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ABSTRACT

Population genetic data are presented which should contribute to evaluation of the hypothesis that
the extraordinary evolutionary patterns observed at the b locus of the rabbit immunoglobulin light
chain constant region can be the outcome of overdominance-type selection. The analysis of allele
correlations in natural populations revealed an excess of heterozygotes of about 10% at the b locus
while heterozygote excess was not observed at loci determining the immunoglobulin heavy chain.
Data from the published literature, where homozygote advantage was suggested, were reevaluated
and found in agreement with data here presented. Gene diversity was evenly distributed among
populations and showed similarities with patterns reported for histocompatibility loci. Analysis of
genotypic disequilibria revealed strong digenic associations between the leading alleles of heavy and
light chain constant region loci in conjunction with trigenic disequilibria corresponding to a prefer-
ential association of b locus heterozygosity with the predominant allele of the heavy chain e locus. It
is argued that this may indicate compensatory or nonadditive aspects of a putative heterozygosity
enhancing mechanism, implying that effects at the light chain might be more pronounced in
populations fixed for the heavy chain polymorphism.

HE mechanisms sustaining genetic diversity in

populations and their relevance to adaptive ev-
olutionary change have been major issues in popula-
tion biology and evolutionary theory (LEWONTIN
1974; CLARKE 1979). While the theory of “Neutral
Mutation-Random Drift” (KIMURA 1968; KING and
JUKES 1969) can explain most observations on genetic
variation, there are notable exceptions such as poly-
morphisms of some genetic loci involved in immune
response (“immunity loci”). The diversity patterns at
loci of the major histocompatibility complex (MHC)
have been studied in detail [reviewed in HUGHES and
NEI (1988, 1989)]. They are characterized by (1) high
heterozygosity levels (i.e., many alleles); (2) evenly
distributed allele frequencies; (3) many alleles in
strong linkage disequilibrium; (4) extensive diver-
gence between alleles; (5) high proportions of amino
acid altering vs. synonymous nucleotide substitutions
and (6) persistence (and coalescence) times of alleles
that are longer than speciation times (i.e., trans-species
polymorphisms in KLEIN (1986) and FIGUEROA,
GUNTHER and KLEIN (1988)].

In the European rabbit (Oryctolagus cuniculus), al-
leles of the & locus of the constant ¢,; region of the
immunoglobulin (Ig) light (L-) chain (OubpiN 1960)
can differ at up to 40% of their amino acid positions
(REISFELD, DRAY and NISONOFF 1965) [reviewed in
MAGE (1987)]. In spite of this extreme degree of
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interallelic divergence, genome analyses have con-
firmed the rabbit b locus allotypes as true alleles of a
single-gene locus (EMORINE et al. 1984; MATTHYSSENS
et al. 1985). The analysis of the patterns of nucleotide
substitutions at b locus genes revealed close analogies
to those reported for MHC loci, at both the qualitative
and quantitative level (VAN DER L0OO and VERDOODT
1992). According to NE1 and coworkers, such patterns
constitute evidence for overdominant selection
(HUGHES and NEI 1988, 1989; TAKAHATA, SATTA
and KLEIN 1992).

It should be emphasized that, if overdominance is
expected to enhance allelic divergence, this is not
because of the relative increase in viability of heter-
ozygote individuals, but because of the way this in-
crease is bound to affect allele distribution in popula-
tions (CRow and KmMURA 1970). Any mechanism
mimicking the effect of viability selection on allele
distribution is liable to influence evolutionary patterns
as expected with such selection. As an example, gene
divergence at certain mouse MHC loci could be due
to MHC allele-specific mating choice which, at least in
seminatural populations, causes heterozygous excess
(POTTS, MANNING and WAKELAND 1991). The pur-
pose of the present study is not to show that the rabbit
b locus is exposed to viability selection but to verify
whether in natural populations, nonrandom distribu-
tions of allele exist that might explain the very unusual
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evolutionary patterns as inferred from DNA sequence
comparisons.

On the Iberian peninsula-which is probably the
aboriginal range of the European rabbit-at least 11
alleles have been distinguished and levels of hetero-
zygosity were similar to those found at murine and
human MHC loci (VAN DER LoO, FERRAND and SORI-
GUER 1991). High numbers of alleles, although a
predictable outcome of diversity enhancing selection
(L1 1978; LEWONTIN, GINZBURG and TULJAPURKAR
1987), make it more difficult to assess selection force
from population studies (NADEAU et al. 1988). In the
recent distribution area of the species (which includes
Western Europe, Great Britain, Australia), the wild
populations generally show not more than two “effec-
tive” b locus alleles. In this simplified genetic context,
an analysis of gene correlations and gene diversity at
loci of the Ig heavy (H-) chain and L-chain was carried
out.

MATERIALS AND METHODS

Analysis of genetic variation: The parameters of popu-
lation structure were estimated from variance components
in hierarchically subdivided populations following COCKER-
HAM (1973) and WEIR and COCKERHAM (1984). As we are
interested mainly in allele correlations within individuals,
we present results based on weighted mean squares (COCK-
ERHAM 1973). The correlations between genes are (1) within
individuals: F; (2) within individuals within divisions: f; and
(3) of different individuals within the same division: 8. F, f
and @ are analogous to WRIGHT’s (1951, 1978) Fr, Fis and
Fs7, respectively.

The relative effect of subdivisions (§) within divisions (D)
was estimated by the correlation between a pair of genes
between individuals within the same subdivision: 8, and by
the correlation between a pair of genes between subdivisions
within in the same division: 8;. F?, ¥ and 6”° correspond
to fs, fi and f» in COCKERHAM (1973) and are estimates of F,
fand 6 for subdivisions § where effects due to differences
between divisions D are ignored. Four levels of subdivision
were defined: A > P > § > W. They correspond to subdivi-
sions (S) of sample populations or localities (P) from geo-
graphically separate areas (4). One sample population was
further subdivided into warrens (W). This is indicated by
superscripts 4, P, § or W such that f* is the correlation of
genes within individuals within areas; 68*° is the correlation
between genes of different individuals within subdivisions
within populations and so on.

Analysis of genotypic disequilibria at two loci: Com-
plete analysis of two loci disequilibria (WEIR and COCKER-
HAM 1989) was performed as in WEIR (1990). For two loci
b and e, with alleles B,b and E,e, respectively, the total
deviation of genotype frequencies from Hardy-Weinberg
equilibrium (HWE) was resolved into components which are
due to (1) the one locus disequilibria: D, and D., (2) the
digenic disequilibrium: A,,, (3) the trigenic disequilibria: Dz
and Dg.: and (4) the quadrigenic disequilibrium: Dy,... The
trigenic disequilibria estimate the associations of genotypes
at one locus with a particular allele of the other locus, the
quadrigenic disequilibrium represents the part of the total
disequilibrium not due to previous components. D; is anal-
ogous to COCKERHAM’s (1973) variance component due to
differences between individuals and an approximation of
the correlation F, can be drawn from F, = D,/psp, (for the

locus indicated by the subscript, here the 4 locus). Note that
Dype = —Dyp. = 2Dy, = —2Dyse, €tc. A computer program
was generously made available by BRUCE S. WEIR, North
Carolina State University.

Localities: Field collections were made in Southwest Aus-
tralia (CH, CN, QU), Eastern Australia (BB, BW, MO, UR,
GC), Great Britain (GL, Scotland; DO, Humberland; HI,
Northumberland; PO, Sussex) and continental Europe (NH,
North Holland; WE, Belgian Limbourg; CL, Ile de France).
The sample was previously studied for nonrandom associa-
tions between the L-chain and H-chain allotypes (vAN DER
Loo et al. 1987).

Sample collection: Two different methods of collecting
individual rabbits were used. (1) One-off samples refer to
samples collected by shooting rabbits within a time period
of a few days. (2) Samples with known spatial distribution refer
to localities where populations were surveyed for 2-3 years
by continuous live-trapping, with individuals marked and
released (Grassy Creek (GC) and Urana (UR), South West
Australia, and Noord-Holland (NH), Netherlands). All rabb-
its were weighed. Their age in days can be estimated as 1/
10 of their weight in grams (SOUTHERN 1940). Only the
data for those weighing more than 600 g were considered
here (N = 1539). The Australian populations were collected
and monitored by B. J. RICHARDSON, Australian National
University, Canberra, those from Holland by M. WALLAGE-
DREES, Vrije Universiteit Leiden, the Netherlands, during
specific research. Blood was collected once, at first capture.
Data on warren membership were available for these sam-

les.

