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ABSTRACT

Population studies at the b-locus of the “constant” regions of the rabbit immunoglobulin «1 light
chain (c,;) revealed patterns of gene diversity resembling those that mark the peculiar nature of the
major histocompatibility complex, such as large number of alleles, high heterozygosity levels, consistent
excess of heterozygous individuals and long allele coalescence times. This paper documents the
evolutionary patterns at the b-locus as inferred from DNA sequence comparisons. Among alleles,
synonymous substitutions outnumbered expectations for neutral alleles by an order of magnitude.
They were distributed randomly throughout the c,, coding region while interallelic amino acid
differences did cluster into segments overlapping with the regions exposed to the solvent. Within
these regions, acceptance rates of mutation at amino acid replacement sites were even higher than
those at synonymous sites (d,/d, = 1.6-3.0), while in the intervals between these regions the opposite
was found (d./d, & 0.3). Under the assumption that allelic variation is adaptive at the molecular
surface, the divergence patterns at the b-locus are therefore very similar to those reported for the
major histocompatibility complex. An analysis at the quasi silent bas-locus (c.s), which is linked to the
b-locus, and comparisons among genes of the “variable” region of the «1 light chains (v,,), revealed
patterns of divergence which differed markedly from those observed at the c,, constant regions. It is
suggested that allelic variability at immunoglobulin constant regions can be due to mechanisms similar

to those enhancing diversity at histocompatibility loci.

HE mechanisms sustaining the extensive genetic
diversity at loci of the major histocompatibility
complex (MHC) received much interest in recent lit-
erature (BopMER 1972; KLEIN 1986; KLEIN and FI-
GUERA 1986; O’BRIEN and EVERMANN 1988; HUGHES
and NEer 1988, 1989; HAMILTON, AXELROD and
TANESE 1990; TAKAHATA and NEI 1990; PortTs,
MANNING and WAKELAND 1991). The MHC complex
is characterized by; (1) large number of alleles, (2)
extensive amino acid differences between alleles, (3)
a rate of amino acid altering substitutions exceeding
that of synonymous substitutions (at least in the pep-
tide binding region) and (4) unusually long allele
coalescence times (i.e., interspecies polymorphisms;
see TAKAHATA and NE1 1990). This situation was
considered without precedent and conflicts with pre-
dictions of variation at selectively neutral alleles. Ac-
cording to NEI and co-workers it constitutes evidence
for balancing selection, either overdominant or fre-
quency dependent (HUGHES and NEI 1988, 1989;
TARKAHATA and NEI 1990).

In the European rabbit, population genetical evi-
dence has been presented for overdominant selection
at the immunoglobulin (Ig) constant region (VAN DER
Loo 1987; vAN DER Loo et al. 1987). In natural
populations, heterozygosity levels higher than 80%
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were recorded at the b-locus of the « light chain (VAN
DER L0oO, FERRAND and SORIGUER 1991). In areas
where only two or three effective alleles were present,
a heterozygote excess of 10% was observed which was
specific for the b-locus, while the analysis of variances
revealed a distribution of gene diversity among pop-
ulations which was consistent with overdominant se-
lection (VAN DER Loo 1992).

In the rabbit genome there are two distinct genes
coding for the constant region of Ig light chains (L-
chain) of the « class, defining the K; and the K,
subclasses (reviewed in MAGE 1987). The rabbit K, L-
chain differs from other known mammalian immu-
noglobulin L-chains by having a disulfide bridge be-
tween the variable (v,;) and the constant (c,;) domain.
The L-chains of the vast majority of the antibodies
expressed in rabbits are of the K; subclass. The K; L-
chain is polymorphic and defines the b-locus men-
tioned above (OUDIN 1960; MAGE ¢t al. 1973; CAZEN-
AVE et al. 1987). Although confirmed as a single gene
locus by direct genome analysis (AKIMENKO, HEID-
MANN and ROUGEON 1984; EMORINE et al. 1984;
MATTHIJSSENS et al. 1985), differences between K,
alleles can be extensive (up to 40% amino acid substi-
tutions) [REISFELD, DrRAY and NISONOFF (1965), re-
viewed in MAGE (1987)]. At the bas-locus (KELUS and
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WEIss 1977) of the rarely expressed K, L-chain the
situation is different: only two alleles have been distin-
guished so far, which differ by a single amino acid
substitution (BERNSTEIN et al. 1984). The ¢, and c,9
genes are located on the same chromosome (BENAM-
MAR and CAZENAVE 1982).

Population genetical and evolutionary studies on
the allele diversity at the rabbit b-locus might contrib-
ute to a more general test of the theoretical models
on interallelic divergence under balancing selection
as proposed by TAKAHATA (1990) for MHC loci. In
an attempt to evaluate the possible degree of similarity
in evolutionary pathways, we have compared the pat-
terns of allelic divergence at the rabbit 4-locus to those
documented by HUGHES and NEr (1988, 1989) for
MHC loci. In light of the study on the variable region
of the Ig heavy chain (vy) by TANAKA and NEI (1989),
the mode of variation at the constant region genes
(ca) was also compared to that at the gene family
defining the variable regions of the x1 L-chain (v,;).

