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Ig Gamma Restriction Fragment Length Polymorphisms
Indicate an Ancient Separation of Caucasian Haplotypes

M. JACQUELINE JOHNSON,!"? GERDA DE LANGE,> AND L. L. CAVALLI-SFORZA'

SUMMARY

This investigation was undertaken to study genetic variation in the
human immunoglobulin gamma heavy-chain (IgG) genes using South-
ern blot hybridization techniques to identify restriction fragment
length polymorphisms (RFLPs). A genomic Ig gamma-1 clone was
used as a probe, and variants were identified with two restriction
enzymes (R.E.), each of which defined RFLPs at two separate IgG
loci. Once alleles and haplotypes were determined, molecular locali-
zation of the alleles was made through genetic analysis of recombinant
haplotypes and through the use of regional specific subclones. Link-
age between the newly defined RFLPs and switch region variants as
well as protein allotypic markers (Gm) was complete. This analysis
included markers for Ig Mu, Alpha 1, Alpha 2, Gamma 1, Gamma 2,
Gamma 3, and Pseudo Gamma. The picture that emerges from the
molecular study of two common haplotypes, each with many rare
variants resulting from recombination or mutation, confirms and ex-
tends the earlier immunological observations. The accumulated differ-
ences between the two major Caucasian IgG haplotypes indicate that
their separation may be ancient and maintained through heterozygote
advantage.

INTRODUCTION

A total of five human gamma immunoglobulin genes have been isolated from
various libraries [1-7]. Four are analogous to previously defined IgG sub-
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classes (Gamma 1-4), while the fifth is defined as a pseudo gene based on its
lack of a 5’ switch sequence. The five gamma genes all have three coding region
exons (CH1, CH2, CH3) and a smaller hinge region exon occurring between
CHI1 and CH2. The gamma 3 gene has a quadruplicated hinge region that is
postulated to have arisen by unequal crossing over between the pseudo gamma
and gamma 1 genes [3, 7].

Molecular Characterization of IgH Gene Organization

Cosmid clones containing all the expressed gamma, epsilon, and alpha genes,
and the pseudo epsilon 2 have been isolated and used to determine the order of
the IgH genes in humans [3, 8]. Restriction mapping of these clones allowed
identification of two nonoverlapping clusters of IgH genes, each approximately
100 kilobases (kb) in length. One cluster contains Gamma 3-Gamma 1-Pseudo
Epsilon 2-Alpha 1, while the second contains Gamma 2-Gamma 4-Epsilon 1-
Alpha 2. Subsequent studies by Bech-Hansen et al. [9] used data on linkage
disequilibrium to map the pseudo gamma gene as occurring between the two
gamma gene clusters. The IgH cluster has been mapped to human chromosome
14 (10, 11], band 14q32 [12], and all molecular evidence seems to agree that the
gene order is that shown in figure 1.

DNA Sequence Polymorphisms in the IgH Locus

Given the variety of interests in the Ig gamma region—genetic, anthropolog-
ical, and medical [13-15], current Gm typing methods do not allow for its full
exploitation as a genetic system. Monoclonal methods could circumvent cur-
rent Gm typing problems [16], but one still awaits the production of a large and
diverse panel of reagents before their use becomes routine. An alternate
method, and one to which the results of this study contribute, is to define
restriction fragment length polymorphisms (RFLPs) for the Ig genes. DNA
sequence polymorphisms detected with Ig probes can be used to characterize
this region at the molecular level, to investigate aberrant gene expression, and
to detect allotypic variation in IgH loci.

Human IgH region - chromosome 14
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Fic. 1.—Diagram representing the human immunoglobin heavy-chain genes located on chromo-
some 14. The known distances in kilobases between Ig genes are noted; unknown distances are
designated by broken lines.
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Initial work by Migone et al. [17] describing RFLPs in the human Ig heavy-
chain region demonstrated that a single probe can define polymorphisms at
multiple loci. Of six polymorphic loci analyzed, three were located in the
switch regions of IgA1, IgA2, and IgM, respectively. Altogether, a total of 33
haplotypes were identified (as compared to only five original Gm haplotypes);
28 haplotypes could be distinguished by the RFLPs alone. More recently,
Lefranc and Rabbitts [18] demonstrated that it is possible to differentiate be-
tween the two Ig Alpha 2 allotypes using restriction enzyme site polymor-
phisms. The genetic diversity revealed by analysis of RFLPs will greatly in-
crease our knowledge of this most interesting region of the human genome.

MATERIALS AND METHODS
Sample Collection

Blood samples were drawn from a total of 270 Caucasian individuals, most of whom
live in California. These individuals are from 18 nuclear families and 10 extended
families (three or more generations) representing normal individuals whose blood was
previously collected in this laboratory and used in earlier studies among which that by
Migone et al. [17] is the most relevant. A total of 80 unrelated individuals included in this
sample were used for purposes of frequency analysis.

DNA Analysis

High molecular weight DNA was extracted from peripheral leukocytes [19], digested
with the appropriate restriction enzyme (Bethesda Research, Buffalo, N.Y.), and size
fractionated by electrophoresis in 0.8% agarose horizontal gels (Seakem, Rockland,
Me.). DNA was transferred [20] onto nitrocellulose (Schleicher and Schuell, Keene,
N.H.) or Zetabind (AMF, Meriden, Conn.) filters in 20 X SSPE (1 x = 0.18 M NaCl,
10 mM NaH,PO,, 1 mM Na,EDTA, pH 7.0). DNA probes were nick-translated [21]
to a specific activity of > 1 X 10® cpm/pg using two radionuclides: [*2P] dATP and
[**P] dCTP (> 3,000 Ci/mMI; Amersham, Arlington Heights, Iil.).

Hybridizations were done with 10 ng probe/ml in 50% formamide, 1 X Denhardt’s,
0.1% SDS, and 100 p.g/ml yeast RNA. Filters were hybridized 48 hrs at 42°C. Washes to
remove nonspecifically bound probe were done in .1 X SSPE, 0.1% SDS, for 1 hr at
65°C. Filters were placed in Pickering cassettes between two Kodak XAR-S films with
two Dupont lightning plus intensifying screens. Films were developed after 3 days, and
again after a total of 8-12 days.

Protein Typing

All plasma samples were typed for the following allotypes: Glm (z,a,x,f), G2m (n),
G3m (g,b0,b1,b3,b5,s,t,c3,c5), A2m (1,2), and Km [2, 17], located on Gamma-1,
Gamma-2, Gamma-3, Alpha-2, and Kappa chains. Typing was carried out with the
conventional hemagglutination inhibition technique in microtiter plates with reagents
described [22, 23].