P Alleles studied: The samples were tested for the follow-
ing allotypic markers [for review see MAGE (1986)]: b locus:
allotypes 4, b5, b6, b9, which are associated with multiple
amino acid differences throughout the constant region of
the L-chain of the Kappa-1 (c.) class. a locus: allotypes al,
a2, a3 corresponding to multiple amino acid interchanges
within the invariable part (framework) of the “variable”
region of the Ig H-chain (vy). d locus: allotypes d11 and
d12, associated with a Met/Thr interchange in the Hinge
region of the Ig H-chain of the Gamma isotype (IgG).
¢ locus: allotypes el4 and el5, associated with a
Thr/Ala interchange in the second domain of the same
IgG H-chain. The d and ¢ loci are very closely linked and
show a very strong linkage disequilibrium: the d11-¢14 com-
bination has never been observed. We can therefore con-
sider the de locus with three alleles d1lel5, d12el5 and
d12¢14.

Analysis of the allotypes: Antisera against a particular
allotype were raised in rabbits which were negative for this
allele following KELUS and GELL (1967). Phenotypes of the
individuals were determined by immunodiffusion, as de-
scribed previously (VAN DER Loo, FERRAND and SORIGUER
1991).

RESULTS

The semiquantitative properties of the immunodif-
fusion assay system used permitted classification of the
reactions of test sera as O, I, |, K, L, P respectively,
from absolutely negative (O), to strong (P). Virtually
all I and ] reactions—-which correspond to immuno-
globulin concentrations below 0.1 mg/ml-were found
in very young rabbits (weighing less than 500 g) which
were not included in the analysis. Sera of rabbits
weighing 600 g or more showed the presence of at
least one and never of more than two alleles of the
loci tested. All precipitation reactions were very clear
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TABLE 1

Correlations between Ig alleles in subdivided populations

Correlation® of Allele
gene;':;l?e(:lll- b4 b5 b9 al a2 a3 dil el4
Within individuals
FF 0.132 0.034 0.225 0.115 0.180 0.141 0.148 0.069
x2 16.9 0.6 58.1 16.3 43.9 26.4 29.8 6.3
Within indiv. within divisions
Vi 0.092 0.008 0.155 0.066 0.156 0.115 0.138 0.065
x2 12.7 0.1 19.4 70.2 34.4 19.7 29.3 6.4
bid —0.048 —0.053 0.001 0.042 0.112 0.081 0.095 0.040
x? 2.5 3.6 0.0 2.3 13.2 8.9 11.8 2.4
rF —0.052 -0.056 -0.003 0.040 0.106 0.078 0.084 0.028
x2 2.8 3.9 0.0 2.1 115 8.1 8.9 1.0
Between indiv. within the same division
6 0.024 0.020 0.079 0.068 0.025 0.031 0.002 0.000
x%/d.f. 28.3 17.7 192.2 70.2 28.5 33.1 2.5 0.0
0.172 0.083 0.224 0.076 0.077 0.065 0.058 0.030
x2/d.f. 43.4 18.5 83.1 15.6 18.2 13.6 12.7 4.0
6 0.154 0.075 0.202 0.068 0.073 0.060 0.062 0.039
x2/d.f. 16.9 7.6 32.4 6.7 8.4 6.4 4.1 1.0

The Chi-square values (x?) are COCKERHAM’s (1973) x?; for testing f= 0 and (x% — x%2)/d.f. for 8 = 0. For F, x? estimates the probability

of Hardy-Weinberg equilibrium within localities.

4 1539 individuals within either 41 subdivisions (S), 16 localities (P) or 3 geographic areas (A).

TABLE 2

Gene correlations at Ig loci in hierarchically subdivided populations

Mean over alleles®

Mean over loci®

Correlations

of genes b locus a locus d locus ¢ locus H-chain
Between individuals within the same subdivision

el 0.1279 0.0785 0.0491 0.0248 0.0637

6, 0.1421 0.0753 0.0693 0.0423 0.0685
Between individuals of different subdivisions in the same division

0:4F —-0.0412 0.0223 —-0.0310 —-0.0178 0.0051

5 0.1382 0.0713 0.0551 0.0262 0.0605
Within individuals within subdivisions ( f})

Vil —0.0457 0.0708 0.0950 0.0404 0.0703

Vil —0.0493 0.0677 0.0845 0.0281 0.0642
Between indiv. within subdiv. of the same division ( f3)

[l 0.1624 0.0575 0.0777 0.0418 0.0590

87 0.0045 0.0044 0.0151 0.0165 0.0086
Within indiv. within subdiv. within divisions ( f3)

FAP 0.1241 0.1242 0.1653 0.0805 0.1252

FS —0.0446 0.0718 0.0983 0.0441 0.0723

4 Calculated from sums-over-alleles of weighted variance components (REYNOLDS, WEIR and COCKERHAM 1983).

4 From sums-over-loci of weighted variance components.

and fused perfectly with the positive control, revealing
serologic identity with the reference allotypes—apart
from a few sera from continental Europe, where a
type of cross-reaction with the a3-specific antiserum
was observed, indicating the presence of an allelic
form different from those known in domestic breeds.
This variant was pooled with the a3 allotype. The b6
allele was observed in only one locality in three indi-
viduals (CL): it was pooled with b5.

Effect of geographical separation: Sample popu-
lations (P) were grouped according to geographic

origin (A): Australia, Great Britain and Continental
Europe. Table 1 presents estimates of correlations
between genes of the same allotype for different levels
of subdivisions. Mean correlations for alleles per locus
or per group of loci are presented in Table 2. Table
3 presents the relative gene frequencies at the differ-
ent localities and interlocality variances %y of average
within-locality heterozygosity Hp (NEI 1973).

Genetic differences were clearly larger between
populations within areas than between areas (¢* < 6°
in Table 1 and 6,*” < 0 in Table 2). Only for the al
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TABLE 3

Allele frequencies and interlocality variances of expected heterozygosity levels

Allele frequencies

Area locality 2N b4 b5 b9 al a2 a3 dil eld
Australia
BB 46 0.848 0.152 0.000 0.370 0.130 0.500 0.520 0.152
BwW 78 0.615 0.385 0.000 0.260 0.290 0.450 0.330 0.218
CH 166 0.614 0.367 0.018 0.494 0.012 0.494 0.114 0.235
CN 142 0.739 0.253 0.007 0.460 0.180 0.360 0.090 0.246
MO 30 0.567 0.333 0.101 0.820 0.110 0.070 0.040 0.267
QU 14 0.714 0.286 0.000 0.500 0.000 0.500 0.280 0.143
UN 42 0.619 0.381 0.000 0.440 0.160 0.400 0.120 0.238
UR 154 0.753 0.209 0.038 0.540 0.310 0.150 0.310 0.114
GC 1150 0.727 0.252 0.022 0.582 0.089 0.329 0.298 0.194
Subtotal® 0.712 0.267 0.020 0.541 0.119 0.341 0.262 0.200
Great Britain
DO 178 0.893 0.107 0.000 0.430 0.028 0.539 0.490 0.079
GL 44 0.636 0.364 0.000 0.610 0.050 0.340 0.250 0.204
HI 150 1.000 0.000 0.000 0.450 0.000 0.550 0.310 0.113
PO 234 0.172 0.453 0.375 0.423 0.231 0.346 0.130 0.358
Subtotal® 0.625 0.231 0.144 0.449 0.101 0.450 0.279 0.206
Continental Europe
NH 250 0.646 0.354 0.000 0.160 0.188 0.650 0.270 0.134
WE 106 0.340 0.660 0.000 0.293 0.302 0.387 0.290 0.302
CL 294 0.609 0.289 0.102 0.394 0.211 0.395 0.173 0.259
Subtotal® 0.580 0.374 0.046 0.288 0.217 0.492 0.226 0.218
Total® 3078 0.667 0.283 0.050 0.469 0.136 0.394 0.255 0.204
Mean and variance of heterozygosities
b locus a locus de locus
H 0.477 0.611 0.598
Hp 0.410 0.559 0.566
o% 0.022 0.008 0.003

¢ Weighted by sample size.

b Hris 1 — T{#)?, in which p, is the unweighted mean of allele frequencies py; Hp is the unweighted mean over localities { of the expected
heterozygosity levels H; = 1 — 3 py)’, with p;; the frequency of allele i at locality I; 0% is the variance of H,.

allele of the a locus was a significant fraction of the
interlocality variance due to differences between areas
(continents). The genetic homogeneity over areas is
particularly striking for the ¢ locus and extends down
to the population level (both 6 and ¢” are very small).
Between alleles and loci, differences in 8 can be large
(see chi-square values in Table 1).