MATERIALS AND METHODS

Sequence data: All available sequence data on rabbit «L-
chain were considered. The accession numbers and PC-gene
identifications of the sequences analyzed in this study are
displayed in Table 1. For c,; (b-locus), all (and only those)
sequences were used representing different alleles that can
be distinguished by serological means: i.e., the 54 (or b41),
b4var (or b42), b5, b9 and b95 allotypes (K, sequences).
These are from domestic breeds of Oryctolagus cuniculus
cuniculus, except for the 95 gene which was derived from
a wild specimen of the subspecies Oryctolagus cuniculus algiris
(CAZENAVE et al. 1987). For c,, (bas-locus), the sequences of
three distinct genes of the bas2 allotype were compared to
the one basl sequence available (K sequences). These bas2
genes were on chromosomes differing at the b-locus (i.e., b6,
b9 and 695). The B41H gene is not part of this database. It
was cloned from a mouse-rabbit hybridoma line expressing
a complete rabbit L-chain of the 41 allotype (SUOMALAINEN
et al. 1983; MATTHYSSENS et al. 1985) and was sequenced
by W. vaN DER Loo. The B41H sequence is displayed in
the APPENDIX.

Sequence comparisons: Estimates of substitution rates at
synonymous sites (d,) and at amino acid replacement sites
(d,) were done following NEI and GojJoBoRI (1986). In short
d., the estimated number of synonymous substitution per
synonymous site is derived from the fraction p. of observed
number of substitutions per synonymous site as suggested
by JUKES and CANTOR (1969): d= —3/4 In(1 —4/3 p). For p
> 0.6 see TAJIMA and NEI (1984). The significance of the
differences of d, vs. d, can be evaluated by a Z-test. The
variances of estimates of mean of d were derived as in
HucGHEs and NEI (1989) or according to NEI and JIN (1989).
For the variable region genes, where divergence can be
extensive, it would be more rigorous to present p, and p,
values rather than the transformations (see TANAKA and
NEI 1989): p, and p, are easily obtained from the d, and d,
values presented. The distribution of conserved and variable
sites among K, alleles was tested for randomness following
the procedure proposed by STEPHENS (1985). The definition
of regions of high antigenicity (AG blocks) was based upon
measures of average structural dissimilarity following Pap-
LAN (1977, 1979), hexapeptide hydrophilicity (Hopp and

TABLE 1

Accession numbers and PC GENE-identifications of
Immunoglobulin x L-chain sequences analyzed

Species Reference?

Oryctolagus cuniculus
K; constant region (c.2): bas allele (and associated b

allele)
K»bas2(b9) OCIGK2B9 XO05801 N
Kzbas1(b9) OCIGKLCR K01280 (2)
Kbas2(b6) OCIGK2B6 X05800 (2)
Kbas2(b95) OCIGKC] M22543 (3)
K constant region (c,): b allele
K69 OCIGK X00674 (4)
K695 OCIGKCI  M22542 %)
K65 OCIGKB5C KO01363 (4)
K, b4 OCIGKLC K01358/]00667 (5)
K b4var OCIGKB4C K01362 4)
K variable region (v,)
VI8A OCIGO06 X00997 (6)
VI18B OCIG07 X02336 (6)
VI19A OCIGO08 X02337 6)
V19B OCIG09 X02338 (6)
V20 OCIGKVA KO02131 )
V3Cs OCIGKLCR K01280 1)
V17D9 OCIGKB9 K01359 8)
B4D5 OCIGKLC KO01358/J00667 (5)
B5F2 OCIGO03 X00032 9)
B41H (10)

Other species:
Kappa constant region (c.)

Homo sapiens HSIGKCA M11736 (11)
Rattus norvegicus  RNIGKX V01241 (12)
Mus musculus MMIGKC V01569 (13)

2 (1) BERNSTEIN et al. (1984), (2) MARIAME, AKIMENKO and
ROUGEON (1987), (3) H. Avapi, N. MARCHE and P. A. CAZENAVE
(personal communication), (4) AKIMENKO, HEIDMANN and Rou-
GEON (1984), (5) DREHER ¢t al. (1983), (6) HEIDMANN and ROUGEON
(1984), (7) LIEBERMANN, EMORINE and MaAX (1984), (8) MAGE et al.
(1987), (9) BERNSTEIN, SKURLA and MAGE (1983), (10) VAN DER
Loo, this paper (APPENDIX, Figure 4), (11) HIETER et al. (1980),
(12) SHEPPARD and GUTMAN (1981), (13) STAVENEZER-NORDGREN,
KEKIsCH and ZEGERS (1985).

Woobs 1981) and immunogenic potential (PADLAN 1985)
as they were proposed in MCCARTNEY-FRANCIS ¢t al. (1986).
In view of ambiguities in the definition of regions of high
vs. low antigenicity an algorithm was searched which would
assign the highest fraction of interallelic amino acid replace-
ments to a minimal number of regions totaling a minimal
fraction of the K, sequence. These regions of increased
amino acid variation are designated as AV blocks. Unrooted
trees of rabbit ¢, sequences were constructed using the
program FITCH of the software package PHILIP which
was generously donated by JoE FELSENSTEIN (University of
California, Berkeley).

RESULTS

Clustering of interallelic amino acid replacements
in diversity blocks: In Figure 1 the nucleotide se-
quences of different alleles of the rabbit c,; are dis-
played together with those of other mammalian c,
genes. According to the test outlined in STEPHENS
(1985), the regions conserved between K; alleles are
not distributed randomly (x* = 22, d.f. = 8, P < 0.01).
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TABLE 2

Mean numbers of nucleotide substitutions per synonymous site (d.) and per amino acid replacement site (d.) expressed as percentages,
with their standard errors, between genes of the constant region of the Ig x L-chain

Entire sequence (n = 309-318)

AV blocks (n = 156-165)
AG blocks (r = 186-195)

AV intervals (n = 153)
AG intervals (n = 123)

