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The relative contributions of germline gene variation and somatic mutation to 
immunoglobulin diversity were studied by comparing germline gene sequences 
with their rearranged counterparts for the mouse Vn , V,, and Vk genes. The mu- 
tation rate at the amino acid level was estimated to be 7.0% in the first and second 
complementarity-determining regions (CDRs) and 2.0% in the framework regions 
(FRs). The difference in the mutation rate at the nucleotide level between the CDRs 
and FRs was of the same order of magnitude as that for the amino acid level. 
Analysis of amino acid diversity or nucleotide diversity indicated that the contri- 
bution of somatic mutation to immunoglobulin diversity is -5%. However, the 
contribution of somatic mutation to the number of different amino acid sequences 
of immunoglobulins is much larger than that estimated by the analysis of amino 
acid diversity, and more than 90% of the different immunoglobulins seem to be 
generated by somatic mutation. Examination of the pattern of nucleotide substi- 
tution has suggested that clonal selection after somatic mutation may not be as 
strong as generally believed. 

Introduction 

Immunoglobulins are composed of heavy and light chains, each of which consists 
of a variable and a constant region. The variable region is responsible for antigen 
binding, whereas the constant region is responsible for effector function (see, e.g., 
Leder 1982; Honjo 1983). The variable region is composed of four framework regions 
(FRs) and three complementarity-determining regions (CDRs) (see, e.g., Tonegawa 
1983). CDRs are the major antigen specificity-determining sites and known to be 
highly variable. This high variability is generated by both germline gene variation and 
somatic diversity-generating mechanisms. 

Germline gene variation represents an accumulation of germline mutations that 
occurred in the past and have been stored in an apparently large number of V-region 
genes. The V-region genes are known to undergo a slow process of concerted evolution, 
so that a large amount of genetic variability can be maintained (Smith et al. 197 1; 
Hood et al. 1975; Gojobori and Nei 1984). There are two different somatic diversity- 
generating mechanisms. One is DNA rearrangement of three sets of H-chain (Vu, D, 
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and Jn) and two sets of L-chain (V, and J, or Vk and Jk) germline gene segments 
coding for the V regions. This mechanism generates much immunoglobulin diversity, 
though it is accomplished largely by utilizing the genetic variation existing in germline 
genes. Moreover, the joining of various gene segments is not very precise and thus 
creates new sequence variations at the points of recombination. The other somatic 
diversity-generating mechanism is somatic (point) mutation, which occurs exclusively 
in the V and J gene segments and their neighboring regions (Rim et al. 198 1; Gearhart 
and Bogenhagen 1983). 

It is often argued that germline gene variation and somatic DNA rearrangement 
alone are sufficient for generating the observed level of antibody diversity (see, e.g., 
Leder 1982). However, recent data suggest that the rate of somatic mutation is ex- 
traordinarily high (see, e.g., Baltimore 198 1; Tonegawa 1983), and thus it is possible 
that somatic mutation plays a major role in generating antibody diversity. 

Indeed, Bentley (1984) and Klobeck et al. (1984) have argued that the major 
contributor to the human V, diversity is somatic mutation. However, their arguments 
are not very convincing because they have not examined the relative contributions of 
germline gene variation and somatic mutation quantitatively. Previously, Ohta ( 1978, 
1980) analyzed the amino acid diversities of immunoglobulin V regions within and 
between species and concluded that “somatic mutation cannot be the major cause of 
the high variability of CDRs and the observations available can readily be explained 
by the germline theory.” Her conclusion, however, should be reexamined in light of 
recent data on immunoglobulin DNA sequences, since the region she studied contained 
the V-D-J joining regions and at that time somatic mutation was not clearly identified. 

The purpose of this paper is to examine the relative contributions of germline 
gene variation and somatic mutation to the V-region diversity of immunoglobulins 
by using two different methods. One method used is Nei’s ( 1982) analysis of nucleotide 
or amino acid diversity, and the other is the examination of the proportion of new 
amino acid sequences generated by somatic mutation. 