Effect of subdivision of populations: The corre-
lations in Table 1 were calculated as if subdivisions
were made for all sample populations although 44%
of the total sample consisted of undivided one-off pop-
ulations. Subpopulations (S) relate to geographic di-
visions within the collection sites, except for one lo-
cality (PO in Table 3), where three annual one-off
collections were made. Between subdivisions of the
same populations, genetic differences were very small.
Values of parameters 6", which estimate the effect
of subdivision, could, for some alleles, be explained
sampling error alone. The comparisons between ¢4”
and 67 (Table 2) are relevant here.

Heterozygote excess or homozygote deficiency:

Analyses at the population level indicate a consistent
excess of heterozygotes at the b locus, as implied by
the negative correlations f. For b5, f was positive for
only 3 of the 16 localities. Although the values of fin
Table 1 are not significantly negative (f“;s = —0.053,
x® = 3.6), they clearly differ from the positive values
at the other loci. Of 41 subdivisions, 10 showed an
excess of b4 heterozygotes with x* > 1, while only 4
showed an excess of b4 homozygotes with x* > 1. If
we write this distribution as b4: 10—/4+, then we
obtain for the other alleles: b5, 13—/6+; b9, 0—/1+;
al, 4—/9+; a2, 1—/12+; a3, 4—/10+; d11, 2—/13+;
el4, 7—/6+. The evaluation of correlations between
genes of the same locus within individuals (i.e., of
homozygote or heterozygote excess) depends greatly
upon our knowledge of genetic differences between
subareas within localities as this permits to account
for Wabhlund effect. We have therefore analyzed sep-
arately the fraction of the sample for which data on
the spatial distribution of the individuals within local-
ities were available.
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TABLE 4

Correlations of Ig alleles in three populations subdivided in neighborhoods

Allele
Subdivided population
correlations® b4 b5 b9 al a2 a3 dll el4
0 0.008 0.016 0.006 0.197 0.102 0.172 —-0.005 0.006
0, 0.014 0.025 0.037 0.202 0.113 0.181 0.017 0.039
6 0.007 0.009 0.031 0.007 0.012 0.011 0.021 0.034
FPs —-0.088 -0.108 -0.019 —-0.007 0.102 0.046 0.122 0.047
f"s -0.096 -0.117 -0.052 -0.013 0.091 0.036 0.103 0.014
x2? 6.7 9.9 0.0 0.1 1.4 0.8 7.6 17

4 1554 genes within: 777 individuals, 25 subdivisions (genetic neighborhoods), 3 populations.

b x? values were calculated for f*, which is identical to ™.

777 Rabbits in 25 Subdivisions

Fis,X~2 ond Fst

-0.05

=0.1

-0.15 4

-0.2 T T T T T T T T

T T
B4 BS B9 Al A2 A3 D11 E14
Light ond Heavy chain alleles

FIGURE 1.—Ig allele correlations Fis (f) and Fsr () in 25 neigh-
borhoods. Values of Fis (dark) and Fsr (light) are presented for the
three localities where the Wahlund effect could be accounted for.
Chi-square values are indicated for F;s. There is a significant excess
of heterozygotes at the b locus whereas the distribution of the heavy
chain indicates Hardy Weinberg equilibrium or homozygous excess.

Analysis of samples with known spatial distribu-
tion: At GC (Grassy Creek, 37% of the total sample),
about 80% of the population was sampled and associ-
ations with warrens recorded. The total area was
subdivided into 11 subareas. Such information was
also available for population UR (Urana) and to a
lesser extent for population NH (North Holland)
where much smaller fractions of the populations were
sampled. We do not have information on the spatial
distribution of the individuals in the other samples. In
Table 4 correlations of genes are estimated for these
three populations. In this sample, the heterozygote
excess at the b locus was significant (F'y5 = —0.09; f ©45
=—0.11, P <0.005). (Note: If chi-square values were
calculated according to BARKER, EAsT and WEIR
(1986), significance levels for f < 0 were slightly
higher.) By contrast, H-chain alleles often show posi-
tive f values (Figure 1). Subdivision had little if any
effect (6% and 6,"°-8;"° close to zero), indicating ge-
netic homogeneity within localities. Therefore, f*
hardly differs from f* (f%s = —0.12; P < 0.002).

In Table 5 the data on population GC were treated

separately. The total study area covered about 1 km®
and the widest gap without active burrows measured
less than 250 m, the largest distance between two
burrows was 1600 m. For the present analysis the
original number of warrens was reduced to 55 by
grouping proximate burrows (within 15 m) in order
to have at least 5 samples per warren. Apart from e
locus alleles (8° = 0.04, P < 0.03, not shown), genetic
differentiation between subareas and between war-
rens was not significant and sometimes slightly lower
than expected from sample variance alone (6*" < 0).
In the undivided GC sample, F was significantly neg-
ative for the b locus (F = —0.10, P = 0.01).

Analysis of the one-off samples and of published
data: The one-off samples—the set complementary to
the three samples analyzed above—-consists of 762 an-
imals in the remaining 13 population samples. Here,
the estimates of f for the a locus revealed important
homozygote excess: faiocus = 0.11 (not shown). The f
values for the b locus alleles were in perfect agreement
with HWE: fyi5cus = 0.00 (not shown). HERD and
EDMONDS (1977) published the a and & locus genotype
frequencies for 25 districts of South-Eastern Australia,
grouped into 6 areas. We have estimated for 5384
rabbits from 25 districts the population parameters
according to COCKERHAM (1973). The difference be-
tween the correlations at the b locus versus those at
the a locus was similar to what was observed in one-off
populations (Table 6).

Association of heterozygote excess at the L-chain
b locus with H-chain genotypes: When COCKERHAM'S
variance analysis was applied to samples grouped ac-
cording to their H-chain genotypes, the strongest
variation in b locus correlations was found between
classes of e locus genotypes. For simplicity, the b locus
is presented as a two-allele locus with alleles » and B
(b5 and non-b5, respectively). Alleles e and E designate
the e14 and eI5 alleles, respectively (Tables 7 and 8).
In Table 7, the heterozygote excess at the b locus
appears to be associated in essence with E homozygos-
ity (foery = —0.09, x* = 6.3). Such negative correlation
is not observed amongst heterozygote eE rabbits ( fyze)
=—0.01, x*=0.1).
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TABLE 5

Correlations of Ig alleles at Grassy Creek (GC)