DNA Probes

Numerous human immunoglobulin gene clones were collected throughout the course
of this study. Contributors include: Dr. T. Honjo, Osaka University, Japan, who gave us
Charon 4A-Ig recombinant phage representing the Ig Gamma 2, 3, 4 and pseudo genes, a
pBR322 recombinant plasmid containing Ig Gamma-1, which were isolated from a fetal
liver constructed by T. Maniatis [7]. Dr. P. Leder, Harvard Medical School, contributed
a Charon 28-Ig Gamma-4 phage clone. Dr. D. Perlmutter, California Institute of Tech-
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nology, sent us Charon 4A clones containing Gamma 1, 2, and 4 isolated from a fetal
liver constructed by T. Maniatis [2]. Dr. L. Kirsh, Naval Hospital, Bethesda, Maryland,
sent a Charon 28 Ig Gamma 3 recombinant phage along with a pBR322 subclone of the
Gamma 3 region sequences.

Isolation of Fragments

All recombinant Ig heavy-chain constant region sequences (IgG) were subcloned into
pBR322. The subclones were digested with the appropriate restriction enzyme, and
fragments were separated by electrophoresis in .8% agarose gels at .5 V/cm?. The
appropriate fragments were sliced out of the gel and isolated using a sodium iodide-
sodium sulfite solution (90.8 g Nal; 1.5 g Na in 100 ml water), which was added at 10
X vol, and samples were placed at 37°C to allow gel dissolution. After 1-6 hrs, silica
beads (325 mesh) stored in water slurry were added at a concentration of 1 pl/ug of DNA
to be isolated, and samples were left rotating at 4°C overnight. DNA was recovered after
two washes with Nal-Na,SO; and three ethanol washes (50% 0.1 M NaCl, 10 mM Tris,
pH 7.5, 1 mM EDTA), by resuspending the pellet in .5 x TE, pH 7.5, for 1 hr at 37°C.

Analysis of Haplotypes

In order to identify alleles and haplotypes, all bands appearing on an autoradiogram
were scored as present (1) or absent (0) for each individual in a family. For each family,
those bands that were present in some members while absent in others were analyzed
for Mendelian segregation. Pairwise comparisons were made between arbitrarily chosen
bands in order to identify alleles as being those sets of bands that consistently appeared
as (1;0), (1;1), (0;0), or (0;1). These were extended into haplotypes by combining the
alleles for each of the enzymes and eventually by combining data from the two enzymes
used in this study.

Genetic Analysis of RFLP Data

Once alleles and haplotypes were defined, two types of analysis were done using
RFLP data. First, using data from families, analysis of linkage was done between the
IgH constant region markers and the newly defined IgG RFLPs. Second, analysis of
genetic association or linkage disequilibrium (LD) between the newly defined Ig Gamma
RFLPs, the Gm allotype markers, and Ig Mu, Alpha 1, and Alpha 2 switch region
variants [17] was done using haplotype data established by family studies for 80 unre-
lated individuals.

RESULTS
Identification of Restriction Enzymes Revealing Ig Gamma Polymorphisms

DNA from 10 randomly chosen individuals was digested with 12 restriction
enzymes (R.E.). A recombinant pBR322 plasmid (IgG1) containing a 7.2-kb
insert with the gamma 1 coding region exons as well as sequences extending 5
kb in the 3’ direction was used as a probe (fig. 2). Partial nucleotide sequencing
data [3-5, 7] indicated that the Ig gamma genes are highly homologous, and use
of the other four gamma genes as probes confirmed that they all hybridized to
the same fragments, indicating that the use of any IgG probe is sufficient to
visualize all five Ig loci (data not shown).

Seven R.E. (Bgll, Bglll, BstEIl, Mbol, BamHI, Pvull, and Tagql) defined
polymorphic fragments having homology to the Ig gamma probe, while five
others (Mboll, EcoRl, Hindlll, Pstl, and Mspl were nonpolymorphic. A con-
tinuation of this survey with DNA from 10 sets of parents (20 unrelated individ-
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Fic. 2.—A 7.2-kb subclone of a human Ig gamma-1 sequence was used as a probe to define
polymorphisms in human genomic DNA. All four coding exons (Chl, hinge, Ch2, and Ch3) are
included within the HindIII insert, as well as 5 kb of 3' flanking sequences.

uals) determined that Mbol and BstEII were enzymes that best met the criteria
of identifying multiple polymorphisms occurring in frequencies greater than
10%, in a fragment size range where one might expect R.E. site differences to
occur within or close to the Ig gamma genes.

Identification of Genotypes

Mbol. Using the restriction enzyme Mbol (recognition sequence GATC), 13
distinct fragments hybridized to a 7.2-kb IgGl genomic DNA sequence. Six of
these were polymorphic (3.6, 3.5, 2.8, 2.4, 1.9, and 1.6 kb) in the DNA of 80
unrelated Caucasian individuals surveyed. The 3.5-kb fragment could not be
reliably scored because of its being obscured by nonpolymorphic bands of
similar molecular weight; therefore, the frequencies of only five polymorphic
bands were calculated. Two rare polymorphic fragments of 3.8 and 1.7 kb were
seen but were not included in further analysis.

Genotypes, defined as the pattern of fragments present in an mdnvndual as
visualized by autoradiography, were then ascertained. A total of six distinct
patterns were generated by the five polymorphic Mbol fragments analyzed.

Examples of these genotypes are shown in figure 3, and their frequencies are
shown in table 1. With the exception of the two rare genotypes (.012), the other
four occur in similar frequencies ranging from .175 to .300. Genotypes contain-
ing 1.7- and 3.8-kb fragments were not considered in this analysis as each
generates a distinct genotype found only once in the sample.

BstEIL. DNA from the same 80 unrelated individuals was screened with the
restriction enzyme BstEIl (recognition site GGTNACC). A total of 13 frag-
ments were identified by hybridization to the 7.2-kb IgGl genomic probe. Eight
bands of 5.9, 4.1, 3.7, 2.7, 2.3, 2.2, 1.7, and 1.6 kb were scored as being
polymorphic.

Thirteen genotypes were identified, and examples of several of these are
shown in figure 4. Frequencies of these genotypes, shown in table 2, indicate
that three are found in substantial frequencies (.175-.388), while five are found
with frequencies between .063 and .025. The remaining five genotypes each
occurred only once in the sample.