Nucleotide Sequences Used 

Surveying the literature, we have collected data on germline DNA sequences and 
their rearranged counterparts for the mouse V u, V,, and Vh genes. The germline 
sequences used were those obtained from sperm or placentas, and their rearranged 
sequences were those obtained from myeloma or hybridoma cells. Since somatic mu- 
tations occur during B-cell differentiation, i.e., at the time of DNA rearrangement 
(class switching) or later, they are detected by comparing a rearranged sequence with 
its original germline sequence. 

We made 16 pairwise comparisons of rearranged genes to their germline coun- 
terparts. Eight of these comparisons involved six VH gerrnline genes, six involved four 
V, germline genes, and two involved two Vh germline genes (see table 1 for details 
and references to the sequences used). 

In the present study, only the coding regions were examined, including the leader 
(signal peptide) region, the first three IRS, and the first two CDRs (see fig. 1 of Gojobori 
and Nei 1984). The third CDR (CDR3) of the Vu gene consists of the joining region 
of Vu, D, and Ju segments (Kim et al. 198 l), and thus it was not included in the 
present study. The CDR3 of the V, and Vh genes was included, however, because it 
is coded by the V segment itself. 



Table 1 
Rates (%) of Somatic Mutation per Nucleotide or Amino Acid Site in the Coding Regions of Mouse Immunoglobulin Variable Region Genes 

MUTATION RATE 

GENE FAMILY AND REARRANGED GENE No. OF CODONS 
GERMLINE GENE (DNA) (DNA or mRNA) EXAMINED 

Codon Position 
All Amino 

1st 2d 3d Nucleotides Acids REFERENCE(S) a 

VH186-2b . 
VHSPT15” 
VHSPTlS . 
VHIOlb . . . 
VHlOl . . . 
VHPJ14b . . 
VH441b... 
VH3660b . . 

v,: 

....... s43 116 2.59 2.59 3.45 2.87 6.03 

....... Ml67 119 5.88 2.52 3.36 3.92 7.56 

....... M603 105 1.90 .95 3.81 2.22 2.86 

....... MC101 115 .87 2.61 1.74 1.74 

....... s9 
4.35 

101 .99 0 1.98 .99 .99 
....... MOPC141 115 1.74 3.84 1.74 2.32 5.22 
....... UPC10 115 .87 2.61 0 1.16 3.48 
....... ID3660 97’ 2.06 0 1.04 1.03 2.06 

Vk24 . , . 
Vk24 . . . . . 
Vk24 . . . . . 
vu . . . . . . . 
vu . . . . . , . 
v, . . . . . . . 

V,: 

....... MOPC167 119 1.68 .84 .84 1.12 1.68 8, 9 

....... HPCG13 119 .84 0 .84 .56 .84 9 

....... M511 119 0 0 .84 .28 .84 9 

....... Tl 114 1.75 1.75 1.75 1.75 3.51 10 

....... T2 114 1.75 .88 2.63 1.75 4.39 10 

....... MOPC 149 114 0 0 0 0 0 11 

vu . . . . . . . ....... MOPC3 15.26 116 .86 1.72 2.59 1.72 3.45 12 
v,, . . . . . ....... H2020 115 .87 .87 0 .58 1.74 13 

Total . . . . . . 1813 1.54 1.32 1.65 1.51 3.09 

’ The references for the sequences used are as follows: 1, Bothwell et al. (198 1); 2, Kim et al. (198 1); 3, Kataoka et ai. (1982); 4, Yaoita et al. (1983); 5, Sakano et ai. (1980); 6,Ollo et al. (198 1); 7, 
Near et al. (1984); 8, Genshenfeld et al. (1981); 9, Gearhart and Bogenhagen (1983); 10, Pech et al. (198 1); 11, Nishioka and Leder (1980); 12, Wu et al. (1982); 13, Bernard et al. (1978). 

b Denotes six independent pairs of sequences used for data analysis in table 3. 
’ The number of nucleotides compared at the third position is 96 because of deletion of a nucleotide in the rearranged sequence, ID3660. 
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Results 