Subdivisions divided Allele
into Warren
correlation of genes b4 b5 b9 al a2 a3 dil eld
0 -0.009 —-0.008 0.032 —0.014 —0.007 -0.017 -0.012 0.019
A 0.002 0.003 0.024 0.054 0.028 0.044 0.049 0.086
e 0.011 0.010 —0.008 0.067 0.035 0.059 0.060 0.068
F¥ —0.069 -0.100 —0.048 -0.010 0.080 0.056 0.110 0.044
Vi —0.080 -0.111 —0.040 —-0.082 0.047 -0.003 0.053 —0.026
x? 3.3 6.5 0.5 3.1 0.9 0.0 1.3 0.3
1150 genes within: 575 individuals, 55 warrens, 11 subdivisions.
TABLE 6
COCKERHAM’S correlations of Ig alleles in Victoria (Australia)
Allele
Correlations b4 b5 b9 al a2 a3 b locus a locus
[ 0.0154 0.0126 0.0124 —0.0007 0.0076 0.0023
0, 0.0414 0.0389 0.0345 0.0595 0.0198 0.0532 0.04 0.04
[l 0.0264 0.0266 0.0225 0.0602 0.0123 0.0510
FP*P 0.0711 0.0860 0.0591 0.1954 0.1456 0.1813
Vind 0.0459 0.0611 0.0375 0.1438 0.1350 0.1373 0.06 0.14
5384 rabbits in 25 localities in 6 divisions [genotype data from HErD and EDMONDs (1977, Table 1-2)].
TABLE 7 rabbits expressing the E allotype and of ¢E genotypes
Correlations of b5 alleles in rabbits with different e locus among rabbits expressing the B allotype. The quad-
genotypes rigenic disequilibrium does not contribute to this in-
crease and is not significant. The observed incidence
¢ Locus genotype classes and no. of of BbEE genotypes is 5% higher than expected under
individuals . . - . .
b Locus correlations trigenic equilibrium. The overall trigenic effect may
within ¢ locus el5/els el4fel5 eldfel4 be significant (x* > 5; P < 0.05) and is due for 90%
classes 991 468 80 . .
to Dgse. It can be shown that this nonrandom associa-
F 0.017 0~‘;42 0.121 tion is the accumulation of convergent effects within
X 0.4 0. Lo localities (T between localities (Figure
f —0.090 —0.011 0.029 (Table 7) and (Figure 2).
x* 6.3 0.1 0.3
& 0.067 0.053 0.095 DISCUSSION
x/d.f. 46 26 2.5

1539 rabbits were grouped according to their ¢ locus genotype.
In each genotype class, correlations F, f and 8 of b5 genes were
estimated for the sample subdivided into 41 geographical subdivi-
sions.

This genotypic disequilibrium was investigated fol-
lowing WEIR (1990). Table 8 displays the numbers of
the nine phenotypes observed, compared to the ex-
pectations in case monogenic and digenic interactions
(i.e., inbreeding and linkage disequilibrium) were the
only sources of disequilibrium. It shows that under
tri- and quadrigenic equilibrium, homozygote-rather
than heterozygote—excess at one locus is expected to
be largest within the group of individuals homozygous
for the leading (i.e., more common) allele of the other
locus. This effect of the digenic associations is coun-
tered by trigenic associations which correspond to an
increased level of heterozygote bB genotypes among

Distribution of gene diversity among localities
and areas: For the four Ig loci and the ten alleles
studied, the mean § across geographic areas was esti-
mated as #* = 0.023, which implies a degree of genetic
differentiation similar to what was observed for en-
zyme loci between populations of house mice (Mus
musculus) in barns within Texas farms, or between
populations of the land snail Helix aspersa within small
city blocks (SELANDER and KAUFMAN 1975; AVISE,
SMITH and SELANDER 1979). It is also close to the
values reported here for parameters estimating the
degree of differentiation between subdivisions of the
same population (8™ in Table 4) or between warrens
of a locality, where the genetic homogeneity across
subareas was confirmed (6*" in Table 5). More genetic
differentiation was found between localities of the
same continent than between continents. However,
the interlocality variation in allele frequency was much
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TABLE 8

Analysis of HWE with two-locus two-allele interactions

EE Ee ee Total Coefficients of disequilibrium

Observed genotype frequencies

BB 554 216 28 798 be 0.283

Bb 379 198 35 612 be 0.204

bb 58 54 17 129

Sum 991 468 80 1539 D, 0.0039 x2=0.6

D, 0.0104 x*=6.6

Per ¢ locus genotype class Ay 0.0289 x?=36.6

12 0.250 0.327 0.437 0.283 D 0.0066 xI=4.3

D, ~0.0038 0.0085 0.0265 0.0039 Dser 0.0036 x2=1.4

F, =0.020 0.039 0.108 0.019 Dy 0.0006 x¥=0.3
Expectations at tri- and quadrigenic equilibrium

BB 565.31 203.59 29.11 798 pe 0.283

Bb 362.00 211.58 38.42 612 pe 0.204

bb 63.69 52.83 12.48 129

Sum 991.00 468.00 80.00 1539 D, 0.0039 x2=0.6

D. 0.0104 x?=6.6

Per e-locus genotype class An 0.0289 x: = 36.6

P 0.247 0.339 0.396 0.283 Dgsr 0.00

D, 0.0033 —0.0020 —0.0038 0.0039 Ds.s 0.00

F, +0.018 —0.009 —-0.007 0.019 Dysee 0.00

The coefficients of disequilibrium were determined following WEIR (1990). b and B designate the b5 and nonb5 alleles of the b locus, e
and E the e14 and the ¢15 alleles of the ¢ locus. Expected frequencies are shown for a hypothetical sample with allele frequencies, mono- and
digenic disequilibria as in the sample under study. It shows that the digenic disequilibrium should decrease the correlations of 4 locus alleles
among rabbits expressing the ¢14 allele and can clearly not explain the observation that in the sample studied, heterozygous excess tend to
be strongest among homozygous el5 rabbits (Table 7). This is entirely due to trigenic associations which correspond to a preferential
association of heterozygosity at one locus with the leading allele of the interacting locus.

lower for H-chain loci than for the L-chain locus (647
= (.06 vs. 0.16; Table 2).

In the area covered in this study, rabbits were
introduced as semidomesticated breeds during histor-
ical times (i.e., after the Roman Conquest). Ancestors
of the British rabbits reached England about 1000
years ago (ZEUNER 1963). Australian rabbits are be-
lieved to be the descendants of 24 wild rabbits from
England which were released in 1895 close to Gee-
long, Victoria (HOLLAND 1923; KIipDDLE 1961; FENNER
and RATCLIFFE 1965). In all areas studied here, rabbits
have been very abundant before the introduction, 40
years ago, of Myxoma virus, which at the earlier stage
of the epizootic, killed some 90-99% of individuals in
exposed populations (FENNER 1953; Lroyp 1981).
Myxomatosis is still regarded as a major mortality
factor in the areas studied here and has been used as
a pest control agent (MYERS, MARSHALL and FENNER
1954; Ross and T1TTENSOR 1981 1986).

The lack of genetic differentiation between the
three major areas, which is particularly striking for
the ¢ locus alleles, is therefore surprising as strong
founder effects are to be expected and the effective
population sizes of rabbits are also under normal
conditions rather small [90-250 according to DALY
(1979) and to RICHARDSON (1981)).

NADEAU ¢t al. (1988) reported that the H-2 poly-
morphisms were more uniformly distributed amongst

wild mice populations than are enzyme polymor-
phisms and this was presented as an indication of the
adaptive value of the H-2 variability. They observed
that, while similarity networks based upon allozymes
gave a reliable presentation of the geographic rela-
tionship between populations sampled, networks
based upon H-2 polymorphisms bore little corre-
spondence to known relationships.

RICHARDSON, ROGERS and HEwITT (1980) esti-
mated genetic distances between Australian, British
and French rabbits based upon polymorphic loci of
the red cell isozymes and found larger genetic dis-
tances between geographic areas than between popu-
lations within areas (i.e., the values of 6;*” should be
positive for the enzyme polymorphisms). In contrast,
the negative 6;*” values reported here for the Ig loci,
would mean that on the average, a population is rather
more similar to a population of another area than to
one of the same area. The comparison in Table 9
between the Ig and MHC data confirms that the “sur-
prisingly uniform” distribution of alleles of the H-2
polymorphism (i.e., the relatively low contribution of
differences between localities Dp4 and between areas
Dyr to the total gene diversity Hy), clearly also holds
for the rabbit Ig allotypes.