Comparisons (nb) ds dr dr/ds d, dr dy/dg® dy dy dy/ds
Rabbit
Intralocus:
K;us. K, (10) AV 109*39 143+26 1.3 11.9x5.7 26.3 £ 5.1 2.2% 9953 29+16 0.2
AG 931+ 4.6 259+47 28** 154x75 24+16 0.16
K,vs. K> (3) AV 09x1.1 0404 05 0915 08+08 0.5 09+1.6 0.0x£0.0 0.0
Interlocus:
K, us. K; (B) AV 183 %51 16928 09 20777 28.0+5.2 1.3 15.7 £ 6.8 57+22 0.27
AG 19.2 + 6.8 238+44 1.2 19.3 £ 8.5 8.2+30 042
All comparisons AV 13.4+44 152+£27 1.1 149x6.4 269+52 1.8 11.8+5.8 38+18 0.32
(15) AG 13.3+£5.6 253+46 1.5 169+79 47+23 0.29
Rabbit, rat, mouse and human
All comparisons AV 76.1x148 28639 04 759+224 366=x65 0.5 80.1 £22.1 204x45 0.26

(6)

The K, alleles compared represent respectively the b4, b4var, b5, b95 and b9 allotypes. For the K alleles, three distinct sequences of the
bas2 allotype were compared to a sequence of the bas! allotype. AV blocks refer to eight regions showing increased interallelic amino acid
variation, AG blocks are regions of increased antigenicity as defined in MCCARTNEY-FRANCIS ¢t al. (1986). Standard deviations displayed
were estimated from the sampling variances as in HUGHES and NEI (1989). Standard deviations are lower and significance levels higher if

variances are estimated according to NEI and JIN (1989).

4 d, is significantly larger than d; by a Z-test at 5% (*) or 1% level (**).

Ninety-two percent of variable sites could be allocated
to eight regions of increased allelic variation (AV
blocks), representing 50% of the c,; coding region.
This was achieved by limiting to.one the number of
consecutive conserved amino acid positions allowed
within blocks while requiring at least three variable
sites per block. These AV blocks are indicated on
Figure 1, together with the regions of increased anti-
genicity (AG blocks). Variability regions were also
defined by “sliding windows” as in IRWIN, KOGCHER
and WILSON (1991): they were virtually identical to
the AV blocks defined above, and are not shown.
Estimation of d, and d, at regions of high and of
low diversity: In Table 2 the mean values for the
estimates of rates of synonymous and nonsynonymous
mutant acceptance between Kappa constant regions
(respectively designated as d, and d,) are displayed for
the AV and AG blocks and for the corresponding
intervals, in analogy with the data presented on MHC
loci in HuGHES and NEI (1989). The d, values in AG
or AV blocks were similar to d, values observed in the
corresponding intervals. At variability blocks, d,
among K, alleles was always larger than d, (Tables 2
and 3). At the intervals, d, was always smaller than d..
The d, and d, values are displayed for pairs of ¢, genes
in Table 3. The standard deviations shown in the
Tables were estimates as in HUGHES and NEi (1989).
It would be more accurate to derive these estimates
from the variances of the total nucleotide diversity
according to the method outlined in NEI and JiN
(1989), where covariances due to phylogeny between

paired comparisons are taken into account. This pro-
cedure reduces the estimates of the standard devia-
tions compared to those displayed in the tables by a
factor which is smaller than 0.76 for comparisons
among K, alleles and among the rabbit K sequences
(i.e., K; and K;). The differences between the means
of d, and d; at AV and AG regions are therefore more
significant than indicated in Tables 2 and 5 (the
corresponding Z values calculated by the method of
NE! and JIN (1989) were 1.9 and 2.5 for, respectively,
the K and the K, sequences).

It appears that among K, alleles, the ratio of the
means of d, and d; (d./d,) would be higher if the 59
allele was excluded from the comparisons. The 59
allele shows more homology with c,e than do the other
c. alleles and might not be monophyletic with the 54,
b5 and 95 alleles (see APPENDIX). In Figure 2
unrooted trees for synonymous and replacement
substitutions are displayed while Figure 3 visualizes
the correlations of d, and d, among pairs of rabbit c,
genes. Variation was much more limited among K
alleles. Comparisons between c,; and c,p are also
shown.

Estimation of d. and d, for hypervariable (CDR)
and framework (FR) regions of the v,;: The diver-
gence between 10 variable region genes (v,) was ana-
lyzed in analogy with what is described for the con-
stant region genes. Regions of variablility were either
defined by the procedures used to define blocks of
allelic variability (V blocks), or by adopting the defi-
nition of hypervariable regions as proposed in KABAT
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TABLE 3

Estimates of d, and d,, expressed as percentages, their sampling variances and Z-statistics at AV regions for pairs of C, Genes