Rates of Somatic Mutation 

Let us first estimate the rate of somatic mutation for VH and Vi_ (V, and Vk) 
genes, comparing the germline sequences with their rearranged counterparts. The 
results obtained are presented in table 1. The estimate of the rate of somatic mutation 
is on the average 1.5 1% per nucleotide site or 3.09% per amino acid site and is roughly 
the same for all genes examined except for the V,2 gene, where no mutation was 
observed. This confirms earlier estimates based on a smaller number of genes (see, 
e.g., Kim et al. 198 1; Nei 1983). Since other proteins, such as thymidine kinase and 
hypoxanthine phosphoribosyl transferase, are known to undergo somatic mutation at 
a rate of 10m6- lo-’ per locus (Teillaud et al. 1983), the rate for the immunoglobulin 
V-region genes is extraordinarily high. 

Table 1 also gives the mutation rate for each of the three nucleotide positions of 
codons. It is clear that there is little difference among the three positions. This pattern 
is quite different from that of nucleotide substitution in long-term evolution. In most 
genes so far examined, including the immunoglobulin V-region genes, the rate of 
nucleotide substitution in the evolutionary process is usually lower at the first and 
second nucleotide positions than at the third position, apparently because the first- 
and second-position changes are subject to stronger purifying selection (Li et al. 198 1; 
Kimura 1983; Gojobori and Nei 1984). This suggests that somatic mutation occurs 
at the same rate for the three positions and that if there is somatic selection, there is 
no difference among the three nucleotide positions. 

Since the CDRs are directly involved in antigen recognition, we studied the rates 
of somatic mutation in the CDRs and the other regions separately. Interestingly, the 
rate of somatic mutation in the CDRs is much higher than that in the remaining 
regions. As shown in table 2, the rate of somatic mutation in the CDRs is nearly three 
times higher than that of the other regions (also see fig. l), the difference between the 
two regions being statistically significant at both the nucleotide and amino acid levels. 
It is also noted that the rate of somatic mutation is higher in the CDRs than in the 
other regions at all the nucleotide positions of codons. 

These results clearly show that the rate of somatic mutation is unusually high in 
the variable region, particularly in the CDRs. This suggests that somatic mutation 
plays an important role in generating immunoglobulin diversity. 

Contributions of Germline Gene Variation and 
Somatic Mutation to Antibody Diversity 
1. Amino Acid Diversity and Nucleotide Diversity 

Nei and Li (1979) and Nei (1983) suggested that the extent of DNA sequence 
variation be measured by nucleotide diversity defined by 

d = C dijh, 
icj 

where dii is the proportion of different nucleotides between the ith and jth sequences 
and n, is the total number of comparisons available. If there are n sequences, n, 
= n(n - 1)/2. Note that d is equal to the heterozygosity at the nucleotide level. The 
variance of d is given by 
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Table 2 
Rates (5%) of Somatic Mutation per Nucleotide or Amino Acid Site in Complementarity- 
determining Regions (CDRs) and Other (framework and signal peptides) Regions 

MUTATION RATE 

GENE AND GENE No. OF CODONS 
REGION EXAMINED 

Codon Position 
All 

1st 2d 3d Nucleotides Amino Acids 

Vu: 
CDRs 
Others 

Vk: 
CDRs 
Others 

Vx: 
CDRs 
Others 

. . 
176 3.98 5.11 5.11 4.73 10.80 
707 1.70 1.13 1.42 1.42 2.55 

165 1.21 .61 2.42 1.41 2.42 
534 .94 .56 .75 .75 1.69 

57 1.75 5.26 1.75 2.92 8.77 
174 .57 0 1.15 .57 .57 

Total: 
CDRs . . . . 398 2.51 3.27 3.52 3.10 7.04 
Others . . . . 1,415 1.27* 0.78* 1.13** 1.06** 1.98** 

* Significantly different from the mutation rate for the CDRs at the 6% level. 
** Significantly different at the 0.1% level. 

