 

U S A  Eskimos 

Alaska 307 

Alaska 328 

Kodiak Island 219 

South Amer ica  

Indians 

Brazil 

Gorotire 155 

Kraho 136 

Caingang 106 

Napoleao 60 

Guariba 82 

Tanajuara  107 

Santo Andre  109 

Toconao 176 

Bolivia 

Aymara -Quechua  253 

Guyana  

Palikour 104 

Peru 

Machiguenga 180 

Quechua  97 

Central  Amer ica  

Mexico 

La Mani ta  128 

Chamizal  102 

Black Caribs 

St. Vincent 311 

Livingston 215 

Stann Creek 274 

Punta  Gorda  217 

Guatemala  (Lxil) 108 

North and Eas t  Africa 

Tunisia 98 

Mali 

Tuareg  Kel K u m m e r  260 

0.18 0.61 0.19 - 

0.37 0.44 0.18 - 

0.31 0.46 0.19 0.04 

0.20 0.48 0.32 <0.01  

0.47 0.41 0.11 - 

0.39 0.42 0.18 - 

0.40 0.52 0.06 - 

0.44 0.41 0.14 - 

0.34 0.57 0.07 - 

0.31 0.56 0.13 - 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  and Polesky (1984) 

Constans et al. (1985) 

Constans et al. (1985) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

0.26 0.35 0.33 0.06 

0.27 0.49 0.19 0.05 

0.17 0.51 0.31 0.01 

Dykes  et al. (1983) 

Matsumoto  et al. (1980) 

Kamboh  and Ferrell (unpublished) 

0.20 0.42 0.35 0.03 

0.33 0.29 0.38 - 

0.20 0.48 0.32 - 

0.43 0.50 0.07 - 

0.43 0.43 0.14 - 

0.52 0.40 0.08 - 

0.39 0.34 0.27 - 

0.30 0.47 0.23 - 

Constans and Salzano (1980) 

Constans and Salzano (1980) 

Constans  and Salzano (1980) 

Salzano et al. (1984) 

Salzano et al. (1984) 

Salzano et al. (1985) 

Salzano et al. (1985) 

Goedde et al. (1985) 

0.23 0.64 0.12 0.01 Constans and Salzano (1980) 

0.14 0.61 0.17 0.08 Constans et al. (1985) 

0.10 0.60 0.28 - 

0 . 2 7  0.59 0.11 < 0.01 

Matsumoto  et al. (1980) 

Matsnmoto  et al. (1980) 

0.35 0.50 0.14 

0.34 0.48 0.17 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

0.49 0.36 0.12 0.01 

0.63 0.25 0.10 - 

0.53 0.31 0.15 - 

0.55 0.30 0.14 - 

0.37 0.51 0.12 - 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Dykes  et al. (1983) 

Constans  et al. (1985) 

0.26 0.52 0.21 Lefranc et al. (1981) 

0.31 0.67 - <0 .01  Constans et al. (1980a) 



Table 2 (continued) 

Population Number 1 F 1S 2 Others Reference 
tested 

North and East  Africa 

Djibouti Republic 

Harratins 161 0.48 0.44 0.05 0,01 

Issa 92 0.43 0.43 0.12 0,01 

Afar 95 0.46 0.35 0.17 - 

Algeria 

Tuareg Issequamaren 160 0.42 0.54 0.01 0,01 

Ethiopia 

Erythrean 126 0.50 0.36 0,13 0,01 

Equatorial Africa 

Central African Empire 

Sara 291 0.83 0.09 0.06 < 0.01 

Pygmies Bi-Aka 751 0.61 0.18 0,07 0.12 

Pygmies Bi-Aka 267 0.58 0.19 0,06 0.16 

Pygmies Bi-Aka 335 0.60 0.18 0,08 0,12 

South Africa 

Transkei (Bantu) 126 0.84 0.10 0,05 0, 01 

Malagasy (East/West Coast) 247 0.68 0.12 0,16 0,04 

West Africa 

Senegal 

Peulhs 357 0.78 0.11 0,05 0.05 

Gambia 

Keneba 186 0.85 0.10 0,03 0.02 

Manduar 84 0.88 0.08 0,02 0,02 

Cameroon (Bantu) 123 0.82 0.08 0,09 0,01 

Asia 

India 

Delhi 488 0.14 0.55 0.31 - 

Madras 235 0.15 0.54 0.31 - 

Soliga (tribal) 79 0.08 0.74 0.18 - 

Punjab 146 0.15 0.53 0.31 <0.01 

Sangla, Himachal 97 0.16 0.65 0.18 - 

Pub, Himachal 139 0.17 0.55 0.28 - 

Nachar, Himachal 93 0.12 0.59 0.29 - 

Pondicherry (Tamil) 112 0.14 0.63 0.23 - 

Bharmour 70 0.16 0.54 0.30 - 

Chuwari 62 0.12 0.58 0,30 - 

Chuwari 145 0.13 0.59 0,28 - 

Churah 118 0.11 0.61 0,28 - 

Palampur 141 0.17 0.53 0.30 - 

Nepal 144 0.24 0.48 0,27 - 

Nepal 195 0.25 0.52 0.22 < 0.01 

Iran 

Zoroastrians 236 0.14 0.62 0,22 - 

Constans et al. (1980a) 

Constans et al. (1980a) 

Constans et al. (1980a) 

Constans et al. (1980a) 

Constans et al. (1985) 

Constans et al. (1980a) 

Constans et al. (1980a) 

Constans et al. (1978a) 

Constans et al. (1981b) 

Papiha et al. (1985) 

Constans et al. (1985) 

Constans et al. (1978b) 

Papiha et al. (1985) 

Papiha et al. (1985) 

Constans et al. (1985) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Papiha et al. (1982a) 

Papiha et al. (1983) 

Papiha et al. (1983) 