Analysis of Haplotypes

To define the various haplotypes comprising a given genotype, segregation of
the polymorphic fragments was studied in members of the 28 families partici-
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FiG. 3.—Autoradiogram showing several of the polymorphic genotypes identified with the R.E.
Mbol. Molecular weights indicate the sizes of the polymorphic bands that were analyzed.

pating in this study. The 80 unrelated individuals are for the most part parents
in these families.

Mbol. Of the six genotypes identified with Mbol, segregation analysis al-
lowed the unambiguous identification of four common and two rare haplotypes
listed in table 3. Frequencies of the various haplotypes are also shown, indicat-
ing that two (M1, M2) are common (> .325), two (M3, M4) are intermediate in
frequency (.081-.088), while two (M5, M6) are found only once in the sample.

BstEIl. With the 13 BstEll-generated genotypes, nine haplotypes were
identified by analysis of segregations in the 28 families. Two haplotypes (BI and

TABLE 1

Mbol GENOTYPES IN THE CAUCASIAN POPULATION

Frequency in

Mbol genotypes No. individuals ’ Caucasian population
36,24,19kb...........ciiiiii.... 22 275
28,1.6kb.......cciiiiii, 14 175
36,2.8,24,19,1.6kb............... 24 .300
36,24,19,16kb................... 18 225
28,24,19,16kb................... 1 012
36,28,1.6kb....................... __1__ .012
Total....oovvreiniiii i, 80

Nortke: The six Mbol genotypes are listed in column I according to the molecular weights of the fragments that
comprise each genotype. The no. individuals having a particular genotype and the frequency of their occurrence
in the Caucasian population are given in columns II and III, respectively.
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Fi6. 4.—Autoradiogram showing several of the polymorphic genotypes identified with the R.E.
BstEIL. Molecular weights indicate the sizes of the polymorphic bands that were analyzed in the
study.

B2) are common, while four haplotypes, B3—B6, are found in lower frequencies
ranging from .08 and .013. Three rare haplotypes, B7-B9, were found with
frequencies < .01 as shown in table 4.

Hardy-Weinberg Equilibrium

Analysis of Hardy-Weinberg equilibrium was done separately for the BstEII
and Mbol haplotypes. Both x? values were in excellent agreement with all
haplotypes being found in Hardy-Weinberg equilibrium (table 5).

Linkage and Genetic Associations between Ig Gamma RFLPs

All of the Mbol and BstEII polymorphisms segregated in complete linkage
with one another. No recombinants were observed in the 117 gametes for
which crossovers could be tested (i.e., those chromosomes having two or more
informative markers).

As both the Mbol and BstEIl RFLPs represent Ig gamma variants, the ques-
tion of their association with each other was investigated. This analysis re-
vealed that there was a significant deviation from the expected distribution,
with a x? value of 182.47, (d.f. = 20) (table 6). This very highly significant x>
value is due essentially to the association of the two common haplotypes (M1
with B1, M2 with B2) and to the association between two of the less frequent
haplotypes—M3 with B3.
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TABLE 2

BstEIl GENOTYPE IN THE CAUCASIAN POPULATION

Frequency in

BstEII genotypes No. individuals Caucasian population

'5.9,4.1,3.7,23,1.7,1.6kb................ 31 .388
4.1,37,23Kkb. ... 16 .200
59,1.7,16kb.........coiiiiii 14 175
4.1,3.7,23,1.7,16kb.................... 5 .063
4.1,3.7,23,22Kkb. .o 3 .038
59,41,23,1.7,16kb.................... 2 .025
4.1,3.7,23,22,1.7,1.6kb................ 2 .025
59,37,1.7,1.6kb........................ 2 .025
4.1,23,1.7,1.6kb..............l, 1 .013
59,4.1,3.7,2.7,22,1.6kb................ 1 .013
59,4.1,37,22,1.7,1.6kb................ 1 .013
59,4.1,3.7,2.7,23,1.7,1.6kb............ 1 .013
4.1,3.7,2.7,23,16Kkb.................... 1 013

Total. ..o, 80

Norte: Thirteen genotypes were defined with the R.E. BstEII. These are listed in column I as the combination
of molecular weight fragments that comprise each genotype. The no. individuals having a particular genotype and
the frequency of their occurrence in the Caucasian population are given in columns II and III, respectively.

Linkage and Genetic Association between RFLPs and Gm Allotypes

It was also of interest to examine the association between these IgG poly-
morphic markers and the known IgG allotypes (Gm), as it was hoped that
nonrandom associations might localize the new variants to a particular IgG
locus. All individuals in the survey were typed for Glm, G2m, and G3m. Again,
no recombinants were found between the Gm allotypes and the Mbol and
BstEIl RFLPs.

Linkage disequilibrium was found between most RFLPs and the three
gamma loci (tables 7 and 8). Calculations of linkage disequilibrium for the G2m
(n) allotype may, however, be biased since discrimination between homozygos-
ity and heterozygosity for G2m (n) could not be ascertained from the pedigrees.

TABLE 3

Mbol HAPLOTYPES IN THE CAUCASIAN POPULATION

Frequency in

Mbol haplotypes No. chromosomes Caucasian population
MI:3.6,24,19kb................... 79 .494
M2:28,1.6kb....................... 52 .325
M3:3.6,2.4,19,1.6kb............... 13 .081
M4:1.6Kb........ooiiiii 14 .088
M5:24,19kb............ ... 1 .006
M6:3.6kb............iii 1 .006
Total.......ccoviiiiiniiniiiinn... 160

Note: Molecular weights of the various polymorphic fragments comprising the Mbol haplotypes identified
(M1-M6) are listed in the first column. One hundred and sixty chromosomes (80 unrelated individuals) were
surveyed—their frequency of occurrence in the Caucasian population is indicated.
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TABLE 4

BstEIl HAPLOTYPES IN THE CAUCASIAN POPULATION

Frequency in

BstEII haplotypes No. chromosomes Caucasian population
B1:4.1,3.7,23kb................... 69 431
B2:59,1.7,16kb................... 64 .400
B3:4.1,23,1.7,1.6kb............... 13 .081
B4:4.1,3.7,22kb................... 5 .031
B5:59,37kb............ooiiiiil 4 .025
B6:4.1,2.3,22kb..............L 2 .013
B7:4.1,3.7,2.7,23kb............... 1 .006
B8:4.1,2.7,23,16kb............... 1 .006
B9:59,27,16Kkb................... 1 .006
Total ...........oviiiiiiiiia., 160

Norte: The nine BstEII haplotypes (B/-B9) found in this study are listed in the first column according to the
molecular weights of the polymorphic fragments that comprise each haplotype. Nos. of each haplotype found in
the sample of 160 chromosomes (from 80 unrelated individuals) and their frequencies in the Caucasian population
are shown in the last two columns.