V(d) = 4[(6 - 4n)(C d,)2 + n(n - 2) 2 dgdik + n2(z dg)]/(n5(n - I)} (2) 
icj i<j 

(Nei and Tajima 198 1). If there are several independent factors contributing to nu- 
cleotide diversity, the total diversity can be partitioned into its components (Nei 1982). 
This principle can be extended to “amino acid diversity” by applying equation (1) to 

- 
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FIG. 1 .-Distribution of somatic mutations in various regions of the Vn genes. Each column indicates 
the number of mutations for a region of 15 nucleotides (five codons). The numbering system for codons is 
identical with that of Gojobori and Nei (1984). 
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amino acid sequence data. In the present case, there are two factors, i.e., germline 
gene variation and somatic mutation. The contribution of the former factor (&) can 
be computed by applying equation (1) to the amino acid sequences inferred from the 
germline DNA sequences. The contribution of somatic mutation (dM) is obtained by 
subtracting dG from the total diversity (d,), which is obtained by applying equation 
(1) to the rearranged DNA sequences. The relative contribution of somatic mutation 
is then given by 

whereas the relative contribution of germline gene variation is RG = 1 - RM. 
We used the above method only for the Vn genes, because the numbers of DNA 

sequences for the V, and VA genes were small. To assure independent comparisons 
of DNA sequences, we used only one rearranged sequence for each germline gene. 
These are marked by a superscript b in table 1. Furthermore, the signal peptide region 
was excluded from this analysis because this peptide is excised after immunoglobulins 
are secreted from plasma cells. The estimates of dT, dG, dM, and RM are presented in 
table 3. It is seen that amino acid diversity is very high even in germline genes, the 
dG for CDRs being 0.676. That is, -68% of amino acid sites in the CDRs seem to be 
different between two randomly chosen sequences. Somatic mutation increases amino 
acid diversity to 0.707 for the CDRs, the increment being dM = 0.03 1. Thus, the 
contribution of somatic mutation (RM) is 4.4%. Therefore, if we use amino acid diversity 
as a criterion, the contribution of somatic mutation to immunoglobulin diversity is 
very small despite the high mutation rate. This conclusion is similar to Ohta’s (1978, 
1980), though she had not evaluated the relative contributions quantitatively. It is 
noted that the amino acid diversity in the FRs is considerably lower than that for the 
CDRs, but since the rate of somatic mutation is also lower in the FRs, RM is nearly 
the same for both CDRs and FRs. 

Nucleotide diversity was computed by using equation (1) for the three nucleotide 
positions of codons separately. The results are presented in table 4. In both CDRs and 
FRs, dG is largest in the third position and lowest in the second position. This pattern 
is similar to that of the hemagglutinin gene of the influenza A virus (Nei 1983) and 
is apparently caused by the difference in the intensity of purifying selection among 
the three different positions. In the CDRs, however, somatic mutation increases the 

Table 3 
Amino Acid Diversities in the VH Regions before and after Somatic Mutation’ 

MEAN AMINO ACID DIVERSITY f SE 

REGION 

After Somatic Due to Somatic 
Mutation Of Germline DNAs Mutations 

&I (dc) & = & - dc) 

CDRs ............. 
Fxs.. ............. 
CDRs and FRs ...... 

.707 zk .OUb .676 + .083 .031 k .019 4.4 

.458 + .059 .437 * .058 .021 + .Oll 4.6 
.. .516 + .062 .489 Ifr .058 .027 f .022 5.2 

’ Based on the 15 possible pairwise comparisons of six sequences for both rearranged and germline genes (those denoted 
by a superscript b in table 1). 

b SE of dT and dG are computed by using eq. (2). For the computation of the variance of d,, the covariance of dT and 
dG-Cov(d,, d,+is needed. Since mutations occur independently ofgermline variation, we assumed Cov(d,, dG) = V(d,). 
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Table 4 
Nucleotide Diversities in the VH Region Genes before and after Somatic Mutation’ 

NUCLEOTIDE DIVERSITY 

REGION 

After Somatic 
Mutation 

(4-J 
Of Germline DNAs 

(44 

Due to Somatic 
Mutation 

(d,v = & - &I 
I&=$X 100 

T 

CDRs: 
1st ........ 
2d ........ 
3d ........ 
All ........ 