Papiha et al. (1983) 

Constans et al. (1985) 

Papiha et al. (1983) 

Papiha et al. (1983) 

Papiha et al. (1983) 

Papiha et al. (1983) 

Papiha et al. (1983) 

Yuasa et al. (1983a) 

Constans et al. (1985) 

Papiha et al. (1982b) 

287 
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Table 2 (continued) 

Population Number  1F 1 S 2 Others  Reference 
tested 

Asia  

Tibet 230 0.36 0.37 0.24 0.01 

Japan 

Mie 510 0.46 0.24 0.26 0,04 

Tokyo 531 0.48 0.24 0,24 0.02 

Tokyo 305 0.47 0.26 0.25 0.02 

Tokyo 100 0.50 0.22 0.27 0.01 

San-in District 173 0,44 0.28 0.26 0,01 

Osaka 342 0.45 0.25 0.25 0.03 

Western  Area  1000 0.44 0.24 0.27 0.03 

Osaka  316 0.42 0.30 0.25 0.02 

Okinawa 502 0.47 0.20 0.31 < 0.01 

Hokkaido - Ainu  271 0.58 0.20 0.21 0.01 

Hong  Kong 

Chinese 362 0.49 0.25 0.24 - 

Thai land 

Bangkok 199 0.40 0.35 0.24 < 0.01 

Bangkok 59 0.45 0.33 0.22 - 

South Vie tnam 186 0.49 0.27 0.23 < 0.01 

Laos 293 0.47 0.38 0.15 - 

China 

Beijing 113 0.48 0.25 0.26 < 0.01 

Korea  

Chonju 303 0.43 0.23 0.30 0.03 

Taiwan 

Atyal  354 0.58 0.29 0.11 0.01 

Chinese 373 0.39 0.27 0.30 0,02 

Indonesia 

Java 176 0.53 0.28 0.17 0.01 

Borneo 260 0.60 0.26 0.12 < 0.01 

Batak 232 0.62 0.23 0.15 - 

Java 47 0.58 0.25 0.16 - 

Minang Kabau  56 0.60 0.25 0.14 - 

Timore 131 0.55 0.24 0.16 0.04 

Flores 72 0.49 0.31 0.19 < 0.01 

Roti 59 0.56 0.29 0.13 0.02 

Sumbawa 100 0.50 0.35 0.15 < 0.01 

Bali 161 0,53 0.33 0.13 <0,01  

Bali 294 0.68 0.25 0.07 < 0.01 

Nor thern  Halmahera  185 0.57 0.25 0.18 - 

Malaysia 

Malay 134 0.79 0.15 0.05 - 

Bidayah 207 0.72 0.22 0.06 - 

Chinese 121 0.68 0.15 0,16 - 

Iban 108 0.61 0.27 0.12 - 

Indians 78 0.14 0.60 0.25 - 

Middle East  

Iraq 

Kurds 58 0.22 0.59 0.17 < 0.01 

Constans et al. (1979b) 

Ishimoto et al. (1979) 

Ishimoto et al. (1979) 

Omoto  and Miyake (1978) 

Kamboh  et al. (1984) 

Yuasa  et al. (1983b) 

Shibata (1983) 

Yuasa  et al. (1984) 

Matsumoto  et al. (1980) 

Matsumoto  et al. (1980) 

Matsumoto  et al. (1980) 

Kwok and Lewis (1981) 

Constans et al. (1985) 

Kamboh  et al. (1984) 

Constans et al. (1985) 

Constans et al. (1985) 

Kamboh  et al. (1984) 

Matsumoto  et al. (1980) 

Matsumoto  et al. (1980) 

Matsumoto  et al. (1980) 

Matsumoto  et al. (1980) 

Matsumoto  et al. (1980) 

Tan et al. (1981) 

Tan et al. (1981) 

Tan et al. (1981) 

Kamboh  et al. (1984) 

Kamboh  et al. (1984) 

Kamboh  et al. (1984) 

Kamboh  et al. (1984) 

Kamboh  et al. (1984) 

Constans et al. (1985) 

Kamboh  et al. (1984) 

Tan  et al. (1981) 

Tan  et al. (1981) 

Tan  et al. (1981) 

Tan  et al. (1981) 

Tan  et al. (1981) 

Constans et al. (1980a) 
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Population Number 1 F 1 S 2 Others Reference 
tested 
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Middle East 

Israel 

Druze 195 0.22 0.54 0.23 < 0.01 

Muslims 342 0.21 0.60 0.18 - 

North Yemen 

Bedouins 135 0.27 0.59 0.14 < 0.01 

Oceania 

Cook Islands 200 0.49 0.25 0.26 - 

American Samoa 153 0.27 0.35 0.38 <0.01 

Western Samoa 192 0.35 0.36 0.29 - 

Wallis Island 205 0.32 0.27 0.40 < 0.01 

Kiribati 204 0.49 0.26 0.25 - 

Nauru 201 0.36 0.39 0.24 - 

New Caledonia 77 0.40 0.39 0.21 - 

Fiji 200 0.36 0.34 0.26 0.03 

Papua New Guinea 

Port Moresby 193 0.46 0.23 0.24 0.07 

Sepik River 196 0.37 0.31 0.27 0.05 

Eastern Highlands 173 0.22 0.27 0.33 0.18 

Fore 80 0.24 0.25 0.34 0.16 

Irian Jaya 

Moni 66 0.38 0.36 0.23 0.03 

New Hebrides 141 0.29 0.39 0.28 0.04 

Solomon Islands 66 0.39 0.30 0.31 - 

Mariana Islands 88 0.38 0.36 0.25 0.01 

Marquesas Islands 166 0.44 0.30 0.26 - 

Australia 

Aborigines 

Central Desert 216 0.39 0.43 0.10 0.08 

Mowanjum 143 0.27 0.40 0.23 0.10 

Bathurst Island 37 0.38 0.43 0.04 0.15 

Adelaide (White) 400 0.14 0.56 0.30 - 

Constans et al. (1980a) 

