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Summary. Based on population genetics theory of the evolution of multigene 
families, the sequence variability of  the variable regions of  immunoglobulins 
compiled by Kabat et al. (1976) has been analysed. An amino acid identity 
coefficient either within or between species is calculated separately for both 
the hypervariable and the framework regions. Under the somatic mutation 
hypothesis, the somatic component of  amino acid diversity is in addition to the 
germ line component and should contribute an amount of change between 
the hypervariable and framework regions that is independent of  the time since 
the divergence of  any two immunoglobulin gene families. The relationship 
between the identity coefficient of  the hypervariable region and that of  the 
framework region is shown to be not in accord with such prediction. The 
result indicates that the rate of  evolutionary accumulation of  amino acid re- 
placements in the hypervariable region is roughly three times more rapid than 
in the framework region and the hypervariability within a species is a necessary 
consequence of  the high evolutionary rate. 
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The origin of  antibody diversity is one of  the most controversial and puzzling prob- 
lems in modern biology (Cold Spring H. Lab. 1977). At present, the question is cen- 
tered on whether the diversity has accumulated through evolution or is generated 
during ontogeny (i.e., the germ-line theory vs. the somatic mutation theory). Although 
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somatic generation of antibody diversity through combinatorial association and joining 
of genetic information is now generally accepted, no consenus has been reached with 
respect to the origin of  amino acid diversity within immunoglobulins (e.g., Hood et 
al. 1975 ; Marx 1978). Several experimental results have recently been reported which 
support somatic origin of  hypervariability (Tonegawa et al. 1977; Weigert and Riblet 
1977; Leder et al. 1977). So far, however, quantitative treatments are lacking in the 
studies of antibody diversity. In order to understand the evolutionary mechanism of 
accumulation of amino acid diversity, a quantitative approach based on population 
genetics is highly desirable. 

Recently, I have developed a new population genetics theory of the evolution of 
multigene families (Ohta 1976; 1978a and b; 1979). A particular model encompassed 
by my theory is Smith's proposal (Smith 1974) that unequal crossing-over is occurring 
during evolution of the multigene family and is responsible for spreading of mutant 
genes in the family. In this note, 1 shall use the term 'one family' as a cluster of 
repeated genes on one chromosome. Also, included in my theory is the infinite allele 
model of  Kimura and Crow (1964). This latter model assumes that all mutations are 
unique. Although my theory treats unequal crossing-over specifically, the results may 
equally well be applied to the gene conversion process in which gene rectification is 
assumed to take place between random gene members Of the family (Ohta 1977). In 
my theoretical treatment, it is assumed that the gene family is evolving under muta- 
tion, random gene frequency drift, ordinary (equal) crossing-over and unequal (be- 
tween sister-chromatids and inter-chromosomal) crossing-over. Here, unequal crossing- 
over and random drift tend to eliminate gene diversity in the family, whereas mutation 
and equal crossing-over increase the diversity. It should be noted that unequal crossing- 
over and gene conversion during ontogeny are suggested as possible mechanisms for 
increasing antibody diversity since they create new combinatorial associations of 
amino acids in a sequence (Seidman et al. 1978). However, if they occur continually 
in evolution, they decrease total genetic variation through contraction and expansion 
of  frequencies of gene lineages in a family. 