FRs: 
1st ........ 
2d ........ 
3d ........ 
All ........ 

CDRs and FRs: 
1st ........ 
2d ........ 
3d ........ 
All ........ 

so0 * .054 .500 + .055 .o + .009 
.448 + .067 .398 f .066 .050 z!I .013 
.579 + .076 .582 + .079 -.003 f .020 
so9 + .059 .493 + .058 .016 + .009 

.357 -t .049 ..343. zk .046 

.233 + -034 .234 f .034 

.463 + .059 .461 f .058 

.351 * .045 .346 f .044 

.390 + .049 .377 f .047 .013 f .015 3.3 

.280 + .039 .270 f .036 .OlO + .016 3.6 

.489 I!I .060 .487 + .059 .002 + .005 .4 

.386 + .047 .378 + .046 .008 f .OlO 2.1 

.014 zk .015 
-.OOl f .005 

.002 + .014 

.005 + .009 

0 
11.2 
-.5 
3.1 

3.9 
-.4 

.4 
1.4 

’ For explanation see the Note to table 3. 

second-position nucleotide diversity substantially, so that RM is 11%. This increment 
is clearly responsible for the increase of amino.acid diversity by somatic mutation. 
We note that all nucleotide substitutions at the second position result in amino acid 
changes, whereas at the third position the proportion of nucleotide substitutions re- 
sulting in amino acid changes is -28%. At the first position, the proportion is -95%. 
In the first and third positions, RM is zero or negative. This peculiar result has occurred 
because new mutations sometimes cancel the existing variation because there are only 
four different nucleotides. The cancellation of existing variation is observed when & 
is already high and the number of nucleotides examined is relatively small. Note that 
the maximum possible value of expected nucleotide diversity is not 1 but 0.75. In the 
FRs, RM is higher in the first position than in the second or third position. 

2. Proportion of V-Region Sequences Generated by Somatic Mutation 

It is now clear that the amino acid or nucleotide diversity for immunoglobulins 
is very high and that a large proportion of this diversity is caused by germline gene 
variation. However, there is a problem in using this measure as a criterion of im- 
munoglobulin diversity. The problem arises because the number of copies of V-region 
genes is limited. For example, the number of copies of Vn genes in the mouse seems 
to be about 200 (Kemp et al. 198 1). Therefore, if we assume that all 200 loci are 
heterozygous in a diploid organism, there will be 400 different Vu germline gene 
sequences available for producing immunoglobulins. Although this is not a large num- 
ber, the number of different immunoglobulins certainly increases substantially if we 
consider the D and J gene segments as well as the VK and VA genes (see, e.g., Leder 
1982; Honjo 1983). Moreover, if somatic mutation occurs at the CDRs, the number 
of different Vu chains produced becomes very large. We have estimated that the somatic 
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mutation rate at the amino acid level is 7.0% in the CDRs (table 2). Since there are, 
on the average, 25 amino acids in the CDRs, each sequence has an average of 1.8 
mutations in these regions. Therefore, if we assume that every amino acid replacement 
in the CDRs changes antigen specificity (Teillaud et al. 1983), somatic mutation is 
expected to generate many different immunoglobulins. 

To determine the contribution of somatic mutation to the total number of im- 
munoglobulins produced, let us compute the expected proportion of mutant sequences 
generated. It is given by 

PM = 1 - fJ (1 - pi) = I’- emnP, 

i=l 
(4) 

where pi is the mutation rate at the i-th site, p is the average mutation rate per site, 
and n is the number of amino acids involved in the region concerned. In the present 
case, n = 25 and u = 0.070, so that PM = 0.83. Th a is, 83% of V regions are expected t 
to have mutant sequences in the CDRs. This is slightly lower than the observed value 
( 15116 = 0.94) for the genes in table 1. If we consider both the heavy and light chains 
of immunoglobulins, the proportion of immunoglobulins having somatic mutations 
in the CDRs will be 1 - (1 - 0.83)2 = 0.97. In other words, the majority of immu- 
noglobulins produced is expected to have one or more mutant amino acids in the 
CDRs. Thus, if a single amino acid in the CDRs changes antigen specificity, somatic 
mutation will play a very important role in generating antibody diversity. If the FRs 
are also involved in determining antigen specificity, the contribution of somatic mu- 
tation would be even greater. 