Nevo and Cleve (1983) 

Nevo and Cleve (1983) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Constans et al. (1985) 

Constans et al. (1985) 

Constans et al. (1985) 

Constans et al. (1985) 

Constans et al. (1985) 

Constans et al. (1985) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Kamboh et al. (1984) 

Nicholls and Mulley (1982) 

gists and  popu la t ion  geneticists  since its discovery two decades  
ago, is the  G C  A b  or G C  1A1 (according to the  new n o m e n -  
clature) .  This  va r ian t  is widely d is t r ibuted  in Pacific and  Aus-  
t ra l ian Abor ig ina l  popu la t ions  (Cleve 1973; Ki rk  1980). The  
highest  f requency,  abou t  17%, is obse rved  in E as t e rn  High- 
landers  f rom Papua  New Guinea .  In Aus t ra l i a  the  inc idence  
of this  allelic va r ian t  varies  f rom 0.4% to 6%.  The  GC*IA1 is 
p resen t  sporadical ly  in Polynes ians  and  Melanes ians  and  
exists at a po lymorph ic  level in some Melanes i an  groups and  
the  Lesser  Sunda  Is landers  f rom Indones i a  ( K a m b o h  et al. 
1984). The  pa tchy  d is t r ibut ion  of the  GC*IA1 allele in In- 
dones ia  and  a pa t t e rn  of increas ing f requency  in the  popula-  
t ion  of the  Pacific and  Aus t ra l i a  co r re spond  b road ly  with the  
d is t r ibut ion  of the  t rans fe r r in  D1 (TF D1)  var ian t  in these  

popula t ions  (Kirk  1980; K a m b o h  and  Kirk 1983), suggest ing 
tha t  peopl ing  of the  Pacific occurs t h rough  Southeas t  Asia.  

In addi t ion  to this var iant ,  I E F  has  pe rmi t t ed  in the  del ine-  
a t ion of addi t ional  an thropolog ic  re la t ionships  using un ique  
G C  alleles in the  Aus t r a l i an -As ian  area  ( K a m b o h  et al. 1984). 
Of  these  new alleles GC'1C24 provides  ances t ra l  links be- 
tween  abor iginal  popula t ions  of Aus t ra l i a  and  Indones ia .  This  
allele is p resen t  wi th  a f requency  of 13% in an abor iginal  
popu la t ion  on  the  West  A r n h e m  Land  coast  of Aust ra l ia .  The  
GC'1C24 allele is also po lymorph ic  in several  of the  Lesser  
Sunda  Islands of Indones ia .  P robab ly  the  flow of this allele be- 
tween  these  popula t ions  began  abou t  10,000 years ago due to 
the  m o v e m e n t  of I n d o n e s i a n  fishing fleets. A n o t h e r  un ique  al- 
lele, GC*1C35, has  b e e n  de tec ted  i ndependen t ly  by Yuasa  et 
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Fig.3. Triangular display of selected population groups using three 
common GC allele frequencies data from Table 2. Allele frequencies 
are measured by the perpendicular distance to the sides of the triangle 

al. (1984) in Japanese and by Kamboh et al. (1984) in Austra- 
lian Aborigines. The frequency distribution indicates that this 
allele is rare in Japanese but polymorphic in several Austra- 
lian populations, On IEF the banding patterns of these 
two variants are indistinguishable. The virtual absence of 
GC'1C35 in other Pacific populations may represent in- 
dependent mutations. Alternatively, the low incidence of 
GC*I C35 in Japanese may represent the remnants of genes of 
early populations who moved through Southeast Asia down to 
Australia. If the latter assumption is true, then it is possible 
that this allele is present in at least some Pacific populations 
but has not been detected so far. Further screening of popula- 
tions in the Pacific area would be of great interest in clarifying 
this issue. 

Several GC variants have been recognized in East and 
Southeast Asians, and in Mongoloid-derived populations in 
North and South America. The first unique variant, GC 1A3, 
(GC N) was found at high frequency (21%) in Negritos living 
in remote areas of the Philippines (Omoto et al. 1978). Subse- 
quently GC 1A3 has been observed at a low frequency in Chi- 
nese, Japanese, Koreans, and Indonesians (Matsumoto et al. 
1980; Kamboh et al. 1984). The sporadic occurrence of this 
variant has also been reported in Alaskan Eskimo and Machi- 
guenga and Quechuan Indians from Peru (Matsumoto et al. 
1980). The high frequency of GC 1A3 in Negritos may indi- 
cate its origin by mutation in these people and subsequent 
spread to neighboring populations or the effects of genetic 
drift in small populations. This variant seems to have been in- 
corporated into the Mongoloid gene pool at an early date and 
to have been present in the Asian ancestors of Eskimos and 
Amerindians. 

Two other variants which are markers of Mongoloid popu- 
lations are GC 1A2 (GC J) and GC IA9 (GC TK1). These are 
fairly common in Japanese and Chinese and are present at low 
frequencies in Eskimos (Kuwata et al. 1978; Matsumoto et al. 
1980). Another  variant GC 1A4 (GC ESK) which seems to 
have a localized distribution, is polymorphic in Eskimos and 

rare in Quechuan Indians from Peru. The GC 1A10 (GC 
Chippewa) variant which was first detected in North Ameri- 
can Indians (Cleve et al. 1963) has not yet been observed in 
other Amerindian population groups. A further characteriza- 
tion of aboriginal American populations with respect to GC, 
using IEF,  would aid in resolving questions regarding the ge- 
netic relationships among American aboriginals and between 
them and their Asian ancestors. 