If various parameters such as the number of  genes in a family and the population 
size remain effectively constant, a statistical equilibrium will be reached with respect 
to genetic variation among members of  a gene family in a species. Let us represent 
the amount of genetic variation in a multigene family by a coefficient of  identity 
which is defined as the probability that two randomly chosen homologous genes (or 
parts thereof) are identical. The identity coefficient may be defined at three levels; 
first, between two genes from the same family of genes and the same population of  
organisms; second, between two genes each from a different but homologous family 
in the same population; and third, between two genes from different homologous 
families and from different populations or, more generally, if the families of  genes 
were formed prior to the divergence of  the populations, from any two different fami- 
lies such as kappa chain genes and lambda chain genes of  immunoglobulins. The 
identity coefficient defined at the first two levels remain unchanged at equilibrium, 
whereas the last coefficient decreases with time due to accumulation of  new muta- 
tions. The situation is analogous to measuring gene identity within and between 
populations at enzyme loci (Nei 1972), although the present case is more complicated. 
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The immunoglobulin sequence can be divided into two sets of amino acid positions 
according to whether they show high or low degrees of variability and these are called 
the hypervariable and framework regions respectively (Wu and Kabat 1970). The 
problem is to explain the origin of the observed phenotypic hypervariability. Two 
contrasting possibilites are either that it arises from a higher rate of  mutations being 
fixed in that part of  the gene coding for the hypervariable regions compared to the 
framework coding regions of  the gene (the germ line hypothesis) or that the dominant 
source of  extra variability in the hypervariable regions are somatic mutations super- 
imposed upon a germ line fixation rate that is approximately uniform over the entire 
gene (the somatic mutation hypothesis). 

Thus the identity coefficient should be measured as a function of individual amino 
acid site rather than at the level of the whole variable region of  immunoglobulins 
(Ohta 1978c). Let us denote by C HV and C FW, the identity coefficient at the hyper- 
variable region and that at the framework region respectively. Also we denote by the 
subscripts w and b such as C HV HV, w or C the identity coefficient within a population 
(second level) and that between two isolated gene families (third level) respectively. 
As far as the identity coefficient at the individual residue position is concerned, the 
two coefficients defined at the first level (within a family) and at the second level 
(within a population) are expected to be almost identical (Ohta 1978a). 

Using sequence data of  variable regions of immunoglobulins compiled by Kabat 
et al. (1976), 1 calculated the within- and between-population identity coefficients by 
comparing homologous amino acid sites and then obtained the average values over 
sites for both hypervariable and framework regions (Ohta 1978c). We can examine the 
hypothesis that amino acid diversity in the hypervariable regions is mainly the result 
of somatic mutation whereas diversity in the framewrok regions is encoded in germ 
cells. If hypervariability arises mainly from somatic mutations, the ratio of  the identity 
coefficient of  the hypervariable region to that of  the framework region should be in- 
dependent of  remoteness of  the gene families. 

In the following, I shall present further statistical analyses on the relationship be- 
tween two identity coefficients. As argued above, under the somatic mutation hy- 
pothesis the lower value of  C HV compared to C FW depends upon the added contribu- 
tion of  the somatic changes which does not depend upon time since divergence of the 
gene families. This statement applies not only to the identity coefficient between the 
two isolated gene families, but also to that within a population, if one considers a non- 
equilibrium situation due to change in gene family size. In other words, the identity 
coefficient within a population is expected to be negatively correlated with the gene 
family size, however the added contribution of  the somatic mutation to lower C HV 
should be independent of  the family size. 

In the germ line theory, divergence increases at the basic differential rate in both 
hypervariable and in framework regions. If all changes are essentially Poisson dis- 
tributed, then -ln C HV and -ln C FW should both be a linear function of time indepen- 
dently of the germ line or somatic mutation hypothesis. However, a plot of -In C HV 
vis. -ln C FW under the germ line hypothesis should give a regression coefficient larger 
than one, whereas the plot under the somatic mutation theory should give a regression 
line of slope one as explained below. By denoting the (germ-line) mutation rate per 
amino acid site per year by Vaa , it can be shown that the average value of the identity 



32 T. Ohta 

coefficient between isolated families decreases according to the formula 

Cb(t) = Cb(0)exp[-2Vaat ] = Cwexp[-2Vaat], (1) 

where exp [ ' ]  stands for the exponential  function and t is the time since divergence of 
the two species. This applies both for the hypervariable and framework regions. There- 
fore the slope of the plot of  Y = -ln C HV vs. X = -ln C Fw should be vaaHV/vaa Fw in 

which the superscripts HV and FW again represent the hypervariable and framework 
regions. Under the somatic mutat ion hypothesis, Vaa HV = V~a Fw,  therefore the slope 
becomes one, whereas under the germline hypothesis, v a a H V >  Vaa Fw,  and the slope 
is larger than one. Thus the question is whether the slope is significantly greater than 
one. 