Such “even distribution” of gene frequencies over
geographic areas constitute an interesting character-
istic of population diversity which is best quantified
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FIGURE 2.—Interlocality correlation between & locus and e locus
heterozygosity. The correlations are visualized between the ex-
pected (top) and the observed (bottom) heterozygote frequencies for
samples with more than 20 individuals (unweighted by sample size;
d.f. = 12). The significance of the correlation coefficient r is
estimated by a -test as suggested in CROw and KIMURA (1970). The
strong correlation in expected heterozygosities reflects the interlo-
cality component of the digenic or “linkage” disequilibrium between
these loci. As a consequence of monogenic and trigenic disequili-
bria, the correlation is less pronounced between the observed
heterozygosity levels.

by the parameter ;. Indeed, negative correlations
between localities of the same geographical area (rel-
ative to the total) are not unexpected if gene frequen-
cies are maintained by some mechanism around a
value which is similar for the different areas while at
the same time, within smaller breeding units, signifi-
cant fluctuations around these frequencies occur due
to genetic drift or variations in selection pressure. It
should be mentioned here that the hierarchy in gene
frequencies of a and b locus alleles [Table 3; ¢f. Table
6 in VAN DER LOO FERRAND and SORIGUER (1991)]
are matched by the systematic hierarchy in the relative
expression levels of these alleles in heterozygote indi-
viduals. Indeed, each lymphocyte expresses only a
single Ig allele [allelic exclusion, RITCHIE, BRINSTER
and STORB (1984)] and in heterozygote rabbits, there
is a systematic imbalance in the relative number of

mature lymphocytes expressing one or the other of
the a locus and & locus alleles (LumMmus, CEBRA and
MaGE 1967). This allelic imbalance can be summa-
rized as: b4 > b5 > b9, al > a2 and a3 > a2 and was
also observed in wild rabbits studied here, including
rabbits from localities PO and WE, where the fre-
quency hierarchy was not respected [KERREMANS
(1982); discussed in VAN DER Loo (1987)]. As far as
the mechanism underlying the allelic imbalance in
gene expression could have an impact on the gene
frequencies, we would expect it to favor fixation of
those alleles that are preferentially expressed, rather
than to impose a hierarchy in gene frequencies as it
was proposed by HERD and EpMonDs (1977, 1981).
Also, the (digenic) linkage disequilibria which favor
the combination of the leading alleles of the b and e
locus is, if anything, expected to cause their fixation
if not countered by balancing selection (see below).
Therefore the mere fact that the less expressed allelic
genes are not lost from the populations constitutes on
its own an indication for balancing selection.

Heterozygote excess at the b locus: The correla-
tions fand F were consistently lower for b locus alleles
than for alleles of the H-chain (Table 2). In popula-
tions where animals were sampled within what could
be called “genetic neighborhoods,” the correlation f
between b5 genes within individuals was significantly
negative (P < 0.002; Table 4) whereas no deviation
from HWE was apparent for the H-chain alleles. In
population GC, treated as one sample, the coefficient
of inbreeding F was significantly negative for the b
locus (F = —0.09, Table 5). In 9 of the 11 subdivisions
of GC, fand F were smaller than —0.05 both for 45
and b4 (not shown).

Mechanisms such as migration and mating systems
could explain heterozygote excess without implying
selection (WRIGHT 1978), but in general would affect
all loci equally. Yet the f values were often positive
for the H-chain loci and always larger than f values
for the b locus (Tables 1 and 2, 4-6; Figure 1). Al-
though there is no good test of statistic significance
(¢f. ROBERTSON 1975; EweNs and FELDMAN 1976),
this difference in f between loci provides a parameter
which is less affected by genetic structuring within
sample populations (¢f. CAVALLI SFORzA 1966; LE-
WONTIN and KRAKAUER 1973). For these reasons, the
data of HERD and EpMONDSs (1977) on Australian
rabbits were reexamined.

As shown in Table 6, also in HERD and EDMONDS
(1977) samples, the correlations between b locus genes
were considerably lower than between a locus genes.
However, f values derived from their data were posi-
tive for both loci, which led HERD and EDMONDS to
suggest homozygous advantage as the mechanism
maintaining allelic diversity of the Ig loci. This dis-
crepancy with our observations could relate to differ-
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TABLE 9

Hierarchical analysis of gene diversity at Ig loci in rabbit compared to that at H-2 and allozyme loci in mouse

Total gene diversity

Distribution of diversity

H Hp/Hr

DpsfHr Dur/Hr
(8

Locus ZuAb 1-6* I 0,4° - 0,27 0%
Mouse
Allozyme® 0.23 0.64 0.12 0.24
H-2¢ 0.59 0.83 0.06 0.10
Rabbit immunoglobulin allotypes (this study)
al® 0.50 0.93 0.03 0.04
al® 0.51 0.91 0.02 0.07 0.04 0.05
a2 0.24 0.93 0.05 0.01
a2b 0.24 0.93 0.05 0.03 0.08 -0.01
a3® 0.48 0.94 0.04 0.02
a3® 0.48 0.93 0.04 0.03 0.06 0.01
b4e 0.44 0.85 0.14 0.01
b4b 0.45 0.85 0.13 0.02 0.22 —0.07
b54 0.41 0.93 0.06 0.01
b5 0.41 0.92 0.06 0.02 0.10 -0.02
b9s 0.10 0.81 0.14 0.05
b9? 0.10 0.78 0.14 0.08 0.24 —0.02
a locus® 0.62 0.92 0.03 0.05 0.06 0.02
b locus® 0.48 0.87 0.10 0.03 0.17 -0.04
d locus? 0.38 0.95 0.05 0.00 0.08 -0.03
¢ locus? 0.32 0.98 0.03 0.00 0.04 —0.02

The distribution of gene diversity among mouse populations was adapted from data in NADEAU et al. (1988), leaving out the differences
between subspecies. Hr is total gene diversity or heterozygosity and is analogous to Zv#, the total variance; Hp: diversity within localities; Dea:
diversity between localities within geographical regions; D4r: diversity between regions.

4 Following CHAKRABORTY (1974), weighted by sample size.
b Following CockerHAM (1973), weighted by sample size.

ences in sampling method: HERD and EDMONDs ex-
plicitly avoided the effect of local variation within
their samples: “In each district studied, rabbits were
collected over long transects to reduce possible sam-
pling errors due to spot collection” (HERD and ED-
MONDs 1977, p. 316). Therefore, Wahlund effect
might be important in their samples. Over 50% of
their total sample was collected in just 2 out of the 25
districts. It is likely that larger areas were covered
during collection in these two districts as also sug-
gested by their higher values of F (not shown). By
limiting the analysis to the 23 smaller sample districts,
S was 0.00 at the & locus and 0.11 at the a locus (not
shown). This is identical to what was found in the
present study for the one-off samples. The variance
analysis of HERD and EDMONDS’ data therefore cor-
roborates the systematic difference in f between the &
locus and the H-chain loci: it cannot possibly be due
to chance. The data obtained here from extensively
sampled populations where Wahlund effect could be
accounted for, strongly indicates that this difference
is at least in part due to a mechanism leading to
heterozygote excess of 4 locus alleles.

Because of the close linkage between genes deter-
mining respectively the variable and constant regions
of Ig chains, heterozygous excess detected at a con-
stant region locus could, in principle, be a corollary

of heterotic selection at the level of the variable re-
gion. Apart from the fact that there seem to be no
reports on heterosis of Ig variable region genes (in
any species), this is unlikely because alleles of the a
locus (which controls the variable region of the Ig H-
chain) displayed homozygous excess or HWE (Table
2; Figure 1). The a locus correlations confirm fur-
thermore that the & locus heterozygote excess cannot
be due to transplacentally transferred antibodies, as
allotypic determinants of maternal Ig of both a and &
locus alleles are known to disappear simultaneously
from the serum (DrRAY 1962). This clearance of ma-
ternal Ig is achieved before the age of 8 weeks (DRAY
1972) and from 15 years of experience with the
breeding of laboratory rabbits expressly for the Ig
allotypes, we know for certain that in the age group
considered here, our test system reveals the individual
Ig genotype without any ambiguity. (Note: in the
present study the clearance of maternal Ig was also
inferred from the serological data on rabbits weighing
less than 600 g; not shown.)