P P
z dg > dy ds > d,
d,/ds dg s 5D dr s SD dy-ds AV (%) INT (%)
Interspecies ¢
Hum:Mus 0.47 91.0 26.3 43.0 7.3 -1.75 96.0 97.6
Hum:Mus 0.47 91.0 26.3 43.0 7.3 —-1.75 96.0 97.6
Hum:Rat 0.50 72.2 20.5 35.8 6.4 -1.70 95.5 99.9
RK::Mus 0.38 113.0 34.9 43.1 7.3 ~1.96 97.5 99.2
RK.:Rat 0.41 89.3 25.8 36.4 6.4 -1.99 97.7 99.6
RKs:Hum 0.70 66.7 19.0 46.4 7.7 -0.99 83.9 78.8
Rat:Mus 0.63 23.2 8.3 14.6 3.5 -0.95 82.9 91.6
Mean 0.48 75.9 22.5 36.5 6.2 —-1.69 95.1 96.2
Rabbit ¢, interlocus (cy/Cx2)
K2/K,,
Ko:b5 1.34 26.6 9.0 35.8 6.3 0.84 20.0 89.4
K.:b95 1.31 23.5 8.3 30.7 5.7 0.72 20.6 94.8
Ko:bdv 1.23 22.0 8.0 271 5.2 0.53 30.1 87.1
Ka:b4 1.27 20.9 7.8 26.4 5.1 0.60 27.4 87.1
K>/bs
K.:b9 1.87 10.7 5.4 20.0 4.3 1.35 8.8 93.3
Rabbit ¢, intralocus
b9/K 1,
b9:b5 1.78 23.6 8.3 42.1 7.0 1.70 4.5 80.5
b9:b95 2.10 19.4 7.4 40.8 6.9 2.11 1.7 94.0
b9:b4v 1.82 17.6 7.0 32.1 5.8 1.58 5.7 80.5
b9:b4 1.90 16.5 6.8 31.4 5.7 1.68 4.6 80.5
KII/KII
b5:b4y 2.66 11.5 5.6 30.7 5.7 2.41 0.8 96.6
b5:h4 2.90 10.3 5.3 30.0 5.6 2.57 0.5 96.6
b95:b4v 2.66 8.9 4.8 23.6 4.8 2.17 1.5 91.6
b95:b4 3.05 7.6 4.4 23.1 4.7 2.39 0.8 91.6
b95:b5 2.84 2.6 2.6 7.3 2.5 1.33 9.3 88.1
b4:b4v 1.61 1.3 1.8 2.1 1.3 0.35 36.7 50.0

s SD is the standard deviation due to sampling variance estimated as p(1-p)/m(1-4/3 p)’, p the frequency of substitutions and m the number
of sites. Comparisons were done between the regions of increased interallelic variability (AV) as defined among rabbit b-locus alleles. Among
species, the regions compared were homologous to the AV regions. Z = (d,-ds)/sqrt(s sD,? + s sD,%). The probabilities P that dy > d, are shown

for AV regions and for the intervals (INT).

(1987) (CDR for “complementarity defining regions”)
in analogy with the study of TANAKA and NEI1 (1989)
for heavy chain (H-chain) variable regions. The posi-
tions of CDR and V segments are indicated on Figure
4, together with the cDNA sequence of the B41H L-
chain. CDR regions correspond more or less to seg-
ments of high amino acid variation (i.e., CDR3 is
indentical with V3), except for the N terminal region
(Vn1), where no CDR region is defined but amino
acid variation is high (d, = 0.3). Comparisons between
v, germline genes of the same individual (VI8A, V18B,
VI9A, VI9B), between v, genes expressed in different
individuals (17D9, B52, B41H, B4D5) or between v,
genes grouped according to the corresponding b-locus
allotype, gave similar results. A detailed analysis can
be found in VERDOODT (1991). Estimates of d, and d,
at hypervariable regions (CDR or V) and at the cor-
responding intervals (Framework) are shown in Table
4. d, was four times larger at CDR regions than at
Framework (d,“"® = 0.402 vs. d,'® = 0.090). How-
ever, in contrast with findings on c,; alleles and on

murine vy, regions (TANAKA and NEI 1989), where d,
values were similar among variable and conserved
segments, d, was, like d,, much larger at CDR than at
the Framework regions (d,°°® = 0.314 vs. 4} =
0.105). This was more pronounced in cases where
amino acid variability was the criterion for partition-
ing (d.¥ = 0.432 vs. d™ = 0.077, Table 4). Within V
blocks, d, was even slightly larger than d, (d,¥ = 0.432
vs. d,¥ = 0.415). The d,/d, ratios were by consequence
similar among hypervariable and conserved regions.
Estimate of the relevant mutation rate » of b-locus
genes: The relevant mutation rate is the rate at which
mutations that can possibly be favored by selection
arise at a given locus in the population. v can be
estimated as the product v = ur&, where yu is the
mutation rate, r is the number of sites where substi-
tutions are potentially adaptive, and 2 is the proba-
bility that a mutation is favorable (TAKAHATA 1990).
By adopting divergence times among mammalian or-
ders as in L1 et al. (1990), the mean d, between c,
genes of primates, lagomorphs and rodents indicate a
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d s K1ibdvar
K169 0.007
Kib4
0.029
0.084 0.032
0.048
0.073 0.048 Kibs
0.011
K1b95
K2bg
K169
d r Kib4
0.076 0.0034 0.0076
Kibdvar
0.046
0.069
0.047 0.055
Kobo 0.051 Kib5
K1b95

FIGURE 2.—Unrooted tree of the constant region of rabbit Ig «
L-chain, based upon synonymous substitutions d, (top) and on upon
amino acid replacement substitutions d,. (bottom).

rate of synonymous substitutions very similar to g =
5.3 X 107 per site per year, the overall mutation rate
estimated for proteins in KIMURA (1985). A maximal
estimate of » at the b-locus is then obtained by setting
r = 195 (the largest number of nucleotides within the
AG regions), and & = 0.8 (the probability that a
mutation is not synonymous). One might also consider
that part of the amino acid changes in AV or AG
regions are not selected but might be a corollary of
balancing selection which increases also the rate of
neutral mutations (mainly, but not only, because of
increased allele persistence times). If, as indicated by
the data, d,/d, equals 2 to 3 in regions exposed to
selection, 33-50% of the observed replacement mu-
tations might actually be neutral. The areas where
mutations are potentially favorable could then_ be
more restricted and/or the probability of adaptive
mutations smaller than 0.8. A reasonable low estimate
of v might be derived from r = 156/2 (half of the
smallest number of nucleotides within AV blocks).
Therefore, with u = 5.3 X 107° per year per site, the
yearly rate of relevant evolution at c, genes could lie
between the values:

Voo = 8.4 %X 1077y =3.4 X 107"