Actually, the within-population identity coefficient C w varies considerably from 
species to species. The main cause would be the change in family size in evolution. 
For  example, the gene family size of the mouse lambda chain should have greatly 
contracted since its divergence from the other families. My theoretical result (Ohta 
1978a; 1979) indicates that,  when the gene family size differs, C w is lowered by Vaa 
with a coefficient positively correlated with the family size. Thus one would expect,  
even if not  identical, a similar relationship between different C values as in eauation 
(1). In other words, the slope of the regression line of - ln  C~wVOn-ln CFw w is expected 

T 

to be one under the somatic mutation hypothesis, whereas it is larger than one under 
the germ-line hypothesis. 

Figure 1 shows the regression line of Y = -ln C HV on X = -In C Fw which is ¥ = 2.59 
+ 0.01. Each point represents an observed value which may be identified by  a letter 
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Fig. 1. Relationship between -In C FW and 
-In C HV. Straight line represents the regression 
line and each dot represents observed value, 
which may be identified by the symbol listed 
in Table 1 
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Table 1. Sequence pools sampled 
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Protein Population 
family Human/ Mouse/ Rabbit/ Human/ Human/ Mouse/ 

human mouse rabbit mouse rabbit rabbit 

K-t~ 1 2 3 a fl 
K-X 4 5 * 6 * * 
h-h 6 7 8 e ~" 
K-X a b * c,d e,* f,* 

Each sampling requires two drawings identified by the taxa and by the protein families involved 
and designated by symbols in the body of the Table. These symbols in turn refer to points in the 
Figure. For the protein families, K,h, and h denote kappa, lambda, and heavy chains of immuno- 
globulins respectively. An asterisk, *, refers to a comparison that is missing because the rabbiat has 
no lambda chians. 'Within group' comparisons involving a single population (one protein family, 
one population) are designated by numbers in the Table and are shown as circles (o) in the Figure. 
Greek letters refer to comparisons dealing with a single family of proteins but different populations. 
These letter comparisons are represented by pluses (+) in the Figure. Comparisons between the 
K and ?~ families of light chains, shown in the bottom line of the Table, are represented as triangles 
(z0 in the Figure 

or a number  as summarized in Table 1. The open circles (points  1 ~8)  are the within- 
popula t ion  values (second level) and are included in the figure for the reason as given 
above. The crosses (points  ct ~ 7) represent  the species comparisons such as human  K 
vs. mouse K (third level). The triangles (a ~ f )  are the comparisons be tween  the K- and 

X-chain (third level). The comparison be tween the heavy chain and the light chain are 
no t  included because the homology  of  amino acid sites is ambiguous be tween the two 
groups and also the hypervariable regions are different  (Kabat  et al. 1976). Note that  
there are three hypervariable regions in the light chain whereas there are four  regions 
in the heavy chain. 

Let us examine the null  hypothesis  that  the regression coefficient is exact ly one. 
As given in Fig. 1, Y = 2.59X + 0.01, and the difference of  2.59 from one is statistically 
significant with probabi l i ty  be tween 0.01 and 0.05 by  a standard t-test with six degrees 
o f  freedom. Thus,  the observed values do no t  fit well the assumption of  the somatic 
origin of  the hypervariabil i ty b u t  do fit  well the evolut ionary accumula t ion  of mutan t s  

and hence to the germ line theory  of  their origin. 
The coefficient 2.59 is likely to be an underest imate,  because the Poisson correction 

b y  taking negative logarithm is of ten an underes t imat ion  of  the true divergence for 
remote comparisons (e.g. Dayhoff  1972; Fitch 1973). It is generally known  that  the 
simple Poisson correction of  amino  acid ident i ty  between the homologous sequences 
may  greatly underest imate  the t rue distance when amino acid ident i ty  is less than 50%. 
Many  values of the between-family  ident i ty  coefficients at the hypervariable region are 
less than 0.5, therefore the slope given in Fig. 1 is likely to be underest imated.  