Linkage and Genetic Association between IgH Markers

To analyze the degree of linkage between these newly defined RFLPs and
other IgH region loci, the Ig gamma haplotypes were extended to include
markers representing three additional loci within the Ig heavy-chain gene clus-
ter. These consisted of the Mu, Alpha 1, and Alpha 2 switch region RFLPs
described by Migone et al. [17] for which these families had been previously
typed. When extended haplotypes were constructed, segregation analysis again
showed complete linkage with no incidence of recombination, even though
with the number of polymorphic markers available, practically every family
was informative for recombination. The variety of different haplotypic combi-
nations (82 total), however, indicated that recombination has occurred within
this region, albeit on an evolutionary time scale.

Assignment of Alleles Using Region-Specific Probes

The five gamma genes were mapped with the R.E. Mbol and BstEIl. Specific
segments of these genes were then isolated for use as regional specific probes in
order to assign alleles to a particular gamma gene. Figure 5 shows the R.E.
maps and indicates those gene segments that were isolated to represent either
5', middle, or 3’ segments of the immunoglobulin genes.

Mbol. Individuals homozygous for the two common haplotypes, M/ and M2,
were investigated using different regions of the IgG clones as probes. The first
probe used was the extreme 5’ segment of the pseudo gamma (1.1 kb) as
indicated in figure 5. It contains the first exon, the hinge region, and half of the
second exon. When tested on MI and M2 homozygous haplotypes, no differ-
ences were seen [fig. 6(4)]. In the figure, a 2.7-kb fragment is present in both
M1 and M2 and therefore obscures a polymorphic band of 2.7 kb observed with
the third probe of figure 6 (C).
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TABLE 5

REsULTS OF TESTS FOR HARDY-WEINBERG EQUILIBRIUM FOR THE INHERITANCE OF THE Mbol AND
BstEIl HAPLOTYPES

No. expected No. observed Contribution to x?
A. Mbol
Homozygous:
MIMI.................... 19.05 20 .047
M2IM2.................... 8.45 11 770
M3IM3..............o.L 53 1 416
M4IM4 . ...t 62 0 62
M5-M6/M5-M6............. 03 0 03
Heterozygous:
MIM2.................... 25.38 22 .45
MIIM3 . ..., 6.32 7 .073
MIIM4...........ccoiut 6.87 8 .189
MIMS-M6................ 1.41 0 1.41
M2IM3 . ... 4.20 3 .343
M2IM4 . ... 4.58 3 .545
M2IM5-M6................ 94 2 1.19
M3IM4.................... 1.14 2 .649
M3IMS5-M6................ 23 1 2.58
M4/IM5-M6................ 25 0 .25
x> = 9.55
[10]
B. BstEII
Homozygous:
BIBI ............... 15.35 15 .008
B2/B2............... 12.80 14 113
B3-B9/B3-B9........ .69 1 139
Heterozygous:
BIB2............... 28.03 29 .034
BIB3 ............... 5.65 6 .018
BIIB4............... 1.78 1 342
BIBS............... 1.75 1 321
BI1/B6-B9 ........... 2.10 3 .386
B2/B3............... 5.18 3 917
B2IB4 ............... 1.62 1 .238
B2/IBS............... 1.62 2 .089
B2/B6-B9 ........... 1.95 1 .463
B3-B9/B4-B9 . ....... 1.25 3 241
X2 = 5.498
[12]

Norte: In both A and B, column I lists the various possible combinations of haplotypes that comprise a
genotype. Columns II and III are the expected and observed numbers of these genotypes, while column IV gives
the x? value of significance for each observation.



627

Ig GAMMA RFLPs

*onfea X 343 0) UOHNQLIIUOD JIAY) SZIWIUIW O} SSe[d J[3uls € OJul paIdwod 31om swAzud

yoea 10} sadAjofdey arey -adAroidey [F/sg pue [0g/ Yord UIIM]I3Q UONEBIDOSSE JY) 10J UIAIS dIe sanfeA X pue () pa1oadxa ‘(Q) PaAIasqo YL ‘Lp T8I = _ﬁ_Nx :JION
60°0 60°0 0 o o I Iv'0 Iv°0 0 14 £€9°1 I £r'o W' € Tt 6499
171 Se°0 I 171 se°0 I ££°0 €80 0 8¢°0 0e°l 4 6’1 s6'1 (¢
80°0 80°0 0 IA) se'0 0 £e°0 £e°0 0 el [ 0 91T s6°'1 L2 € §
Y20 ¥Z'o 0 40! il 0 o¥°SL 90°1 01 (X4 4 [ X4 4 0 L'l ¥e'9 [ 2 §
€0° 0’1 I W't 09°S 1] 0T's 0T’ 0 6¥°8¢ 80°0¢ 144 08°S1 0T°I¢ 6 g
L0’ 1€l I 8L°C £1'9 4 (XA 69°¢ 3 s8¢l (Y44 S 181 4543 [N £ §
X q 0 X q 0 X q 0 X q fo) X q o) S3dALOTAVH
nasg

9W ANV W N W 1424 n

S3dALOTAVH [Og

SHdALOTAVH [IF/SF ANV [OGY NIAMLIAE SNOLLVIOOSSY

9 471dVL



JOHNSON ET AL.

628

*sadAjo[e 7 ewwed
2y} JOJ P2)OU JIB PIUIELIIISE JOU JIOM SIUSWUSISSE [EWOSOWOIYD I3YMm SIOUBISUI pUE ¢ puR | BwwWweS J0J Paou e passaidxa arom sadAjo[[e W) OU 2I9Ym SIOULISU] 1TLON