Pattern of Somatic Mutation 

It is known that in most eukaryotic genes the nucleotide substitution in the evo- 
lutionary process does not occur at random among the four nucleotides adenine (A), 
thymine (T), cytosine (C), and guanine (G) (Fitch 1967; Vogel and Kopun 1977; 
Gojobori et al. 1982). This nonrandom substitution occurs partly because purifying 
selection eliminates certain types of mutation and partly because mutation itself occurs 
nonrandomly (Gojobori et al. 1982). It is, therefore, interesting to see whether or not 
somatic mutations follow the same rule as that of usual spontaneous mutation. We 
have, therefore, studied the pattern of somatic mutation, examining the relative fre- 
quencies (J;,> of nucleotide substitution (Gojobori et al. 1982). 

Let no be the observed number of substitutions from nucleotide i to nucleotide 
j (i, j = A, T, C, or G). The relative substitution frequency from nucleotide i to nucleo- 
tide j is then defined as 

Aj = nQIC no. 
i#j 

In the present case, nu can be determined unambiguously because the nucleotide 
sequences before and after mutation are known. In the previous studies, the no was 
always inferred under certain assumptions. At any rate, using a total of 82 mutations 
observed from comparison of germline and rearranged sequences, we computedJ:s, 
and the results obtained are presented in table 5. 

Table 5 shows that the substitution frequency varies considerably with nucleotide 
pair. In the case of “All codon positions,” the highest frequency (G - A) is about 
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Table 5 
Relative Frequencies (%) of Nucleotide Substitution Due to Somatic Mutation” 

ALL COD~N POSITIONS (82 SUBSTITUTIONS) 

Mutated Nucleotide 

ORIGINAL NUCLEOTIDE A T C G Sum 

A . . . . . . . . . . . . . . . . . 8.5 9.8 13.4 31.7 
T . . . . . . . . . . . . . . . . . 6.9 10.4 2.3 19.6 
c . . . . . . . . . . . . . . . . . 5.2 5.2 6.5 16.9 
G . . . . . . . . . . . . . . . . . 19.6 2.4 9.8 31.8 

Total . . . . . . 31.7 16.1 30.0 22.2 

FIRST AND SECOND COD~N POSITIONS (73 SUBSTITUTIONS) b 

Mutated Nucleotide 

ORIGINAL NUCLEOTIDE A T C G Sum 

A . . . . . . . . . . . . . . . . . 12.4 9.0 9.0 30.4 
T . . . . . . . . . . . . . . . . . 3.8 10.2 2.5 16.5 
c . . . . . . . . . . . . . . . . . 5.8 8.7 4.4 18.9 
G . . . . . . . . . . . . . . . . . 15.3 11.8 7.1 34.2 

Total . . . . . . . . 24.9 32.9 26.3 15.9 

’ Total frequencies of transitional mutation are 48.0% and 43.2% for the upper and lower matrices, respectively. 
b Nucleotide substitution inferred from the amino acid sequences (data from Crews et al. 1981) are included. 

nine times as high as the lowest one (T - G). Note that transitional mutations (mu- 
tations between A and G and between T and C) are about 1.5 times the frequency 
expected (0.33) under random substitution. Furthermore, the pattern of nucleotide 
substitution is virtually the same for all nucleotide positions of codons. (Data for the 
third position are not shown). Gojobori et al.‘s (1982) method of correlation analysis 
also showed that, unlike the usual germline gene mutations, there is no tendency for 
the rate of nucleotide substitution from somatic mutation to be affected by the chemical 
property of the amino acids involved in the substitution. These results suggest that 
purifying selection, which is generally observed in functional gerrnline genes, is not 
operating for somatic mutations. 