Mean heterozygosity and its variance: The mean
heterozygosities within-subdivisions Hs (for consist-
ency noted Hp in Table 3) for the Ig loci studied here
were 0.41, 0.56 and 0.57 for, respectively, the b, a
and de loci. This is higher than what is currently
observed for protein loci in a wide variety of popula-
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tions studies (GOJOBORI 1982) where values of Hj
cluster around 0.20. High values of gene diversity Hs
are diagnostic for loci where frequencies of segregat-
ing alleles are distributed more evenly than expected
from random drift (WATTERSON 1978) and may indi-
cate balancing selection (HENDRICK and THOMPSON
1983). Theoretical studies of MARUYAMA and NEI
(1981) predict that overdominance would tend to
favor high heterozygosity levels, reducing in the proc-
ess its variance. The interlocality variances in hetero-
zygosity o°; observed here for the Ig alleles (0.022,
0.008 and 0.003, Table 3) met MARUYAMA and NEI's
(1981) predictions for loci under strong overdominant
selection (0.027, 0.008 and 0.008) and were clearly
smaller than the values observed for allozyme loci in
natural populations by Gojosor1 (1982) which did
satisfy predictions for neutral alleles (i.e., 0.050, 0.035
and 0.035 for heterozygosity levels 0.41, 0.56 and
0.57).

For b and the a locus alleles, the weighted 6” values
range from 0.065 to 0.224 (Table 1) and Fsr from
0.085 to 0.21 (easily obtained as 1-Hp/Hy from Table
3). This “moderate” to “great” genetic differentiation
(HARTL 1981) indicates that the low ¢%, are not the
necessary consequences of low variances in gene fre-
quencies. In a comprehensive study on the distribu-
tion patterns of gene diversity, SINGH and RHOMBERG
(1987) correlate different modes of variation of the
statistics Hr, Hs and Fsr to different types of selection
regimes. The mode displayed here by the Ig alleles is
that of loci under putative balancing selection (high
H7). While the relatively high values of # and Fsr for
b9 and b4 could, according to SINGH and RHOMBERG
(1987), suggest diversifying selection, the frequency
distributions of 45 and of the ¢ locus alleles are closest
to the mode predicted under heterotic selection (low
to moderate Fst, low variance in Hg). Our data pro-
vide clear indications for heterozygous excess for the
b locus, but not for the other loci studied.

Genotypic disequilibria between the b locus of the
L-chain and the e locus of the H-chain: Analyses of
gene correlations at different loci become notably
complex in case of interaction between loci (¢f. WEIR
1990). As strong “linkage” disequilibria exist between
alleles of the b and e locus (despite the fact that they
are located on different chromosomes), putative het-
erotic effects at the b locus could be influenced by the
H-chain genotype.

Table 7 reveals that pairs of & locus alleles within
individuals were negatively correlated within the frac-
tion composed by homozygous 15 rabbits, while this
was not the case in population fractions representing
rabbits expressing the el4 allele. This means that
partitioning by ¢ locus genotypes was not random with
respect to the b locus genotype. Considering the
strong digenic association between these two loci

within subdivisions (VAN DER LOoO ¢t al. 1987), this is
not surprising: digenic disequilibria can affect the
relative distribution of frequencies as well as the (mon-
ogenic) correlations at one locus among classes of
genotypes of the interacting locus. It was therefore an
obvious question to ask whether the apparent associ-
ation of heterozygous excess with the ¢/5 homozygos-
ity observed in Table 7 can be explained by the digenic
disequilibrium.

The analysis of genotypic disequilibria allows the
dissociation of the different levels of gene interaction.
Table 8 makes it clear that the digenic disequilibrium
can not explain the increase of b locus heterozygosity
among homozygous ¢15 animals. On the contrary, the
expected gene correlations at one Jocus are shown to
be largest in those animals that are homozygous for
the leading allele of the other locus, as a consequence
of the positive digenic associations between the lead-
ing alleles B (nonb5) and E (e15). It appears that this
effect of the digenic disequilibrium is opposed by
trigenic disequilibria which, in essence, correspond to
a preferential association of b locus heterozygosity
with the leading allele of the interacting e locus. As
more than 80% of the ¢15 genes are at the homozy-
gous state, b locus heterozygosity is seemingly corre-
lated with ¢ locus homozygosity. Under the assump-
tion that the excess of heterozygotes observed is due
to some deterministic process, the positive values of
the trigenic associations Dssr and Djg.x (Table 8) could
indicate that this process is less effective in rabbits that
are “already” heterozygous at one locus. This is bio-
logically meaningful: mechanisms favoring diversity
at one part of the Ig molecule might indeed be atten-
uated by diversity existing at another part of the
molecule.

Compensatory aspects of H- and L-chain diver-
sity: Within this context it is noteworthy that the
rabbit IgG H-chain constant region is outstanding
among mammals by its lack of diversity (HAMERS
1987). While in other species there are a number of
different c, genes (IgG subclasses) with complex pol-
ymorphisms {¢f. the H-chain allotypes of human and
mouse Ig, reviewed in GRUBB (1970) and in HERZEN-
BERG and HERZENBERG (1978)], rabbit has only a
single gene coding for c,. Only three serological alleles
can be distinguished at this locus (de locus), which
differ by less than four amino acid residues. In most
other studied species, such limited allelic variation is
a characteristic of the Ig L-chain constant region
genes. It is possible that the extensive polymorphisms
at the rabbit & locus and a locus compensate for the
lack of allelic diversity at the H-chain constant region.
The hypothesis that benefits due to allelic diversity at
loci composing the Ig constant region might be com-
pensatory (nonadditive) merits further research as this
should contribute to our understanding of the nature
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TABLE 10

Homozygote deficiency d and heterozygote deficiency F at a
mouse MHC locus and at the rabbit b locus

Number of
Genes Subdivisions Hr F d

Mouse MHC® 2278 9 0.79 —-0.07 0.27
Rabbit Ig b locus

Total 3078 16 0.41 —0.05 0.03

Neighborhoods 1554 3 0.42 —0.10 0.08

Grassy Creek 1150 1 0.41 -0.09 0.06

Portugal® 374 16 0.73 —=0.10 0.27

Iberia + Azores® 828 21 0.71 =0.07 0.17

Fis (Hr - Hy)/Hr, in which H.; is the proportion of heterozygotes
observed and Hrthat expected under Hardy-Weinberg equilibrium.
The homozygote deficience d is (Jr - Ju)/Jr, in which i =1 — H;
(HEDRICK 1990, 1992). d = —F Hz/Jr. For subdivided populations
F was estimated by Fi5, Wright’s coefficient of local inbreeding, and
Hr by Hs the mean heterozygosity within subdivisions such that
= —Fs Hs/Js. Note that for the samples from Iberia and Azores, Hr
were minimal estimates and Fys determined by an approximation
method.

2 Data from PoTTs, MANNING and WAKELAND (1991).

® From Table 2 in VAN DER L0O, SORIGUER and FERRAND (1991).

of the underlying mechanisms. Contrary to what
might be expected with mechanisms depending upon
external factors, where quantitative and qualitative
aspects of allelic diversity might be important, it indi-
cates that the diversity enhancing process may rather
rely upon intrinsic factors such as the absence wvs.
presence of antigenic differences (i.e., differences de-
tectable by the immune system).

Such nonadditive or “compensatory” overdomi-
nance-type selection should, in the absence of other
deterministic effects, favor a negative correlation of
heterozygosity levels among the different loci. Within
the range of gene frequencies in the studied sample,
this implies a negative component of covariance be-
tween b5 and ¢14 frequencies. This component should
restrain the effect of the positive interlocality corre-
lation between b and e locus heterozygosity levels
which is inherent to the digenic association (Figure 2)
and which, otherwise, should favor the fixation of the
leading alleles. Thus, while the positive digenic asso-
ciation between b5 and e¢l4 genes predicts that in
populations where ¢4 is low or absent, the loss of the
b locus polymorphism becomes more likely, the con-
Jjunction of trigenic and monogenic (heterotic) effects
suggest that, on the contrary, the selective advantage
of b locus diversity is increased and, by consequence,
b locus polymorphism more likely preserved in situa-
tions where ¢ locus heterozygosity is low.