The third set of populations which are characterized by 
having unique GC variants are Blacks from Africa and 
America. Like Australian-Pacific populations, there is a 
widespread distribution of the GC 1A1 variant in these 
groups. However, unlike the former, the frequency of GC 
1A1 in Blacks is relatively low and variable. On the African 
continent the GC*IA1 frequency is higher in South and West 
Africans (2-4%) than in North and East Africans (less than 
1%). The sporadic occurrence of GC 1A1 in North Africa and 
the Middle East suggests the introduction of the GC 1A1 var- 
iant from the Sub-Sahara through long established contact be- 
tween these populations. Another  example which provides 
evidence of physical contact between Saharan and Northeast 
Africans is that of GC 1C3. This variant is spread from North- 
east Africa in the Republic of Djibouti through North Africa 
into Algeria and Mall to West Africa in Senegal. However, no 
example has been observed in Pygmies from the Sub-Sahara 
(Constans et al. 1980a). A Negroid marker GC 2A3 is present 
at about 9% frequency in Pygmies and further detection of 
few examples in North and South Africans gives additional 
support of gene flow in the African continent (Constans et al. 
1985). In addition to GC 1A1, Black Americans have another 
polymorphic variant, GC 1C10, which has not been detected 
outside America (Dykes and Polesky 1984). Because of ad- 
mixture in American Blacks, the exact origin of this variant is 
uncertain. The historical views about African ancestary of 
American Blacks is further strengthened by the detection of 
GC 2A3 and 2A5 variants in these groups. Several GC mu- 
tants have been recognized in Europeans but none of them 
achieve polymorphic proportions and their distribution is also 
restricted. 

Conclusion and synthesis 

The significance of IEF in the measurement of population 
structure of various racial groups is becoming more apparent 
as its application is widening to additional blood genetic mark- 
ers. The detection of new alleles in the GC system increases 
the estimated heterozygosity level and also makes it one of the 
most highly polymorphic loci. There is almost a two-fold in- 
crease in the average heterozygosity using IEF as compared to 
conventional electrophoresis (Table 3). 

The synthesis of existing IEF data reveals a remarkable 
variation in the distribution of two GC sub-alleles. There is a 
geographical d ine  from Southeast Asia, through Europe and 
the Middle East and down to Africa in the GC*IF and GC*IS 
allele frequencies. The cline in GC frequencies in these geo- 
graphical areas could be explained by gene flow through mig- 
ration. However, the wide range variation observed in popu- 
lations from different geographical areas may be due to some 
selective forces acting on the GC locus to maintain the varia- 
tion. In this connection a correlation though not universal, be- 
tween low GC*2 frequency and incident ultraviolet light was 
reported (Kirk et al. 1963; Mourant et al. 1976; Daiger and 
Cavalli-Sforza 1977). 
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Table 3. Comparison of heterozygosity obtained by conventional elec- 
trophoresis and IEF in selected populations at the GC locus 

Population Conventional IEF 

Chinese 0.39 0.64 
Japanese 0.41 0.63 
Indonesians 0.30 0.60 
Polynesians 0.44 0.65 
Micronesians 0.38 0.64 
Melanesians 0.35 0.66 
Australian Aborigines 0.34 0.67 
Asiatic Indians 0.43 0.58 
Europeans 0.40 0.57 
Amerindians 0.21 0.58 
Black Americans 0.22 0.46 
Black Africans 0.27 0.48 

Mean 0.34 0.60 

The primary function of GC is to bind and transport vita- 
min D3 from its site of synthesis in the skin in response to 
ultraviolet exposure (Loomis 1967; Holick et al. 1980). How- 
ever, the rate of vitamin D synthesis in skin is regulated by 
pigmentation and keratinization of stratum corneum. In pig- 
mented (black) and keratinized (yellowish) skin types the rate 
of UV light penetration is lower compared to nonpigmented 
and nonkeratinized white skin. It is important to note here 
that populations with black and yellowish skin have much 
higher frequencies of the IF allele compared to white popula- 
tions. Although pigmented skin provides protection against 
excessive UV radiation, dark skinned individuals are more 
susceptible to rickets. It is suggested therefore that during the 
course of evolution GC 1F allele products having a greater af- 
finity for vitamin D3 might be selectively favored in dark skin- 
ned peoples by more efficiently transporting vitamin D3 from 
the skin to target tissues. This idea is further supported by in 
vitro experiments in which the IF allele products have been 
found to show greater affinity for its ligand as compared to 1S 
and 2 allele products (Constans et al. 1980b). 

One of the most promising and neglected areas of research 
is on the interaction of GC with target tissues. To date most 
research has focused on the interaction of the different GC 
isoproteins with various vitamin D metabolites. Less attention 
has been paid to the interaction of the holoprotein with target 
tissues. Constans et al. (1981a) have reported that GC binds 
to the plasma membrane and cytoplasm of lymphocytes and 
that the different holo forms differ with respect to binding to 
the lymphocyte membrane. It is known that GC from a variety 
of species forms a tight 1:2 molar complex with actin (Van 
Baelen et al. 1980), and the same authors suggest that the 
cytoplasmic vitamin D binding protein is a complex between 
serum vitamin D binding protein (GC) and a cytoplasmic pro- 
tein. These findings suggest that actin may act as a cell surface 
receptor for the vitamin D-GC complex, and participate in the 
internalization of vitamin D in target tissues. Comparative 
studies of the affinity of various GC allele products for actin, 
and assays of more distal physiologic effects may give addi- 
tional insight into forces maintaining the GC polymorphism in 
human populations. 

For anthropologic studies GC is a useful marker providing 
ancestral links between populations through its unique var- 
iants. The most important example is that of GC 1A1 variant. 