Kaartinen et al. (1983) proposed the hypothesis that, in V-region genes, natural 
selection at both individual and cellular levels favors amino acid-altering nucleotide 
substitution over silent substitution. At the individual level, this hypothesis is not 
supported because the rate of nucleotide substitution in long-term evolution is higher 
at the third position than at the first and second positions (Gojobori and Nei 1984). 
Data on somatic mutation also fail to support this hypothesis. Our data show that the b 
proportion of silent somatic mutations in 29%, which is very close to the theoretical 
value of 30% expected from the pseudogene pattern of spontaneous mutation (Gojobori 
et al. 1982). That is, it seems that there is not very strong somatic selection after 
somatic mutation occurs. 
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Discussion 

We have examined the relative contributions of germline gene variation and 
somatic mutation to immunoglobulin diversity by using two different methods. The 
conclusions obtained by the two methods are quite different. The reason for this is 
that in the first method (analysis of amino acid or nucleotide diversity) the extent of 
amino acid or nucleotide differences between different V-region sequences is consid- 
ered, whereas in the second method two sequences that differ by a single amino acid 
are considered to recognize different antigens. In practice, there is evidence showing 
that a single amino acid replacement can change antigen specificity (Teillaud et al. 
1983; Knossow et al. 1984). Therefore, the conclusion obtained by the second method 
seems to be more realistic than that obtained by the first method. However, a small 
difference in the amino acid sequence in the CDRs may not always be effective in 
distinguishing between different antigens, so that the contribution of somatic mutation 
to antibody diversity may not be as great as our second method shows. It should also 
be noted that somatic mutation apparently occurs during or after DNA rearrangement 
(Tonegawa 1983) and that a certain proportion of somatic mutations may not con- 
tribute effectively to antigen specification. Furthermore, since mutations occur at ran- 
dom, some of them may not be really useful for determining antigen specificity. Nev- 
ertheless, the contribution of somatic mutation seems to be much more important 
than the analysis of amino acid diversity shows. 

Somatic mutation seems to be correlated with the class of the antibody. Most 
somatic mutations are found in the V regions derived from antibodies of the IgA and 
IgG classes (Crews et al. 1981). The IgM molecules express the rearranged V gene 
identical to the germline V sequence exclusively, with a few exceptions (Rudikoff et 
al. 1984). Thus, if the IgM molecules are produced in quantity throughout the ontogeny 
of a B-cell line committed to antibody production, the value of PM obtained by the 
second method may be overestimated. 

It has been shown that somatic mutation occurs at the J gene segments as well 
(Gearhart and Bogenhagen 1983). If a high rate of somatic mutation also occurs at 
the entire CDR3 region, the contribution of somatic mutation to immunoglobulin 
diversity will be even higher than our previous estimate. It should also be noted that 
the joining of V and J or of V, D, and J gene segments is known to be imprecise, and 
this imprecise joining also causes amino acid sequence variation. 

The possible number of immunoglobulins produced is often computed by mul- 
tiplying the numbers of V, D, and J gene segments in the genome. Thus, if there are 
2 Vk, 3 Jh, 300 V, , and 4 J, segments in the genome, the maximum number of 
different light chain V regions that can be produced by DNA rearrangement is 1,206 
(= [2 X 31 + [300 X 41). Similarly, if there are 200 Vn, 12 D, and 4 Jn segments, the 
maximum number of different Vn regions would be 9.6 X lo3 (=200 X 12 X 4). If 
the light and heavy chain V regions are combined at random, the total possible number 
of immunoglobulins is 1.2 X 10’. This number further increases if a majority of gene 
segment loci carry different alleles in heterozygous condition. The variability caused 
by imprecise joining of V, D, and J gene segments would also increase the number 
by two or three times. Therefore, the total number of different immunoglobulins 
would be about 3 X 10’ without any contribution from somatic mutation. If 90% of 
sequence variation in the V regions of immunoglobulins is caused by somatic mutation, 
the total number of different immunoglobulins that can be produced will be enormous 
and more than sufficient for producing different antibodies that are required in higher 
vertebrates. 
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