DISCUSSION

This study proposes estimates of d, and d; for sec-
tions of the c,; chain that might be exposed to differ-

ent selective constraints. For the MHC class I alleles,
the regions exposed to positive selection were postu-
lated to coincide with the 57 amino acids of antigen
binding regions (ARS), a hypothesis which was sup-
ported by the observation that the ratios of d,/d, were
much higher within the ARS than outside. The rele-
vant mutation rate » was therefore estimated as v =
2.9 X 107" x 57 X 3 X 0.8 = 3.9 X 1077 amino acid
replacements per ARS per year, given that the muta-
tion rate g at this locus was estimated at 2.9 X 10~°
per nucleotide per year (HAYASHIDA and MIYATA
1983) and that 80% of substitutions alter the amino
acid composition (TAKAHATA 1990). The region of
putative adaptive divergence at MHC class II genes
was defined by analogy with MHC class I.

For the constant regions of the Ig L-chain no par-
ticular region is known to benefit from allelic varia-
bility. However, microorganisms can manipulate the
immune response by interacting with constant regions
of the immunoglobulin molecules (FujiyAMA et al.
1985; HAMERS, VAN DER Loo and DE BAETSELIER
1986). Allelic diversity at Ig constant regions might
therefore be part of a host strategy (VAN DER Loo
1987). For obvious reasons such adaptive variation
should in the first place concern regions exposed to
the environment, t.e., the molecular surface. The
amino acid compositions of the c,; chains indicates
regions of high antigenicity, separated by mainly hy-
drophobic regions. The latter represent in essence the
8 pleated sheet core of the immunoglobulin fold while
the antigenic regions (AG blocks) occupy the connect-
ing loops and are exposed to the solvent (see Mc-
CARTNEY-FRANCIS et al. 1986). The degree of replace-
ment substitutions d, was clearly higher in the AG
regions than in the intervals between them (Table 2)
confirming differences in selective constraints. The
distinction between high vs. low antigenicity is neces-
sarily somewhat arbitrary. The mean ratio of d./d,
was larger for AG blocks than for AV blocks, indicat-
ing that the latter does not lead to overestimation of
this parameter (Table 2). In view of the extensive
overlap between antigenic regions and those of allelic
variation we present estimates on d, and d, for AV
regions and intervals.

The observation that some regions of protein mol-
ecules are more conserved than others, is not surpris-
ing but it is interesting that in the AV and AG blocks,
replacement substitutions among alleles were consist-
ently more frequent than synonymous substitutions
(d, > d,). This makes it unlikely that the differences
in variability are merely due to selection that prevents
structural change in the conserved regions. SHEPPARD
and GUTMAN (1981), who reported increased d./d,
ratios for the alleles of the rat « L.-chain, regarded this
increase as evidence for selection preventing synony-
mous mutations (“strong selection at the level of the
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FIGURE 3.—Correlation of d, and d, values among AV regions of rabbit « L-chains (top) and among ARS regions of human MHC class 1
and class 11 molecules (bottom). The (d,, d;) coordinates are displayed for two by two comparisons between AV regions of rabbit ¢, genes
and compared to (ds, d;) coordinates for the mean d values at antigen recognition site regions of human MHC loci as they were reported in
HUGHES and NEI (1988, 1989). These are class I loci: A, B, C and class II loci DPB, DQB, DRB. Datalabels are centered on datapoints. CK1
indicates mean (ds, d;) among all b-locus alleles, CK11 that among the b-locus alleles excluding the 59 allele. *Correspond to pairwise
comparisons among b-locus (CK1) genes. (d,, dr) points for comparisons between bas-locus (CK2) alleles fall within the area expected for

neutral alleles (ds > d, and ds < 2%, indicated by +++).

nucleotide sequence”). Also the number of silent re- incidence of synonymous substitutions among rabbit
placements between b-locus genes was repeatedly de- K alleles is, on the contrary, unusually kigh for alleles.
scribed as “low” (BERNSTEIN, SKURLA and MAGE 1983; According to KIMURA (1968, 1985), for neutral al-
MAGE et al., 1987; vaAN DER Loo, FERRAND and So- leles, the turnover times T are, on theoretical

RIGUER 1991). It is important to emphasize that the grounds, expected to be of the order of 4N, genera-
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FIGURE 4.—DNA sequence of the B41H variable region of a x L-chain of the 541 allotype as expressed in a mouse-rabbit hybridoma line
and position of CDR regions and variability (V) blocks: cDNA was derived from the cell line RX-54.3, which was kindly donated by GEORGE
KOHLER (Basel Institute for Immunology, Switzerland) and was described in SUOMALAINEN ¢t al. (1983) and MATTHYSSENS et al. (1985). The
sequence starts at position 9 of the leader (Ly,), followed by, respectively, the variable region (V) and the joining region (Jxi). The constant
region (Cx,) which was found identical to other published b4 sequences and noncoding regions are not shown. The nucleotides underlined
are unique at that position among the 10 rabbit v, sequences here analyzed. Italics indicate likely nucleotides at positions where data were

unclear. The CDR regions (++++) and V blocks (

) are indicated.