Its widespread distribution in Pacific populations and Blacks 
from Africa and America pose interesting questions about the 
origin of the 1A1 mutant in these populations. Whether this 
variant resulted from a single mutation or multiple independ- 
ent mutations is still to be determined. Electrophoretically 
these variants are indistinguishable. However, two avenues of 
further research are: (i) to determine the exact amino acid 
substitution involved, and (ii) to look at variation at the DNA 
level in the region of the GC structural gene and its flanking 
sequences. The recent cloning of the GC gene provides the 
opportunity to explore the latter avenue of research. 

Acknowledgement. This work was supported by NIH Grant RR05451. 

References  

Ayala FJ (1982) Genetic variation in natural populations. Problems of 
electrophoretically cryptic alleles. Proc Natl Acad Sci USA 
79 : 550-554 

Bellwood P (1978) Man's conquest of the Pacific. Collins, Auckland 
Sydney London 

Bouillon R, van Baelen H, Rombauts W, DeMoor P (1976) The 
purification and characterization of the human serum binding pro- 
tein for the 25-hydroxycholecalciferol (transcalciferin) identity 
with group-specific component. Eur J Biochem 66 : 285-291 

Cleve H (1973) The variants of the group-specific component. A re- 
view of their distribution in human populations. Isr J Med Sci 
9:1133-1146 

Cleve H, Dencker H (1966) Quantitative variations of the group spe- 
cific component (Gc) and of barium-c~2-glycoprotein of human 
serum in health and disease. In: Peters H (ed) Protides of the 
biological fluids, vol 14. Elsevier, Amsterdam, pp 379-384 

Cleve H, Patutschnick W (1977) The vitamin D binding of the com- 
mon and rare variants of the group specific component (Gc). Hum 
Genet 38: 289-296 

Cleve H, Patutschnick W (1979) Neuraminidase treatment reveals 
sialic acid differences in certain genetic variants of the Gc system 
(vitamin-D-binding protein). Hum Genet 47 : 193-198 

Cleve H, Kirk RL, Parker WC, Beam AG, Schacht LE, Kleinman H, 
Horsfail WR (1963) Two genetic variants of the group-specific 
component of human serum. Gc Chippewa and Gc Aborigine. 
Am J Hum Genet 15 : 368-379 

Cleve H, Krupe M, Ensgraber A (1966) Zur Vererbung der Gc- 
Variante GcZ. Bericht fiber eine weitere Familie. Humangenetik 
3 : 46-49 

Cleve H, Patutschnick W, Nevo S, Wendt GG (1978) Genetic studies 
of the Gc subtypes. Hum Genet 44 : 117-122 

Cleve H, Constans J, Berg S, Hoste B, Ishimoto G, Matsumoto M, 
Spees EK, Weber W (1981) GC revisited: six further Gc-pheno- 
types delineated by isoelectric focusing and by polyacrylamide gel 
electrophoresis. Hum Genet 57:312-316 

Constans J, Viau M (1977) Group-specific component: evidence for 
two subtypes of the Gc gene. Science 198 : 1070-1071 

Constans J, Salzano FM (1980) Gc and transferrin isoelectric focusing 
subtypes among Brazilian Indians. J Hum Evol 9 : 489494 

Constans J, Viau M, Cleve H, Jaeger G, Quilici JC, Palisson MJ 
(1978a) Analysis of the Gc polymorphism in human populations 
by isoelectric focusing on polyacrylamide gels. Demonstration of 
subtypes of the Gc allele and of additional Gc variants. Hum 
Genet 41 : 53-60 

Constans J, Viau M, Pison G, Langaney A (1978b) Gc subtypes dem- 
onstrated by isoelectric focusing: further data and description of 
new variants among an African sample (Fula) from Senegal. Jin- 
rui Idengaku Zasshi 23 : 111-117 

Constans J, Viau M, Moatti JP, Clavere JL (1979a) Serum vitamin D 
binding protein and Gc polymorphism. In: Vitamin D, basic re- 
search and its clinical application, de Gruyter, Berlin New York, 
pp 153-156 

Constans J, Cleve H, Bennet A, Bouillon R, Cox DW, Daiger SP, 
Ehnol C, Fujiki N, Johnson AM, Kirk RL, Kuhnl P, Martin W, 
Matsumoto M, Mayr WR, Miyake K, Miyazaki T, Omoto K, 



292 

Porck HJ, Seger J, Thymann M, Tills D, Toyomasur M, Van 
Baelen H, Vavrusa B, Viau M (1979b) Group-specific compo- 
nent. Report on the first international workshop. Hum Genet 
48 : 143-149 

Constans J, Lefevre-Witier Ph, Richard P, Jaeger G (1980a) Gc (vita- 
min D binding protein) subtype polymorphism and variants dis- 
tribution among Saharan, Middle East and African populations. 
Am J Phys Anthropol 52: 435-441 

Constans J, Viau M, Bouissou C (1980b) Affinity differences for the 
25-OH-D3 associated with the genetic heterogeneity of the vita- 
min D-binding protein. FEBS Lett 111 : 107-111 

Constans J, Oksman F, Viau M (1981a) Binding of the apo and holo 
forms of the serum vitamin D-binding protein to human lympho- 
cyte and membrane by direct immunofluorescence. Immunol Lett 
3 : 159-162 

Constans J, Viau M, Jaeger G, Palisson MJ (1981b) Gc, Tf, Hp sub- 
type and alpha-l-antitrypsin polymorphism in a pygmy Bi-Aka 
sample. Phenotype association between TfD1 and GclA1 (GcAb) 
variants. Hum Hered 31 : 129-137 

Constans J, Arlet Ph, Viau M, Bouiossu C (1983a) Unusual sialilation 
of the serum DBP associated with the Gc 1 allele in alcoholic cir- 
rhosis of the liver. Clin Chim Acta 130 : 219-230 

Constans J, Cleve H, Dykes D, Fischer M, Kirk RL, Papiha SS, 
Scheffran W, Scherz R, Thymann M, Weber W (1983b) Isoelec- 
tric focusing in 3M urea as additional method for identification of 
genetic variants. Hum Genet 65 : 176-180 