Compensatory aspects of Ig diversity could help
explain the quite surprising observation that in the
original Mediterranean range of the species, where
total b locus heterozygosity approaches 90% (VAN DER
Loo, FERRAND and SORIGUER 1991), ¢ locus hetero-
zygosity was found to be zero (i.e., all of more than

600 rabbits from 30 localities from Southern France,
Portugal, Spain and Azores, were homozygous ¢15;
VAN DER Loo 1986, 1987; W. vaN DER Loo, N.
FERRAND and M. MONNEROT, unpublished). By con-
trast, a recent study on 1340 feral rabbits from the
Kerguelen archipelago revealed higher than average
heterozygosities at the ¢ locus (Hr = 42%) while the b
locus was fixed for the b4 allele (Boussks 1992; W,
VAN DER Loo, P. Boussks, CH. ARTHUR and ].-L.
CHAPUIS, unpublished). By pooling the data on Ker-
guelen rabbits with those presented here, the associa-
tions between b locus heterozygosity and the ¢15 allele
becomes highly significant (Dssz = 0.0078, x* = 15).
Taken together these observations indicate that, in
populations where most rabbits are homozygous 15—
which is the situation prevailing in the original range
of the species-the process responsible for the excess
in b locus heterozygotes might be more effective than
in the populations studied here where e locus hetero-
zygosity was about 30%.

Comparisons with homozygote deficiency at
mouse MHC loci: In a widely commented study on
seminatural populations of mice by POTTS, MANNING
and WAKELAND (1991) evidence was presented for
MHC type-specific disassortative mating. The result-
ing deviations in genotypic frequencies of Hardy-
Weinberg proportions are believed to play an essential
role in maintaining allele diversity at MHC loci and
were measured by the deficiency in homozygotes or
by the fixation index [i.e., the deficiency in heterozy-
gotes (HEDRICK 1992)]. The striking similarities be-
tween the evolutionary patterns at b locus and MHC
loci (VAN DER LoO and VERDOODT 1992) have led to
the suggestion that both polymorphisms might be
maintained by deterimistic processes that are equally
effective at the population genetic level. As shown in
Table 10, the reported data seem in agreement with
this hypothesis. The minimal estimates of & locus
heterozygosities in samples from the Iberian range as
previously reported by VAN DER Loo, FERRAND and
SORIGUER (1991) indicate that homozygote deficien-
cies and heterozygous excess at the rabbit b locus can
indeed be quite similar to those revealed by PoTTs
and coworkers for MHC haplotypes in mice.

Concluding remarks: For the b locus of the rabbit
Ig L-chain constant region, the distribution of allele
diversity in individuals and in populations as well as
the patterns of interallelic divergence as revealed by
DNA sequence comparison, differ notably from ex-
pectations for neutral polymorphisms but meet pre-
dictions of population genetic and evolutionary theory
on allele diversity under overdominant-type selection
(overdominant or frequency dependent). Overdomi-
nant selection offers a possible explanation for the
homozygote deficiencies and the low frequency vari-
ances here reported. By increasing the allelic persist-
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ence times, overdominance may have contributed to
the exceptional divergence between alleles and can
account for the high heterozygosity levels in the orig-
inal range of the species. Positive selection can also
explain why the rate of nucleotide substitutions was
higher at amino acid replacement sites than at synon-
ymous sites. The nonrandom distribution of allele
diversity at the IgG H-chain loci might have to do
with deterministic interactions between H-chain and
(L-chain) & locus genotypes.

Questions about the nature of mechanism underly-
ing the observed heterozygous excess can’t be solved
by means of analysis of population variance. The
nonrandom correlations could be the outcome of
viability selection or of some other determinism, as
reported for MHC loci (POTTS MANNING and WAKE-
LAND 1991) where allele specific dissortive mating is
apparently anticipating the adaptive value of allele
diversity (HOwWARD 1991; vaAN DER Loo and VER-
DooDT 1992). Analysis of population variance, as here
presented may, however, help to define theoretical
models in which the evolutionary patterns as revealed
by DNA sequence comparisons are the outcome of
nonrandom gene distribution as observed at the pop-
ulation level (see Introduction). The most relevant
parameters in such models are the effective population
size N and the selection coefficients s, which are also
the most elusive. The magnitude of the heterozygous
excess here observed may help to design experiments
from which reliable estimates of the (apparent) selec-
tion force can be derived. Such estimates may allow
to answer the question whether the product of the
selection force and the effective population size Ns
can, in models proposed in the literature (TAKAHATA
1990, TAKAHATA and NEI 1990), satisfy available data
on evolution rates, population diversity and coales-
cence times of & locus alleles.

Studies on the rabbit Ig polymorphisms may by this
provide an a contrario argument in support of the
Neutral Theory by verifying that deterministic effects
on allele correlations within individuals do indeed
impose modes of population genetic and evolutionary
variation that can be distinguished from expectation
under random drift on neutral alleles, an implicit
hypothesis in most arguments in favor of the selective
neutrality of observed genetic variance. To immuno-
geneticists these studies may reveal the importance of
the Ig allotypes, which were often treated as selectively
neutral genetic “markers.” As parasites tend to manip-
ulate the host’s immune response by interacting with
the antibodies (HAMERS, VAN DER Loo and DE BAET-
SELIER 1986; VAN DER Loo 1987), it should not be
surprising that diversity of the constant regions of
antibodies became part of a (host) defense strategy (cf.
HALDANE 1949; HAMILTON, AXELROD AND TANESE
1990; DamIaN 1987), but the mode and the intensity

of the diversity enhancing mechanisms as inferred
from the gene correlations, may be interesting. It
appears that at least for some loci of the antibody
constant region, patterns of polymorphism and diver-
gence are in every respect similar to those described
for human and mouse MHC loci, at both the evolu-
tionary and population genetic level. The observations
reported here furthermore indicate that the fact that
Ig molecules are encoded by different loci, can create
situations of particular interest for studies on multil-
ocus interaction.
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APPENDIX

Numbers of combined L- and H-chain genotypes observed per locality are given in Table 11.
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TABLE 11