4] vl
09°611 = X [eoL 6L°8F = X [EI0L
091 14 801 8y U U[RI0L 091 LS 9 6¢ "TTUUU[RI0L
4 0 I'o 8¢ 1 €0 790 I "rrgpue gy 4 0 00 ¥T°1 1 80°0 9.0 I T pue g
Vi 0 S0 696 Tl Y1 iy [ 4 4! 8 BE'l €Lt 9 LT LT [ N /4]
[ 0 ‘1 006 Tl STT 00V | O CEW €l (4 0I'0 €89 9 100° 6'v [ 7
[49 14 6'€C €T'tE S 96'¢S LL'YI & T I [y 14! 6S°L 19°¢C Lt T 6EVI 1 Y 1'f
6L 0 ¥6'6 69°vS 8L SE°CC 1E°¥%C Lt I 6L 133 Py'L 8S°8CT VI Ll TLD Te T I
TVIOL FdALOTIV | X q [e) X q 0 TV10J, Q3INIVI¥EOSV | X q 0 X q 0
ON 1ON
q 3 _ Lu
SEJALOTIV WED SIJALOTIV WZD
[oc]
06'Z€1 = X [e10L
091 I 1 X4 Y4 € I I 901 "t rUUreloL
4 1 v1I'0 v1'0 0 | 910 910 O |200 CO00 O|I00 100|0 100 100 O (910 (90 I Tt pue g
14! 0 10°¢ 10C 0|20 6I'C T |LTO LTO 0|600 6000 600 600 0|080 8T6 A Tttt PN
¢l 0 L8°1 L8T 0 | TS0 ¢€0°T I |¥T0 ¥2°0 0 |800 8°0|0 80 80 O |¢€€I 19°'8 A TrrtUTTTTTT EW
s 0 0C°Ce 8y'L €T LEOT ¢I'8 12|91’y 860 € |9¢'T €€0 |1 9¢1 ¢€€0 1 [ILST SPve ¢ o o
6L 0 9t Il 9¢°Il 0 | Tvol +&°C1 1 8yl 8l 0 |6F0 6V0 (0 6v0 6V0 O |8STI +ETC 8L R/ 14
VIOl ddAI0TIV | X 4 o] X I 0| X 3 ol X 9 |0 ;. 4 o] X q o
°N xXez ez xe e 131 3]

STIALOTIV WD

NOILVINdOd NVISVONV?) FHL NI SIJALOTTY W) ANV SIdALOTIVH JOGN NIIMLIE SNOILVIDOSSY

Ld74VL



629

Ig GAMMA RFLPs

*Z ewured J0j Pajou 3Ie PIUTELIOSE
10u 219m SodAJO[[e JO SHUSWUSISSE [BUOSOWOIYD JI9YM SIDURISUI PUE ‘S3UIB ¢ pue | ewwes oY) 10] PajoU dre Passaldxa d1om sadAIO[[e WD) OU JI9YMm SIOURISU] :ALON

[s]

[s]

6€°0L = X [ei0L, LS'SY = X [eoL
091 14 801 1 20 L2 (A 091 LS 9 68 U U[EI0L
S 0 690 9t S 123 S 3 S | Y s § S € 290 90 0 0T 8¢0 I tttr6—9d
14 0 81'0 0T T €0 01 T T gq 14 [4 oro 091 ¢ 0 80 1 AR ¢ §
S 0 8L0 8¢t S os’T oSt 0 “TUUUpE S € €00 ¥T°I I |80 9.0 I R < §
¢l 0 8I'l 8.8 T (91I'T 06 1 °°° T £q ¢l 14 90 65 S |O0I0 Ive v """ rrrrgg
9 14 9¢'¢l 0T'Ey 61 | CSLT OV'81 v """ """ Zd 9 0Z L6'8 YELT €P| LY 9991 1 AR £ §
69 0 8L 859 S9 | LbEl OLOC ¥ " Ig 69 Y4 'L vELT €1| vETL 9991 1€ IR £ §
IVIOL 4dALOTIV Nx q 0 ~x q [s) IVIOL QGIANIVLIYIOSY «x q [e) Nx q [0}
ON 10N
q 3 _u LU
AdALOTIV WEH 4dALOTIV WZH
(Y4]
£V'SL = X [®o]
091 I [ X4 (Y4 € I I 901 “"TUeoL
S 0 wo wo 0| 6,0 6L0 0 600 600 0| €00 €0 0] €00 €00 I €I0 te'e 14 694
14 0 8S°0 8¢°0 0 | 86C £9°0 4 2000 200 0| €00 €00 0| €00 €0 0 910 €9°C (4 R ¢ §
S 0 wo wo 0| 80 8L0 0 I€0 I1€0 0| €00 €00 0] €00 €0 0 980 Ie'e S ttTUTTTTYHYY
¢l 0 L8°1 L8'T 0 | ¢S0 ¢€0'C I 800 800 O | 80° 800 O 80 80 0 ¢£1 19°8 4] Y 1
9 I 89°CI 0C6 OCT| or1'cr 0001 IZT|OFO OO €|OVO OVO T |OFO OPO O H¥OVI| OF'CH 8I R 4 §
69 0 1324 W66 ¢ L8'8 8L01 I EP0 €0 O | €0 €0 O €0 €0 0 VIS sy <9 I £ §
1vi0L  3dALOTIV | X 4 0| X 4 0| X 4 o X 4 0o X I o X q o
o
N Xez vz xe e ] 3

2dALOTIV W[D

NOILVINdOd NVISVONVD) FHL NI SEdALOTTY W) ANV SIdALOTdVH J[H/SF NIIMLIE SNOILVIOOSSY

8 414VL



JOHNSON ET AL.

630

CLEA:]
MWW T T vb
6'< 9§ £ v <
CLWX-
~—AMWWWWWWAMWMM————SESSRTTERRRRY T 4
6'< [N Lt 9L P< L
LLEAY]
6'< 6'S v <
CLEAVA
........... A 3
T
Vi< 'S v < b
LN ]
W T —— W O ]
86'< 9y 1L b<
1 HlEg PUH
m3isg o T

‘sdew 9ud3 [enplAIpUl 3Y) UO Spq Se pajedipul aIe $3qoid dyroads [euordas se
asn 10 paje[os! sjuswider) [5G 10 [0 YL, 'PUd ,§ UOWWOD & dARY [[ Inq YISUI] [[RISAO UI ATRA SIUO[OQNS dY} 10J2IY) (IS [Huw/ng 1S1Y 3Y) Se pauysp
A[Ue1jiqie Sem JUO[OQNS Yoed JO pud ,¢ YL ‘| UOoX3 01 ,¢ dq O0Z SINI20 Jey) S [[IPUIH B 3q O} PIUILLIIIIP SBM SIUO[OQNS [[€ JO PUd ¢ Y], *aousnbas
uordas orwousd ewwes 8] ue Jo weiSerp SNRWIYDS Y} J9PUN UMOYS JIe sauo[oqns ewwed 3] 9AY 9y} 10J sdew UONOLISAI [[FISG pue [0 —S "O1]

CLEA]

WWWWW v
LI
mN.v.m.A b

LLIR

§9'< o't . 6

(4
LI bbb
mN.v.m.A b

_ 9

Le

Iognw



Ig GAMMA RFLPs 631
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Fi16. 6.—DNA was isolated from individuals homozygous for the two common Mbol haplotypes
(M1 and M2). Probes from four different regions of the original gamma clones were used to identify
polymorphisms occurring in various regions surrounding the gamma genes. Molecular weights
refer to those fragments that were known to be polymorphic or, in the case of the 2.7-kb fragment,
were disguised by fragments from other regions of the gamma genes that were of identical molecu-
lar weight. The probes are indicated above the autoradiograms for regions A-D and refer to those
isolated fragments depicted in figure 5.