Constans J, Hazout S, Garruto RM, Gajdusek DC, Spees EK (1985) 
Population distribution of the human vitamin D binding protein: 
anthropological considerations. Am J Phys Anthropo168: 107-122 

Cooper DW (1978) Inherited variation in plasma proteins. In: Brock 
DJH, Mayo O (eds) The biochemical genetics of man, 2nd edn. 
Academic Press, New York London, pp 271-324 

Coue M, Constans J, Viau M, Olomucki A (1983) The effect of serum 
vitamin D-binding protein on polymerization and depolymeriza- 
tion of actin is similar to the effect of profilin on actin. Biochim 
Biophys Acta 759 : 137-145 

Cox DW, Simpson NE, Jantti R (1978) Group-specific component, 
alpha-l-antitrypsin and esterase D in Canadian Eskimos. Hum 
Hered 28 : 341-350 

Daiger SP, Cavalli-Sforza LL (1977) Detection of genetic variation 
with radioactive ligands 11. Genetic variants of vitamin D-labelled 
group-specific component (Gc) proteins. Am J Hum Genet 
29 : 593~604 

Daiger SP, Schanfield MS, Cavalli-Sforza LL (1975) Group-specific 
component (Gc) proteins bind vitamin D and 25-hydroxy vitamin 
D. Proc Natl Acad Sci USA 72 : 2076-2080 

Dykes DD, Polesky HF (1982) Gc 1C12: a new Gc variant. Hum 
Hered 32: 136-138 

Dykes DD, Polesky HF (1984) Review of isoelectric focusing for Gc, 
PGM1, Tf and Pi subtypes - population distributions. CRC Crit 
Rev Clin Lab Sci 20:115-151 

Dykes DD, Crawford MH, Polesky HF (1983) Population distribu- 
tion in North and Central America of PGM1 and Gc subtypes as 
determined by isoelectric focusing (IEF). Am J Phys Anthropol 
62 : 13%146 

Fawcett JS (1968) Isoelectric fraction of proteins on polyacrylamide 
gels. FEBS Lett 1 : 81-82 

Garber RA, Delapointe L, Morris JW (1983) PGM1 and GC subtype 
gene frequencies in a California Hispanic population. Am J Hum 
Genet 35 : 773-776 

Goedde HW, Rothammer F, Benkmann HG, Bogdenski P (1985) 
Genetic studies in Atacameno Indians: serum protein and red cell 
enzyme polymorphisms. Ann Hum Biol 12:251-259 

Haddad JG Jr, Walgate J (1976) 25-Hydroxy vitamin D transport in 
human plasma. Isolation and partial characterization of cal- 
cifodiol-binding protein. J Biol Chem 251 : 4803-4809 

Harris H (1980) The principles of human biochemical genetics. North 
Holland Biomedical Press/Elsevier, Amsterdam 

Hirschfeld J (1959) Immunoelectrophoretic demonstration of qualita- 
tive differences in human sera and their relation to the haptoglo- 
bins. Acta Pathol Microbiol Scand 47 : 160-168 

Hirschfeld J, Jonsson B, Rasmusan M (1960) Inheritance of a new 
group-specific system demonstrated in normal human sera by 

means of an immunoelectrophoretic technique. Nature 185 : 931- 
932 

Holick MF, MacLaughlin JA, Clark MB, Holick SA, Polts JT (1980) 
Photosynthesis of previtamin D3 in human skin and the physio- 
logic consequences. Science 210:203-205 

Hoste B (1979) Group-specific component (Gc) and transferrin (Tf) 
subtypes ascertained by isoelectric focusing: a simple nonim- 
munological staining procedure for Gc. Hum Genet 50: 75-79 

Imawari M, Goodman DS (1977) Immunological and immunoassay 
studies of the binding protein for vitamin D and its metabolites in 
human serum. J Clin Invest 59: 432-442 

Ishimoto G, Kuwata M, Nakajima H (1979) Group-specific compo- 
nent (Gc) polymorphism in Japanese. An analysis by isoelectric 
focusing on polyacrylamide gels. Jinrui Idengaku Zasshi 24: 75-83 

Johnson AM, Cleve H, Alper CA (1975) Variants of the group-specif- 
ic component system as demonstrated by immunofixation elec- 
trophoresis. Report of a new variant, Gc Boston (GcB). Am J 
Hum Genet 27 : 728-736 

Kamboh MI, Kirk RL (1983) Distribution of transferrin (Tf) subtypes 
in Asian, Pacific and Australian aboriginal populations. Evidence 
for the existence of a new subtype TfC6. Hum Hered 33 : 237-243 

Kamboh MI, Kirk RL, Clark P (1983) Alpha-l-antitrypsin (PI) types 
in Asian, Pacific and aboriginal Australian populations. Dis 
Markers 1 : 33-42 

Kamboh MI, Ranford PR, Kirk RL (1984) Population genetics of the 
vitamin D-binding protein (GC) subtypes in the Asian, Pacific 
area: description of new alleles at the GC locus. Hum Genet 
67 : 378-384 

Karlsson S, Skaftadottir I, Arnason A, Thordarson G, Jensson O 
(1983a) Gc subtypes in Icelanders. Hum Hered 33:5-8 

Karlsson S, Skaftadottir I, Arnason A, MacKintosh P, Jensson O 
(1983b) Gc subtypes in Northern Indians. Hum Hered 33:199- 
200 

Kawai N, Matsui K, Shibata K (1983) Vitamin D binding protein (Gc) 
concentration difference of vitamin D binding protein subtypes 
among normal and liver cirrhosis (Abstract). Jinrui Idengaku 
Zasshi 28:119 