Numbers of combined L- and H-chain genotypes observed per locality

185

Genotype Locality
bbbaaadDeE
459123% BB BW CH CN MO QU UN UR GC DO GL HI PO NH WE CL TOT
1 2002002002 - - 1 - - - - - 2 - - - - - - 3 6
2 2002001111 - - - 1 - - - - 10 - - - - - - - 11
3 2002001102 1 - - - - 1 1 2 11 2 - - - - - 3 21
4 2002000220 - - 1 2 - - - - 12 - - - 1 - - - 16
5 2002000211 - - 6 2 1 - 1 2 30 2 1 7 1 - - - 53
6 2002000202 - 1 - - 2 - - 10 35 10 1 9 - 1 1 6 76
7 2001101111 - - - - - - 1 - - - - - - - - 1 2
8 2001101102 - - - - - - - 2 7 - - - - - - 2 11
9 2001100220 1 - - - - - - - 1 - - - - - - - 2
10 2001100211 - 1 - 4 - - - 5 12 2 - - - 3 - 3 30
11 2001100202 - - - 3 - - - 3 18 - 1 - 1 1 - 1 28
12 2001012002 3 - - - - - - 2 14 2 - - - - - 1 22
13 2001011111 2 1 - 1 - - - 1 15 3 - 7 1 - - - 31
14 2001011102 3 6 3 - - 1 7 41 20 1 16 - 4 - 5 109
15 2001010211 - - 7 7 1 - 1 - 14 - - 3 1 1 - 1 36
16 2001010202 - 1 4 5 - 1 2 - 18 6 1 11 1 5 - 3 58
17 2000202002 - - - - - - - 1 - - - - - - - - 1
18 2000200220 - - - - - - - - - - - - - - - 2 2
19 2000200211 - - - 1 - - - 4 2 - - - - 3 - 1 11
20 2000200202 - - - - - - - - 2 - - - - - - - 2
21 2000112002 - - - - - - - 2 - - - - - - - - 2
22 2000111111 2 1 - - - - - - 1 1 - - - 1 1 - 7
23 2000111102 1 - 1 - - - 1 8 - - - - 3 - 1 17
24 2000110220 - - - - - - -~ - - - - - - - ~ 1 1
25 2000110211 - 1 - - - - 1 - - - - - - 2 - 5 9
26 2000110202 - - - 4 1 - - - 5 - - - - 1 1 4 16
27 2000022002 2 2 - - - - - - 11 17 2 5 - 6 3 1 49
28 2000021111 - - - - - - - - - - - - - 1 - 1 2
29 2000021102 2 1 1 -~ - - - - 12 3 1 11 - 8 - 2 41
30 2000020220 - - - - - - - - - - - - - - - 1 1
31 2000020211 - - - - - - - - - - - - - 1 - 2 3
32 2000020202 - - 7 4 - 1 1 - 13 2 - 6 - 8 - 2 44
33 2000002002 - - - - - -~ - - - - - - - - 1 - 1
34 1102002002 - - - - - 1 ~ - 5 - - - - - - - 6
35 1102001111 - - 3 - -~ - - - 13 - - - - - - - 16
36 1102001102 - - - 2 - - - - 17 - - - - - - 3 22
37 1102000220 - - 2 - - 1 - - 11 - 1 - 1 - - - 16
38 1102000211 - - 4 4 4 - 1 1 16 1 3 - 2 - 2 1 39
39 1102000202 1 1 2 - 1 - 1 7 18 3 1 - 2 2 1 6 46
40 1101102002 - - - - - - - 1 - - - - - - _ - 1
41 1101101111 - - - - - - - 1 - - - - - - - 1 2
42 1101101102 - - - - - - - 2 3 - - - - - - - 5
43 1101100220 - - - - - - - - 2 - - - 2 _ 2 - 6
44 1101100211 - 3 1 2 - - 1 1 9 1 - - - - 1 5 24
45 1101100202 1 - - 1 - - - 4 6 - - - - 2 1 1 16
46 1101012002 - 1 - - - - - - 11 - - - - - - - 12
47 1101011111 - - 1 1 - - - - 13 3 1 - - - 1 1 21
48 1101011102 1 3 2 1 - - 2 1 41 4 4 - - 4 - 7 70
49 1101010220 - - - - - - - - - - - - - - 1 _ 1
50 1101010211 - - 3 2 - - 1 - 18 - 1 - 2 2 - 3 32
51 1101010202 - 2 6 5 - - 2 - 17 - 1 - - 10 3 7 53
52 1100201111 - - - - - - - 1 - - - — - _ 1 - 9
53 1100201102 - - - - - - - 1 - - - - - - 1 - 2
54 1100200220 - 1 - - - - - - - - - - 1 1 - 1 4
55 1100200211 - 2 - 1 - - - 2 1 - - - - 3 92 1 12
56 1100200202 - - - 1 - - - - 2 - - - - - 1 - 4
57 1100112002 - - - - - - - 1 - - - - - - - - 1
58 1100111111 - 1 - - 1 - - 1 - 1 - - - - - 1 5
59 1100111102 - 2 - - - - - 3 3 - - - - 5 - - 13
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TABLE 11—Continued
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Genotype Locality
bbbaaadDeE
4591239 BB BW CH CN MO QU UN UR GC DO GL HI PO NH WE CL TOT
60 1100110220 - - - - - - - - - - - - - 1 - 4 5
61 1100110211 - 2 - - - -~ - - - - - - - 3 — 3 8
62 1100110202 1 - - 2 - - - - 3 - - - - 4 1 1 12
63 1100022002 1 2 - - - - - - 12 5 - - 1 8 1 - 30
64 1100021111 - - - - - - - - - - - - - 2 - 9 4
65 1100021102 - 1 2 - - 1 - - 5 1 - - 1 8 2 - 21
66 1100020211 - - - - - - - - - - - - - 4 - 5 9
67 1100020202 - 1 7 6 - 1 - - 6 - - - 2 5 1 4 33
68 1012001102 - - - - - - - 1 - - - - - - - 1 9
69 1012000220 - - - - - - - - - - - - 1 - - - 1
70 1012000211 - - - - - - - - 1 - - - 2 - - - 3
71 1012000202 - - - - - - - - - - - - - - _ 1 1
72 1011101111 - - - - - - - - - - - - 1 - - 1 9
73 1011100220 - - - - - - - - - - - - 1 - - - 1
74 1011100211 - - - - - - - - 1 - - - 1 - - 2 4
75 1011100202 - - - - 1 - - 1 - - - - 1 - - - 3
76 1011011102 - - - - - - - 1 4 - - - 1 - - 2 8
77 1011010211 - - - - -~ - - - - - - - 9 - - 1 3
78 1011010202 - - - - - - - - 4 - - - - - - 2 6
79 1010200220 - - - - - - - - - - - - 1 - - 1 2
80 1010200211 - - - - - - - - - - - - 1 - - - 1
81 1010200202 - - - 1 - - - - 1 - - - - - - - 2
82 1010112002 - - - - - - - 1 - - - - - - - - 1
83 1010111102 - - - - - - - 1 - - - - - - - 1 2
84 1010110220 - - - - - - - - - - - - - - - 1 1
85 1010110211 - - - - - - - - - - - - - - - 1 1
86 1010022002 - - - - - - - - 2 - - - - - - - 2
87 1010021102 - - - - - - - - 2 - - - 2 - - 1 5
88 1010020211 - - - - - - - - - - - - - - - 1 1
89 1010020202 - - 3 - - - - - - - - - 2 - - 2 7
90 0202001111 - - - 2 - - - - 1 - - - - - - - 3
91 0202001102 - - - - - - - - 1 - - - - - - 9 3
92 0202000220 - - - 1 - - - - 1 - - - 2 - 1 - 5
93 0202000211 1 - 3 1 - - - - 4 - - - 2 - - - 11
94 0202000202 - - - - - - - - 1 - 1 - - - 1 - 3
95 0201101111 - - - - - - - - - - - - - - 1 _ 1
96 0201101102 - - - - - - - 1 1 - - - - - - - 2
97 0201100220 - - - - - - - - - - - - 4 - 9 6
98 0201100211 - 1 - - 1 - - - 3 - 1 - 3 1 1 1 12
99 0201100202 - - - - - - - - - - - - 2 - 1 1 4
100 0201012002 - - - - - - - 1 1 - - - - - - - 2
101 0201011111 - - 1 - - - - - 2 - - - 2 - 2 - 7
102 0201011102 - 1 - - - - - - 3 - - - - 1 3 - 8
103 0201010211 - - 4 - - - 1 - 2 - - - 1 - - - 8
104 0201010202 - - 3 - - - - - 1 - - - 1 - - 3 8
105 0200201111 - - - - - - - - - - - - - - 1 - 1
106 0200200220 - - - - - - 1 - - - - - 1 1 2 - 5
107 0200200211 - 1 - - - - - - - - - - - - ~ 2
108 0200111111 - 1 - - - - - - - - - - 1 - 1 - 3
109 0200111102 - - 1 - - - - - 1 - - - ~ - - - 2
110 0200110211 - - - - - - - - - - - - 2 1 2 1 6
111 0200110202 - - - - - - - - - - - - ~ 3 1 - 4
112 0200022002 - - - - - - - - 2 - - - ~ - 2 - 4
113 0200021102 - - - - - - - - - - - - 4 2 2 - 8
114 0200020220 - - - - - - - - - - - - - - - 1 1
115 0200020202 - - 2 - - ~ 2 - 1 - - - 1 3 1 - 10
116 0112002002 - - - - - ~ - - 1 - - - - - - - 1
117 0112001102 - - - - - - - 1 - - - - -~ - - 2 3
118 0112000220 - - - - - ~ - - - - - - 1 - - - 1
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The presented data list allows the calculus of all parameters presented in this paper as well as a complete analysis of the linkage disequilibria,
which will be discussed elsewhere. The most frequent are rabbits with genotype number 14 “2001011102” which reads 4/b4; al/a3; d11/
d12; el5/el5.

@ Allele is at homozygous state “2,” at heterozygous state “1” or is absent “0.” Genotype names reflect the sequence of states of alleles 44,

b5,09,al,a2,a3,d11,d12, el4 and ¢l5, respectively.