The second probe (1.6 kb from gamma 1) contains the remaining part of the
gamma gene exons. It hybridizes to three nonpolymorphic fragments (fig. 6B).
Mapping data from figure 5 indicate that the 2.9-kb fragment is gamma 2, the
4.3-kb fragment is gamma 3, and the 3.2-kb fragment is gamma 4. Polymorphic
fragments detected with this probe consist of: (1) a 1.6-kb fragment (see fig. 6B)
found in the M2 haplotype, which must be a doublet as the restriction maps of
both pseudo gamma and gamma 1 show a fragment of this size, and (2) a 3.6-
and 1.9-kb fragment (fig. 6B) in the MI haplotype, which must be allelic to
pseudo gamma and gamma 1.

When a 2.7-kb gamma 1 fragment (representing a 3’ region) was used as a
probe, additional polymorphisms were revealed between the two haplotypes
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(fig. 6C). Besides the invariant bands common to both, in haplotype M1, the
3.6-kb fragment and a new fragment at 2.4 kb hybridized. In haplotype M2,
bands of 2.8 and 2.7 kb are seen. Mapping and hybridization data attribute the
2.7-kb band as belonging to both the pseudo gamma and gamma 1 genes, while
the 2.8-, 3.6- and 2.4-kb fragments remained unassigned to any particular locus.

The fourth probe of 1.0 kb isolated from the pseudo gamma gene (extreme 3’
region) hybridizes to a single 1.0-kb fragment in both haplotypes (fig. 6D) and is
likely to be a triplet containing sequences from pseudo gamma, gamma 1, and
gamma 3 (see fig. 5). Whether or not G2 and G4 fragments are hybridizing to
this probe is unclear. They may be too small or, more likely, the homology
between the gamma genes of the G2-G4 two cluster is much less at this distance
from the gene and cross-hybridization is no longer occurring.

Analysis of these Southern blot data determined that the Mbol polymor-
phisms were the result of RFLPs at more than one Ig gamma locus. Only the
polymorphic alleles of haplotype M2 could be unambiguously identified, while
assignment of the alternate alleles of G1 and pseudo gamma in haplotype M1
could not be made. At this stage, the bands differentiating the two haplotypes
were identified as being: MI: 3.6 kb (pseudo gamma of G1); and 1.9-2.4 kb
(pseudo gamma or G1); M2: 1.6 —2.7 kb (pseudo gamma); and 1.6-2.7 kb (G1).

BstEIlL. The two prevalent BstEII haplotypes (BI and B2) were also inves-
tigated in homozygous individuals, using region-specific probes (fig. 5), and the
results are shown in figure 7. A probe containing most of the coding region (1.1-
kb BstEII pseudo gamma fragment) recognized fragments of 5.7, 4.3, 3.7, 2.3,
and 1.1 kb in haplotype BI and 5.9-, 5.7-, 4.3-, 1.6-, and 1.1-kb fragments in
haplotype B2 (fig. 7A). Mapping data assigns the two nonpolymorphic frag-
ments (4.3 and 1.1 kb) to gamma 4 and pseudo gamma, respectively. The 1.6-kb
fragment could be identified as a gamma 2 polymorphism, while the 5.9-kb
polymorphic fragment that occurs as a doublet (5.9- and 5.7-kb bands) in hap-
lotype B2 is a gamma 3 gene polymorphism (fig. 5). These results confirmed
that the BstEII RFLPs define two polymorphic loci, with the 3.7- and 2.3-kb
fragments being allelic to the 5.9 (gamma 3) and 1.6 (gamma 2) fragments.

Using a probe representing a region immediately 3’ to the coding sequences
(a 1.7-kb gamma 2 fragment), the nonpolymorphic fragments of 4.6 kb (pseudo
gamma), 5.7 kb (gamma 1), and 4.3 kb (gamma 4) again hybridized in both
haplotypes. Polymorphic fragments in haplotype BI from this region consist of
the 3.7-kb, which must include both the gene and more 3’ sequences, and a 4.1-
kb fragment (fig. 7B). In haplotype B2, the 5.9-kb fragment (gamma 3) hy-
bridized to this region as well as to the gene region probe; however, the 1.6-kb
fragment containing the gamma 2 gene no longer hybridized. Instead, the 1.7-
kb gamma 2 fragment that is 3’ to the 1.6-kb fragment in the gamma 2 gene map
(see fig. 5) hybridizes.

A probe from the extreme 3’ region of the gamma subclones (1.1 of gamma 1)
revealed additional polymorphisms (fig. 7C). As mentioned above, the 3.7-kb
fragment was not originally recognized as being polymorphic. Dissection of a
larger probe into smaller segments revealed that in haplotype Bl the 3.7-kb
fragment contains sequences homologous to the gamma gene region. In con-
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Fic. 7.—BstEIl delineated probes from three different regions of the original gamma clones were
used to identify polymorphisms occurring in various regions surrounding the gamma genes.
Molecular weights refer to those fragments that were known to be polymorphic or, in the case of
the 3.7-kb fragment, which were disguised by fragments from other regions of the gamma genes
that are of identical molecular weight. The specific genes from which the probe fragments were
isolated are those shown in figure 5.

trast, the 3.7-kb fragment seen in haplotype B2 is homologous to a region at
least 4 kb 3’ to a gamma gene (as seen in fig. 7). These experiments again
confirmed that the BstEIl RFLPs are also the result of variation at more than
one locus, and the haplotypes were identified as being: Bl: 3.7 kb (G2 or G3)
and 2.3 kb (G3 or G2); B2: 5.9 kb (G3) and 1.6-1.7 kb (G2).