TABLE 4

Mean numbers of nucleotide substitutions per synonymous site (d,) and per amino acid replacement site (d;) expressed as percentages
between genes of the Ig variable region

V blocks (n = 81)

Intervals (n = 216)

CDR-regions framework
Comparisons (nb) ds dy/ds ds dp dy/dg
Rabbit Kappa 1 light chain v,
All (45)
\% 432+ 169 41.5 x 9.6 0.9 7.7+£39 8.5+23 1.1
CDR 31.4x+13.7 40.2 £ 95 1.3 10.5 £ 4.6 9.0+ 24
V18A&B; VI9A&B; V20 (10)
CDR 30.1 134 383+ 9.1 1.3 145+ 5.5 7.1 2.1 0.5
17D9; B5F2; B41H; B4D5 (6)
CDR 314+ 138 40.2 +94 1.3 9.5+44 7.4+22 0.7
Mouse heavy chain vy, subgroup 114
All (210)
CDR 22.2+5.8 30.3 £ 3.0 1.3 25.1+28 7.0+ 0.8 0.3

CDR are complementarity defining regions of the antigen binding site, as defined in KABAT (1987). V blocks are segments where amino
acid replacements among the compared v, sequences is high and are operationally analogous to the AV blocks of the ¢ regions. The overlap
between V and CDR is shown in Figure 4. The d, and d, values on variable regions of Mouse Ig heavy chain were derived from ps and p,
values presented by TANAKA and NEI (1989) as d = —3/4 In (1-4/3 p) (JukEs and CANTOR 1969).

@ After TANAKA and NEI (1989).

tions (N, is the effective phylogenetical population
size) and this was found to be in agreement with
observations on eukaryotic genes where interallelic
differences vary between 0.0001 to 0.02 per nucleo-
tide site (NEI 1987). N. of the rabbit in its natural
habitat (Mediterranean coastal chaparral) is probably
smaller than N. of mouse populations, which can be
estimated at 10° (NE1 1987). N, smaller than 10° was
also suggested by studies on mitochondrial DNA di-
versity in natural rabbit populations (Biju-DuUvAL
1992). As average generation times in wild rabbit

should be smaller than 2 years, persistence times of
neutral alleles should be shorter than 10° years. Con-
sequently, because d; = 2 X T X g with g = 5.3 X
107%, d, should be smaller than 0.01. The d values
between pairs of alleles displayed in Tables 2 and 3
are clearly larger by an order of magnitude, except
for the b4-b4var pair. Considering that d, between rat
and mouse c, genes is 0.20, the d; values among K,
alleles appear indeed larger than can be reasonably
expected for neutral alleles.

The allelic divergence of the ¢, alleles (d, = 0.01)
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is, on the contrary, in agreement with the hypothesis
of selective neutrality and indirectly confirms the va-
lidity of the theoretical expectations outlined above.
The basI and bas2 alleles associated with a 49 K, gene
did not show a single synonymous nucleotide substi-
tution. It could be argued that such strong homology
between the basl and bas2 alleles reflected a very
recent divergence. For this reason, the K2bas2(b6)
and K2bas2(b95) sequences were included in the analy-
sis. The comparison of sequences of ¢, genes of the
bas2 allotype from chromosomes harboring different
b-locus alleles (b9, b6 and b95) confirmed that the
comparatively limited divergence between c,» genes
was not due to sampling and suggests allelic turnover
rates and substitution rates as indeed expected for
neutral alleles. Also at the 5" and 3’ flanking regions
of the ¢, genes, intralocus substitution rates (respec-
tively 0.04 and 0.02, not shown) are compatible with
neutral drift (MAGE 1987). The differences in diver-
gence at b-locus, bas-locus and flanking regions are
reminiscent of the differences in substitution rates
among exons of MHC genes. As documented by
HuGHES and NEI (1988, 1989), exons not containing
the ARS region often showed substitution rates com-
patible with neutral evolution. For example, at the K,
L and D loci of the murine MHC class I complex, d;
was 0.132 in the ARS, while d; equaled 0.012 in Exon
4. Other examples are the DQA locus of the human
MHC class II and the Eg locus of the murine MHC
classll, where the D2 exons showed much stronger
synonymous intralocus homology than observed at the
ARS containing exons.

Because balancing selection is bound to increase
allelic turnover times, the increase in d; constitutes on
its own an indication of balancing selection (TAKA-
HATA 1990) (¢f. KREITMANN and HubsoN 1991). The
fact that d, is nevertheless consistently larger than d,
in those regions where allelic variation is potentially
adaptive, suggest the existence of deterministic proc-
esses favoring population diversity at this Ig constant
region.

Comparison between b-locus and MHC evolution:
In summary, the observed situation meets the predic-
tions on allelic divergence under overdominant selec-
tion. The rates of mutant acceptance at replacement
sites are increased and the prolonged persistence times
of alleles in populations favors the accumulation of
selected as well as of neutral mutations among alleic
lineages. This evolutionary mode has been discussed
and documented in detail for the MHC alleles ((TAK-
AHATA and NE1 1990; HuGHES and NE1 1988, 1989).
Table 5 summarizes similarities in evolutionary pat-
terns at the b-locus and MHC loci, similarities which
are also sustained by the estimates of the relevant
mutation rates (see above) and by the distribution of
(d,, d,) coordinates as shown in Figure 3. It seems that
both polymorphisms could conceivably be the out-

come of similar evolutionary pathways most likely
related to immune defense strategies. It is interesting
that estimates of the rate of synonymous substitutions
(d) at the b-locus did not differ markedly from those
at the MHC loci which is in agreement with phyloge-
netical observations suggesting that allelic coalescence
times could be similar (VAN DER Loo, FERRAND and
SORIGUER 1991). The somewhat smaller d, values at
the MHC class I loci could be accounted for by the
difference in mutation rate u which is lower for MHC
class I than for ¢, (2.9 X 107 vs. 5.3 X 107°), difference
which may be due to differences in codon bias (cf.
SHARP and L1 1986).