It is expected that  the regression line becomes less and less sharp as the somatic 
muta t ion  gets more impor tan t  as a cause of hypervariabili ty.  The basic rate of amino 
acid replacement  (Vaa) is roughly three t imes higher in the hypervariable region than  in 
the framework region and hypervariabi l i ty is a necessary consequence of this high 
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basic rate. Thus, somatic mutat ion is considered to be unimportant ,  even if it actually 
occurs, as a cause of hypervariability. 

It is interesting to examine how the identi ty coefficient between the species relates 
to the divergence time in some detail. I have estimated, based on Eq. (1), 2Vaa t, a 
quant i ty  equivalent to genetic distance at enzyme loci (Nei 1972) for various compari- 
sons of K-chains or heavy-chains (Table 1 of  Ohta 1978c). 2Vaat may be estimated 
subtracting -In C w from -In C b. In my previous calculation, individual values were 
used for -In C w or -In C b. Here it is more reasonable to use average values. This is 
because the value of  the individual identity coefficient fluctuates considerably from 
species to species, and species comparisons are more remote than the case of estimatig 
genetic distance at enzyme loci and hence it is unlikely that  various parameters such 
as population size or family size remain unchanged since divergence. The calculation 
was done only for the framework regions and Table 2 gives the summary of the calcu- 
lation. From the Table 2, Vaa turns out  to be 2.03 x 10 -9 amino acid replacements 
per site per year if we assume that  the lagomorphs split 90 m.y. ago. Thus, the frame- 
work region is evolving by about  the average rate of  various proteins (Dayhoff 1972). 
As it is estimated by the regression analysis, Vaa is 2.6 times larger at the hypervariable 
region than at the framework region, therefore Vaa at the hypervariable region is 
roughly equal to the rate of  fibrinopeptides which is the highest among the known 
rates (Dayhoff 1972). Also, from the result of  Table 2, the divergence time of human 
and mouse may be estimated to be 66 rn.y., which is a reasonable estimate paleontol- 
ogically, although possible slowdown of molecular evolution in primates (e.g. Fitch 
1973) makes the interpretation not quite certain. 

The present analyses provide a first step toward understanding the ant ibody diversity 
as a part of the gene pool of  evolving species. Concerning the immunoglobulin gene 
pool, even an inbred line such as BALB/c strain of mouse should be regarded as a pop- 
ulation. Polymorphisms may easily develop in the process of establishing an inbred 
line for this kind of highly variable genetic system. The observation that  there are 
only a few genes in one genome for the variable region of the X-chain while the total  
number of different sequences of ;k chain of  BALB/c mouse amounts to eight is often 
referred to as evidence for the somatic mutat ion theory (e.g. Weigert and Riblet  1977). 
However, one should be cautious in arriving at such a conclusion. In fact, it is more 
likely that the genes of  these different sequences are contained in the gene pool of 
this family of the strain. The data point  of  the mouse X chain (Fig. 1, point 5), which 
mostly comes from the BALB/c strain, fits well to the regression line. This suggests 
that the same basic mechanism is operating on the hypervariability of this gene family 
as of other families used in the present analyses. 

Table 2. Calculations on evolutionary rate per 
amino acid site at the framework region 

Species 2Vaat Vaa per year 
comparison 

Human-mouse 0.2704 
Human-rabbit 0.3535 2.03 x 10 -9 
Mouse-rabbit 0.3788 
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At any rate, any model that did not lead to the slope expectations presented here 
would most likely be quite unrealistic biologically. In addition, although it is now 
established that the combinatorial association and joining of parts of genes during 
ontogeny are quite important in increasing antibody diversity (e.g., Weigert et al. 
1978), such a complicated differentiation process would be ineffective, unless there 
is enough genetic variability among the gene members of the family. Thus, the quanti- 
tative approach as presented here provides a general background to the experimental 
investigations. 
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