Kawakami M, Goodman DS (1981) Effect of protein modification 
procedures on the interaction between 25-hydroxy vitamin D and 
human plasma binding protein for vitamin D and its metabolites. 
Biochemistry 20: 5881-5887 

Kirk RL (1980) Language, genes and people in the Pacific. In: 
Eriksson AW (ed) Population structure and genetic disorders. 
Academic Press, New York London, pp 113-137 

Kirk RL (1982a) Microevolution and migration in the Pacific. In: 
Human genetics, part A: The unfolding genome. Liss, New York, 
pp 215-225 

Kirk RL (1982b) Linguistic, ecological and genetic differentiation in 
New Guinea and the Western Pacific. In: Crawford MH, Mielke 
JH (eds) Current developments in anthropological genetics 2. 
Ecology and population structure. Plenum Press, New York, pp 
229-253 

Kirk RL, Cleve H, BearnAG (1963) The distribution of the Gc types in 
sera from Australian aborigines. Am J Phys Anthropo121:215-223 

Kitchin FD (1965) Demonstration of the inherited serum group-spe- 
cific component by acrylamide electrophoresis. Proc Soc Exp Biol 
Med 119 : 1153-1155 

Kueppers F, Harpel B (1979) Group-specific component (Gc) 'sub- 
types' of Gcl by isoelectric focusing in US Blacks and Whites. 
Hum Hered 29 : 242-249 

Kuhnl P, Spielmann W, Loa M (1978) An improved method for the 
identification of Gcl subtypes (group-specific component) by iso- 
electric focusing. Vox Sang 35 : 401-404 

Kuwata M, Ishimoto G, Nakajima H (1978) Group-specific compo- 
nent (Gc) polymorphism in Japanese: an investigation on the 
phenotypic distribution with regard to the GcJ allele. Jinrui Iden- 
gaku Zasshi 23 : 127-132 

Kwok KYY, Lewis WHP (1981) Group-specific component (Gc) sub- 
types in the Chinese population of Hong Kong. Hum Genet 
59 : 72-74 

Lefranc MP, Chibani J, Helal AN, Boukef K, Seger J, Lefranc G 
(1981) Human transferrin (Tf) and group-specific component 
(Gc) subtypes in Tunisia. Hum Genet 59: 60-63 



293 

Litwiak R, Henningsen K (1977) Elektrophoretische und genetische 
Untersuchungen von 2 varianten Gc Phfmotypen..&rztl Lab 
23 : 491-495 

Loomis WF (1967) Skin-pigment regulation of vitamin-D biosynthesis 
in man. Science 157 : 501-506 

Matsumoto M, Matsui K, Ishida H, Ohkura K, Teng Y-S (1980) The 
distribution of GC subtypes among the mongoloid populations. 
Am J Plays Anthropol 53 : 505-508 

Mourant AE, Tills D, Domaniewski-Sobczak K (1976) Sunshine and 
the geographical distribution of the alleles of the Gc system of 
plasma proteins. Hum Genet 33 : 307-314 

Nakasono I, Iwasaki M, Ogata M, Yoshida C, Yoshitake T, Narita K, 
Suyama H, Tomohiro Y (1983) A new single band variant of the 
Gc subtypes determined by isoelectric focusing. Hum Genet 
64 : 184-185 

Nakasono I, Iwasaki M, Ogata M, Yoshitake T, Narita K, Knbo S, 
Suyama H, Tanoue Y (1985) A new hereditary single band variant 
of the Gc system. Hum Genet 70 : 84-85 

Nevo S, Cleve H (1983) Gc subtypes in the Middle East: report on an 
Arab Moslem population from Isreal. Am J Plays Anthropol 
60 : 49-52 

Nicholls C, Mulley JC (1982) Distribution of the Gc (group-specific 
component) subtypes in cord blood and blood donors. Aust J Exp 
Biol Med Sci 60:427-431 

Omoto K, Miyake K (1978) The distribution of the group-specific 
component (Gc) subtypes in Japanese. Jinrui Idengaku Zasshi 
23:119-125 

Omoto K, Misawa S, Harada S, Sumpaico JS, Medaolo PM, Ognuki 
H (1978) Population genetic studies of the Philippine Negritos. 
I. A pilot survey of red cell enzyme and serum protein groups. Am 
J Hum Genet 30 : 190-201 

Papiha SS, Roberts DF, White I, Chahal SMS, Asefi JA (1982a) 
Population genetics of the group-specific component (Gc) and 
phosphoglucomutase (PGM1) studied by isoelectric focusing. Am 
J Phys Anthropol 59 : 1-7 

Papiha SS, Seyedna Y, Sunderland E (1982b) Phosphoglucomutase 
(PGM) and group-specific component (Gc), isoelectric focusing 
subtypes among Zoroastrians of Iran. Ann Hum Biol 9 : 571-574 

Papiha SS, White I, Roberts DF (1983) Some genetic implications of 
isoelectric focusing of human red cell protein group-specific com- 
ponent (Gc). Genetic diversity in the populations of Himachal 
Pradesh, India. Hum Genet 63 : 67-72 

Papiha SS, Constans J, White I, McGregor IA (1985) Group-specific 
component (GC) subtypes in Gambian and Transkerian popula- 
tions: a description of new variant. Ann Hum Biol 12:17-26 

Petrucci R, Congedo P (1983) Genetic studies of Gc (vitamin D bind- 
ing globulin) polymorphisms in the population of Latium (Italy). 
J Hum Evol 12 : 439-441 

Righetti PG, Drysdale JW (1976) Isoelectric focusing. In: Work TS, 
Work E (eds) Laboratory techniques in biochemistry and molecu- 
lar biology, vol 5. North Holland/American Elsevier, Amsterdam 
New York 

Riley RF, Coleman MK (1968) Isoelectric fraction of proteins on a 
microscale in polyacrylamide gel and agarose matrices. J Lab Clin 
Med 72 : 714-720 