d, and d, at hypervariable and framework regions
among v, genes: A detailed discussion on the compar-
isons between rabbit v, genes lies beyond the scope of
this paper. The data on the v, genes in Table 4
illustrate that mechanisms which increases diversity
among genes do not necessarily lead to increases in
d./d; ratios, as was observed at AV and AG regions of
c.1 genes. The mechanisms underlying the diversity at
antibody variable regions genes (reviewed in GEAR-
HART 1982) can clearly be of a different nature com-
pared to those sustaining allelic diversity. The former
generate diversity among genes within the individual
genome and seem, at least in part, to rely upon an
increase in mutation rate at the “hypervariable” (CDR)
segments: they are expected to enhance both synon-
ymous and replacement substitutions rates (EISEN and
REILLY 1985). The latter, which has to do with pop-
ulation diversity, increases only mutant acceptance
rates (and allelic persistence times): That is, this proc-
ess should preferentially affect substitutions that alter
amino acid composition. The observations for v,
genes reported here are somewhat different from
those reported by TaNAKA and NEI (1989) on variable
region genes of the mouse Ig H-chain (vy) genes. In
mouse, CDR and FR regions showed similar d,, while
d. was higher at CDR (Table 4) indicating Darwinian
selection. At CDRI1 (as well as at Vyr and V1) of the
Rabbit v, chains, synonymous substitutions were, on
the contrary, about two times more frequent than
replacement substitutions, not withstanding the fact
that these regions were defined as regions of increased
amino acid variation (d, is about 0.3). This strongly
indicates a nondarwinian component in the enhancing
mechanism. However, at CDR2 and at CDR3 (=V3),
our data (not shown) support the hypothesis of positive
selection as it was proposed for the vy variability by
TANAKA and NEI (1989).

It is interesting that the overall degree of amino
acid divergence between v, genes (d, = 0.159, not
shown) did not differ markedly from that between ¢,
alleles (d. = 0.143, Table 2). In the framework regions
of v,; genes, d, values were similar to those between
¢ genotypes. This indicates that the common ances-
tor of the actual v,, gene family could be contempo-
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TABLE 5

regions with either high or low variability

Locus (nb of comparisons) dg dr dr/ds ds dr dy/ds
MHCI ARS (n = 171) Remaining D1 (n = 372-375)
Human A,B,C (19) 47+26 14.1 £ 2.4 3. 0%k 51%2.1 24+08 0.5
Mouse K,L (12) 13.2+43 212+ 3.2 1.6% 88+23 6.3x1.1 0.7
MHCII ARS (n = 45-60) Remaining D1 (n = 192-234)
B chain:
Human DPB (19) 39+55 19.0 + 6.4 4.9 24+1.7 2.8+ 1.1 1.2
Human DQB (28) 13.7 £ 7.7 26.5 + 5.4 1.9 85+23 6.7+ 1.3 0.8
Human DRB (91) 15.0 + 8.5 45.7+6.2 3.0%* 8.0+1.9 4.5+ 0.9 0.6
Human mean (122) 14.4 + 8.2 40.6 £ 6.0 2.8 8.0+20 53+1.2 0.7
Mouse A; (21) 0.0+ 0.0 30.0 £ 6.7 *okk 4016 6.7+1.2 1.7
a chain:
Human DQA (6) 21.7+11.8 27.0 £ 6.7 1.2 8.0 +£3.2 43+1.3 0.5
Mouse A, (15) 32+30 237+ 49 7. 4%k 28+1.7 2.6 +0.8 0.9
Rabbit Ig ¢, (b-locus) AV blocks (n = 156-165) Remaining ¢,y (n = 153)
K.(09)-K, (4) 19.3 £ 7.6 36.6 £ 6.4 1.9 12.0 £ 5.9 53+22 0.2
KK, (10) 11.9+ 5.7 26.3 £ 5.1 2.2% 99+53 29+1.6 0.3
KK, (6) 7.0 £4.2 19.5 + 4.3 2.8* 8.4+49 1.3+1.1 0.2

Data on MHC are from HUGHES and NEI (1988, 1989). For the b-locus of the rabbit c,, gene, estimates based on comparisons among b4,
b4var, b5 and 595 (K, alleles) and between the 49 sequence and these four K, alleles are displayed together with those on comparisons
among the five K, alleles (Table 2). Significance levels shown are estimated as in HUGHES and NEI (1988, 1989). If variances of d, and d; are
estimated according to NEI and JIN (1989) the differences between d, and d; are significant at the 1% level among AV blocks of the rabbit

K, and K,, alleles.

rary to the common ancestor of c,; alleles (K ;). While
this should be relevant to the evolutionary processes
underlying the emergence of the disulfide bond be-
tween v,; and ¢, chains (see appendix), a more recent
history of the v,, gene family, compared to that of the
vy genes studied in TANAKA and NEI (1989), might
also account for differences in divergence patterns
among both gene families.

Concluding remarks: Within the context of pre-
vious population genetical data, the present study
strongly suggests that population diversity at the rab-
bit Ig constant region can be the outcome of evolu-
tionary pathways similar to those underlying the var-
iation at MHC loci. While the distribution of b-locus
alleles in populations of wild rabbit was in agreement
with strong overdominant selection, recent studies on
MHC alleles in mouse populations revealed a MHC-
allele-specific mating choice which resulted in heter-
ozygote excess at this locus (POTTS, MANNING and
WAKELAND 1991). This is not in contradiction with
the hypothesis of NEI and coworkers on the origin of
MHC variation if overdominance is understood in a
nonrestrictive way (i.e., any mechanism increasing the
heterozygote frequency at a specific locus). Such
mechanisms have a cost and cannot be evolutionary
stable without selective advantage of the situation they
help to create (¢f. HAMILTON, AXELROD and TANESE
1990; HowARD 1991). The possibility that the under-
lying determinism might reside within the organism

itself is interesting as it suggests a feedback of benefits
related to gene diversity which overdominance is
bound to sustain. The fact that patterns of allele
divergence due to direct overdominance cannot be
distinguished from patterns caused by such selection-
anticipating mechanisms, should therefore not dimin-
ish the evidence that the extensive allele diversity at
the MHC and at Ig loci is the outcome of deterministic
processes related to adaptiveness of population diver-
sity and evolutionary change. On the other hand, the
striking similarity between the divergence patterns at
MHC and Ig loci here reported might either reflect
similarities in actual selection forces or a similar effi-
ciency of the anticipating mechanisms.