Assignment of Alternate Alleles through Genetic Analysis

Mbol. Two rare Mbol haplotypes (M5 and M6) were found in the individuals
surveyed and were useful in assigning the polymorphic fragments of the alter-
nate haplotypes to a specific IgG locus. In the one individual, with the M5
haplotype, a 3.6-kb fragment is absent in what would otherwise be the common
M1 haplotype (3.6, 2.4, 1.9). In addition, this individual expresses the G3m °
allotype, but no G1m allotype on that chromosome. In most Caucasian individ-
uals, the G1m f and G3m ° allotypes are found on the same chromosome. As
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molecular data indicated that the two polymorphic loci of M1 are the 3.6-kb and
the 2.4-1.9-kb fragments, one of which must be gamma 1 allele, we therefore
hypothesize that the 3.6-kb fragment is the gamma 1 locus in MI and, by
elimination, the 2.4-1.9-kb fragments represent the pseudo gamma gene of
haplotype M1. This indicates that there has been a deletion of gamma 1 but not
of pseudo gamma in this individual. Other markers 3' to the G1 and pseudo
gamma genes including the BstEIl markers were scored as homozygous in this
individual; therefore, they did not contribute additional evidence.

The other aberrant Mbol haplotype—M6-—is the opposite configuration,
having only the 3.6-kb fragment but not the 2.4- and 1.9-kb fragments. Seven
individuals in a 3-generation pedigree inherited this chromosome. Allotype data
indicate that this is an extremely rare haplotype, Gm f;..;g, which has been
postulated to result from a crossover between the two common haplotypes
fr..;b and za;..;g [24]. The molecular data indicate that in addition to a cross-
over there has been a deletion of the pseudo gamma gene. As G1m f allotypes
are expressed and the 3.6-kb Mbol fragment is present in these individuals, this
again argues that the 3.6-kb Mbol fragment is gamma 1 and the 2.4- and 1.9-kb
fragments represent the pseudo gamma gene.

BstEIL. Analysis of segregation of the BstEIl RFLPs identified two haplo-
types that are likely to be the result of recombination events and that were also
useful in assigning alleles to specific IgG genes. These are: (1) B3—which
contains the 4.1- and 2.3-kb fragments normally found in haplotype BI along
with the 1.6- and 1.7-kb fragments of haplotype B2, and (2) BS—which contains
a 3.7-kb and a 5.9-kb fragment. One limitation in identifying this haplotype is
that the 5.9-kb fragment tends to comigrate with a nonpolymorphic 5.7-kb
fragment, but longer electrophoretic runs can be used to separate them (data
not shown). The Gm haplotype segregating with B3 is gm f;..;b. There are three
independent B5 haplotypes from different families, one of them segregates with
Gm f;n;g, another with Gm za;..;b, and a third with Gm za;(n);g. It is therefore
clear that the recombination events leading to B3 and B3, as well as to the M5
and M6 haplotypes, must be relatively old, as several other evolutionary events
have happened since they arose.

Information from B5 can be used to recognize the 3.7-kb fragment as a
gamma 2 allele. Using a probe from the coding region to hybridize DNA from
B5/B2 heterozygotes, we find that the 3.7-kb fragment is present and cannot
come from the B2 haplotype that does not hybridize to it (fig. 8). The fragment
thus contains a gamma gene, and as we have already seen when analyzing the
restriction mapping data of figure 5, it must be either gamma 2 or gamma 3. As
we already know that the 5.9-kb fragment contains a gamma 3 gene, unless
gamma 3 is duplicated and the gamma 2 gene is missing, then the simplest
hypothesis is that the 3.7-kb fragment is the gamma gene normally found in
haplotype BI. Allotype data indicates that the gamma 2 gene is expressed by
the B5 chromosome, as some B5 haplotypes are n*. Therefore, the simplest
interpretation is that B5 results from an equal crossover as shown in figure 9.
The reciprocal crossover is also found in our population and is haplotype B3,
previously described in this paper as a recombinant.
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Fic. 8.—This figure illustrates the existence of a recombinant chromosome in which the 3.7-kb
BstEIl fragment (containing gamma 2 coding regions) is found on the same chromosome as the 5.9-
kb BstEIl fragment (containing gamma 3 coding regions). In A, the probe is a fragment that
contains coding region sequences only. In B, the probe contains 3’ flanking region sequences only.
Lanes 1-3A and B contain DNA from individuals homozygous for the common haplotype B! in
which the 3.7-kb fragment is the gamma 2 gene, hybridizing to the gene containing probe but not the
3’ flanking region probe. Lanes 4-6A and B contain DNA from individuals homozygous for the
alternate common haplotype B2, in which the 3.7-kb fragment hybridizes to the 3’ flanking region
probe only (and is a region 3’ to the gamma 3 gene). Lanes 7A and B are controls showing that in a
heterozygous individual (B1/B2) two 3.7-kb fragments hybridize, one with either probe. Lanes 8A
and B illustrate that the recombinant chromosome (B2/B5) contains two 3.7-kb fragments, one
which hybridizes to a coding region probe and another to a 3’ flanking region probe as the recombi-
nation event has brought the 3.7-kb gamma 2 fragment onto the same chromosome as the 5.9-kb
gamma 3 chromosome.

In conclusion, we can identify all the polymorphic alleles of the two common
haplotypes as follows:

Mbol BstEIl
Mi M2 B1 B2
gamma l.................... 3.6 kb vs. 1.6 kb 5.7 kb, not polymorphic
gaMMA 2. .......vvvunnnnnnnn 2.9 kb, not polymorphic 3.7kb vs. 1.6 kb
gamma3.................... 4.3 kb, not polymorphic 2.3 kb vs. 5.9 kb
pseudo ..........c.iiiuin.. 2.4 kb vs. 1.6 kb 1.1 kb, not polymorphic
DISCUSSION

This research provides a detailed analysis of genetic variation within the Ig
gamma heavy-chain gene clusters in the Caucasian population. Several poly-
morphisms occur within the coding regions themselves (i.e., Mbol gamma 1
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Fic. 9.—This figure illustrates that an equal, homologous crossover between the two common
BstEII haplotypes (B! and B2) could give rise to the two recombinant haplotypes (B3 and B5) seen
in the study. The crossover is shown as occurring between Alpha 1 and Pseudo Gamma for
illustrative purposes only, as the data simply indicate that the crossover has occurred somewhere
between the two major IgG clusters.

and pseudo gamma allele of M2); however, the majority of changes occur
within flanking regions. Alleles in this system varied greatly in size in contrast
to the IgH switch region polymorphisms that are often the result of relatively
small insertion/deletion events [17]. With the switch region RFLPs, most al-
leles were within 500 base pairs (bp) of one another in size; therefore, they
migrated in a cluster and were easily identified. This was not true of the cur-
rently described RFLPs, which, in part, explains our initial difficulties in iden-
tifying the alleles.