Salzano FM, Mohernweiser M, Gershowitz H, Neel JV, Mestriner 
MA, Simoes L, Constans J, DeMeloeFreitas MJ (1984) New 
studies on the Machushi Indians of Northern Brazil. Ann Hum 
Biol 11:337-350 

Salzano FM, Weiner JA, Franco MHLP, Mestriner MA, Simoes AL, 
Constans J, DeMeloeFreitas MJ (1985) Population structure and 
blood genetic of the Pacaas Novos Indians of Brazil. Ann Hum 
Biol 12 : 241-249 

Scheil HG, Driesel AJ, Rohrborn G (1980) Distribution of Gc sub- 
types in Western Germany (Dfisseldorf region). Z Rechtsmed 
84: 95 

Serjeantson SW, Ryan DR, Thompson AR (1982) The colonization 
of the Pacific: the story according to human leukocyte antigens. 
Am J Hum Genet 34:904-918 

Serjeantson SW, Kirk RL, Ranford P, Beauchamp M (1983) HLA 
antigens and non-HLA chromosome 6 markers in Micronesian 
from Nauru. Tissue Antigens 22:49-58 

Shibata K (1983) Haptoglobin, group-specific component, transferrin 
and alpha-l-antitrypsin subtypes and new variants in Japanese. 
Jinrui Idengaku Zasshi 28 : 17-27 

Smithies O (1955) Zone electrophoresis in starch gels. Group varia- 
tions in the serum proteins of normal human adults. Biochem J 
61 : 629~41 

Speiser P, Pausch V, Cleve H (1972) A new rapid migrating variant in 
the Gc system, Gc Wien. Hum Genet 17:81-84 

Svasti J, Bowman BH (1978) Human group-specific component. 
Changes in electrophoretic mobility resulting from vitamin D 
binding and from neuraminidase digestion. J Biol Chem 
253 : 4188-4194 

Svasti J, Kurosky A, Bennett A, Bowman BH (1979) Molecular basis 
for the three major forms of human serum vitamin D binding pro- 
tein (group-specific component). Biochemistry 18:1611-1617 

Svensson H (1961) Isoelectric fractionation: analysis and characteriza- 
tion of ampholytes in natural pH gradients. I. The differential 
equation of solute concentrations at a steady state and its solution 
for simple cases. Acta Chem Scand 15 : 325-341 

Svensson H (1962) Isoelectric fractionation: analysis and characteriza- 
tion of ampholytes in natural pH gradients. III. Description of ap- 
paratus for electrolysis in columns stabilized by density gradients 
and direct determination of isoelectric points. Arch Biochem 
Biophys (Suppl) 1 : 131-132 

Svensson M, Hjalmarsson K (1981) Distribution of Gc subtypes by 
isoelectric focusing in Sweden. 9. International Faguny der Ge- 
sellschaft ffir Forensische Blutgruppen Kunder, p 559 

Tan SG, Gan YY, Asuan K, Abdullah F (1981) Gc subtyping in 
Malaysians and in Indonesians from North Sumatra. Hum Genet 
59 : 75-76 

Thomas WC, Morgan HG, Conners TB, Haddock L, Bills CE, 
Hovord JE (1959) Studies of antiricketic activity in sera from pa- 
tients with disorders of calcium metabolism and preliminary ob- 
servations on the mode of transport of vitamin D in human sera. 
J Clin Invest 38 : 1078-1085 

Thymann M (1981) GC subtypes determined by agarose isoelectric 
focusing. Distribution in Denmark and application to paternity 
cases. Hum Hered 31 : 214-221 

Thymann M, Hjalmarsson K, Svensson M (1982) Five new Gc var- 
iants detected by isoelectric focusing in agarose gel. Hum Genet 
60 : 340-343 

Thymann M, Hoste B, Scheffrahn W, Constans J, Cleve H (1985) 
Unusual sialilation of three different rare genetic variants of 
serum DBP: Gc1A17, GclA16 and G c l A l l .  Hum Genet 69:224- 
227 

Van Baeten H, Bouillon R, DeMoor P (1980) Vitamin D-binding pro- 
tein (Gc globulin) binds actin. J Biol Chem 255 : 2270-2272 

Vavrusa B, Cleve H (1974) Gc Opava: a variant of the group-specific 
component (Gc) system with an electrophoretic mobility inter- 
mediate between Gcl-1 and Gc2-2. Vox Sang 26 : 15%162 

Vesterberg O, Svensson H (1966) Isoelectric fractionation: analysis 
and characterization of ampholytes in natural pH gradients. IV. 
Further studies on the resolving power in connection with separa- 
tion of myoglobulins. Acta Chem Scand 20: 820-834 

Weidinger S, Cleve H, Schwarzfischer F, Patutschnick W (1981) The 
Gc system in paternity examinations, application of Gc subtyping 
by isoelectric focussing. In: Hummel K, Gerchow J (eds) 
Biomathematical evidence of paternity. Springer, Berlin Heidel- 
berg New York, pp 113-121 

Yuasa I, Saneshige Y, Okamoto N, Ikawa S, Hikita T, Ikebuchi K, 
Inoue T, Okada K (1983a) Distribution of Hp, Tf, Gc and Pi poly- 
morphisms in a Nepalese population. Hum Hered 33 : 302-306 

Yuasa I, Saneshige Y, Okamoto N, Inoue T, Okada K (1983b) Dis- 
tribution of Hp, Tf, Gc and Pi polymorphisms in a Japanese popu- 
lation samples from Sanin District. J Anthrop Soc Nippon 
91 : 395-400 

Yuasa I, Suenaga K, Gotoh Y, Ito K, Yokoyama N (1984) Group- 
specific component (Gc) in Western Japan: report of a new var- 
iant Gc IC35. Hum Hered 34:174-177 

Received October 2, 1985 / Revised December 4, 1985 