We are indebted to RayMoND HAMERS and DOMIEN ROGGEN for
interesting discussions and to WILLY VERHEULPEN and ROBERT
HEerzoG for valuable help in sequence data accession. We are
grateful to GASTON MATTHIJSSENS for his contribution in the clon-
ing of the B41H gene. W. VAN DER Loo0 is research associate at the
Belgian National Science Foundation (NFWO-FNRS).
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APPENDIX

Note on the phylogeny of b9 allele of the rabbit
b-locus of the immunoglobulin « L-chain: Among K,
alleles, b9 shows clearly the strongest homology to the
K, gene (Figures 1-3). At numerous positions, b9 is
indentical to K, but differs from the other K, alleles
b4, b4var, b5, b95 (below “K;,” alleles). This will be
noted: K, = b9 <> K,;. At the same time there is a
fair number of sites where K, <> b9 = K,;. This
observation lead to the hypothesis that the extensive
divergence between b-locus alleles was due to gene
conversion between ¢, and c,; genes (AKIMENKO MAR-
IAME and ROUGEON 1986). A closer analysis of the
sequence data indicates that the evidence for gene
conversion is weak. First, there is no significant clus-
tering of the positions at the 9 gene where nucleo-
tides are shared either with K;; or with K alleles (P
> 0.3, not shown). Second, as will be outlined here,
the 49 allele might not be monophyletic with the K,
alleles but derived from the K, gene after the separa-
tion of K,; and K; lineages.

At most positions where K, <> b9 = K,,, the 89
sequence displays what seems to be the ancestral (plei-
siomorphic) form (examples are nucleotide positions
19, 45, 49, 191, 204, 321). This indicates mutations
in the K; lineage rather than a common history of 49
and K, after the K;-K, separation. On the other hand,
there are 4 sites (48, 190, 200, 310) where K,<>b9 =
K;; and where K; clearly shows the mammalian con-
sensus nucleotide. These mutations might not be ran-
dom: The A at nucleotide 190 is at the first position
of an ancestral Ser-171(AGC) triplet and was appar-
ently conserved in Asn-171(AAT) of the K; gene. All
K, alleles show the characteristic Cys-171(TGT) tri-
plet at this position. The substitution at nucleotide
200 changes an ancestral Ser-173(AGC) into a K,
specific Asn173(AAC) triplet. Cys171 forms part of
the disulfide bridge of the K; L-chain linking the c.
domain to the v,; domain, while Asn-173 is known to
play a role as a glycosylation site in this L-chain loop
(TANIGUISHI et al. 1985). The K, specific Asnl73
could therefore compensate for the (loss of) Asn-171
found in K. Clearly, these two mutations could reflect
convergent evolution imposed by functional con-
straints related to the emergence of the supplemen-
tary interdomain disulfide bridge in stead of common
ancestry. At positions 48 and 310, the 59 and K,
genes share a synonymous T. Also this sharing does
not imply common history as synonymous substitu-
tions between K and K, appear to be directional (GC
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— AT). The observed situation can indeed be ex-
plained by the increase in d, in the c,; lineages 9 and
K, if we assume (1) that the K, lineage was not
affected by such increase and (2) that the K, 59 and
K, lineages were derived from an ancestor gene show-
ing, like other mammalian ¢, genes, a GC > AT bias
in synonymous codon usage.

Of some 20 sites where K, = 9 <> K,,, there are
at least five that show the “consensus” nucleotide in
K,; alleles (positions 15, 28, 150, 179, 248) and at
three more sites this is likely (217, 269, 292). This is
rather strong evidence for a common history of the
b9 and the K, genes after separation from the K,
lineage (Figure 2). Under this assumption, the Cys-
171 and Asn-173 shared between 9 and K; could be
explained by gene conversion or by a recapitulation
of the events which created the ancestor of the K;;
genes, as suggested above. The latter hypothesis was
proposed in 1975, prior to the discovery of the K, L-
chain subclass and before DNA sequence data were

available.! In this scenario, 59 might have evolved by
a more recent duplication of ¢,; in a genome which
lost, or never harbored, the c,; type. The b9 allele
should then be considered pseudoallelic to the K,
genes. The proposition of the most likely phylogenetic
tree for the K, alleles might have to await further
sequence analyses of ¢, genes in lagomorphs. At any
rate, because the different K, allotypes behave like
alleles, diversity enhancing selection forces should
influence the mutant acceptance rates among these
genes much in the same way as if they were truly
allelic.

! It was suggested that a selection pressure existed (possibly due to existing
v, genes with a free cysteine residue) favoring the emergence in the rabbit
genome of a ¢, gene that would allow formation of the supplementary
disulfide bridge (i.e., of a ¢, gene with a Cys-171) and it was further argued
that this pressure was strong enough to make this happen more than once
(in different isolated populations, on different members of a hypothetical c,
gene family). As soon as a Cys-171 containing c, gene existed in the genome,
this pressure should vanish, leaving ¢, genes without Cys-171 (i.e., c.2) unex-
pressed along with expressed genes of the c,, type behaving like alleles (vAN
DER Loo 1975).