No recombinants were found to occur between the Ig gamma markers
studied, but this was not unexpected. Altogether 117 gametes were tested that
were heterozygous for at least two markers in the IgCh region. Therefore, there
were approximately even chances of observing or not observing crossing over
frequencies of around 1%. In a much larger investigation of immunoglobulin
heavy-chain allotypes of inbred mouse strains where the progeny of 2,000
informative matings were studied, no incidence of recombination was revealed
[25].

These results confirm that the Ig gamma loci are usually inherited as a single
block and indicate that although as yet not physically linked to molecular
methods, the four Ig constant region gene clusters must be in fairly close
proximity to one another. Mimimum estimates for the length of the human IgCh
region can be made based on knowledge of the murine IgC H locus, which
encompasses a total of 200 kb. The human IgCh locus is certainly larger as the
cluster containing gamma-epsilon-alpha has been duplicated during evolution
and an additional region containing the pseudo gamma gene has been mapped
as falling between the other two gamma gene clusters [9]. The region could
easily be 400 kb in length, but in terms of recombination, 400 kb is only .4
centimorgans. Therefore, it is not surprising that recombinants are rarely di-
rectly observed in family studies, as the probability of witnessing such an event
is rather low. The analysis of linkage disequilibrium does, however, offer the
chance of studying the accumulation of recombination over generations, and
from this analysis it is apparent that recombination has occurred between all
the IgCh gene clusters in evolutionary time.

The methodology of dissecting RFLPs within the highly homologous Ig
gamma gene region may have wider implications for the investigation of other
multilocus systems. The use of long probes for the initial screening avoids a
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priori predictions as to where polymorphisms will occur; therefore, coding and
flanking regions can be investigated within a single experiment. In this study,
enzymes were chosen that gave complex patterns and large numbers of bands,
as this increased the likelihood of finding polymorphisms occurring throughout
the region. Restriction enzymes such as BamHI, HindlIll, and EcoRI give much
simpler hybridization patterns, as each gene and its flanking regions are present
on a single fragment. However, their use in population studies and medical
genetics is limited as these enzymes do not significantly increase the amount of
heterogeneity that has already been observed at the protein level.

With the Ig gamma RFLPs, the number of Gm haplotypes in the Caucasian
population was increased to 44 from 13 haplotypes generated by allotype data
alone. By including information from the three switch region RFLPs (Mu,
Alpha 1, and Alpha 2), the number of haplotypes present in this Caucasian
sample was increased to 82. The advantages of this large number of alleles in
population studies are immediately obvious in that this level of heterogeneity
rivals that found for hemoglobins [26—~30] or for mtDNA in human populations
[31]. In medical studies, the increase in detectable Gm variation may elucidate
new disease correlations in what were previously determined only by Gm
allotype groups.

Disadvantages to this methodology were that once an initial survey was done
to identify enzymes that produce many fragments, it was difficult to distinguish
the different loci vs. the different alleles at a single locus. As the restriction
enzyme used in this study analyzed frequently occurring sites within the Ig
gamma region, probes from regions distant to the coding sequences that lack
sequence homology to all five gamma genes could not be used to identify
specific loci as they did not overlap with the fragments being investigated. To
address this problem, methods were developed to define and isolate regional
specific probes corresponding to discrete R.E. fragments. By using regional
specific probes, on genomic digests of DNA from individuals homozygous for
a specific haplotype, simpler hybridization patterns were attained. Clarification
of the regions of the gamma genes in which polymorphisms occurred was
possible with these probes, and additional heterogeneity was revealed. All
fragments occurring in the subclones, whether or not polymorphic, were read-
ily assigned to a gamma gene based on molecular weight and occurrence in a
specific region.

The BstEIl and Mbol polymorphisms confirm and extend the picture of
variation in the IgCh region of the human genome [1]. They indicate that there
are essentially two major haplotypes, as already seen with the GIm-G3m al-
lotype data: 50% of the Caucasian population is haplotype M1, 33% is M2, 43%
is Bl, and 40% is B2. Bl is predominantly M1 and Gm f;..;b, while B2 is
predominantly M2 and Gm za(x);..;g. There is then a basic polymorphism of
two Caucasian haplotypes from which either by mutation, deletion/insertion, or
recombination the other rare haplotypes seem to be derived. We have de-
scribed examples of recombination events as well as deletions postulated to
have occurred fairly early in evolution, but certainly subsequent to the separa-
tion of the two main haplotypes. It is clear that the two haplotypes are distin-
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guished by a great number of mutations, as witnessed both by the immunolog-
ical and the molecular data. It therefore seems reasonable to postulate that the
primary event leading to the separation of the two main haplotypes was an
early one in Caucasian evolution and was maintained by heterozygous advan-
tage, so that enough time was available for the accumulation of the many
mutations that differentiate the two haplotypes. Judging from immunological
information, this polymorphism is present in essentially all Caucasian popula-
tions but is absent from the other major ethnic groups. Its origin is therefore
likely to be subsequent to the separation of the major human ethnic groups and,
perhaps, after the occupation of Europe by modern humans. If the latter is
taken to correspond to the disappearance of Neanderthal in southwest Europe,
then its date is between 30,000 and 35,000 years ago [32].

One may question why the long persistence of two haplotypes in a population
should be indicative of heterozygous advantage. The answer is to be found in
theoretical computations by Miller [33] and by Robertson [34]. In a finite popu-
lation, one of two alleles is eventually fixed, but fixation can be considerably
retarded if there is heterozygous advantage. For simplicity, consider the case in
which selective disadvantage s, and s, of the two homozygotes with respect to
the heterozygote are equal (s = s; = s,), giving rise to an equal gene frequency
for the two alleles at equilibrium. One can then calculate a ‘‘retardation factor™’
that increases with the effective population size N., and with the selective
disadvantage s. If N.s is equal to 1, the retardation due to heterozygous advan-
tage is modest. But for N.s = 10, the persistence of the polymorphism is about
690 times longer than with selectively neutral alleles. N.s = 10 may mean, for
instance, that for N. = 10,000, s = 0.001; this is a small selection coefficient
that is almost impossible to measure directly from data. The persistence of a
polymorphism under heterozygous advantage is longer only if the gene fre-
quencies are between 20% and 80% [34, 35], a condition that is satisfied by our
data.

With the RFLPs defined in this and other studies [1, 9, 17, 18, 36], the
immunoglobulin heavy-chain region is becoming a well-characterized region of
the human genome, revealing new data of our evolutionary past.
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