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With the aim of understanding the concerted evolution of the immunoglobulin 
V, multigene family, a phylogenetic tree for the DNA sequences of 16 mouse 
and five human germ line genes was constructed. This tree indicates that all 
genes in this family have undergone substantial evolutionary divergence. The 
most closely related genes so far identified in the mouse genome seem to have 
diverged about 6 million years (MY) ago, whereas the most distantly related 
genes diverged about 300 MY ago. This suggests that gene duplication caused 
by unequal crossing-over or gene conversion occurs very slowly in this gene 
family. The rate of occurrence of gene duplication in the V, gene family has 
been estimated to be 5 x lo-’ per gene per year, which seems to be at least 
about 100 times lower than that for the rRNA gene family. This low rate of 
concerted evolution in the V, gene family helps retain intergenic genetic vari- 
ability that in turn contributes to antibody diversity. Because of accumulation 
of destructive mutations, however, about one-third of the mouse and human 

V, genes seem to have become nonfunctional. Many of these pseudogenes 
have apparently originated recently, but some of them seem to have existed in 
the genome for more than 10 MY. The rate of nucleotide substitution for the 
complementarity-determining regions (CDRs) is as high as that of pseudogenes. 
This suggests that there is virtually no purifying selection operating in the 
CDRs and that germ line mutations are effectively used for generating antibody 
diversity. 

Introduction 

Immunoglobulins are composed of heavy and light chains each of which is 
composed of a variable region and a constant region. The variable region is 
responsible for antigen binding, whereas the constant region is responsible for 
effector function. The variable region consists of four framework regions (FRs) 
and three complementarity-determining regions (CDRs) (e.g., Tonegawa 1983). 
Both the heavy- and light-chain variable regions are controlled by multigene fam- 
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ilies. The heavy-chain variable region (V,) family seems to have about 160 genes 
in the mouse (Kemp et al. 1981) and about 80 genes in the human (Rabbitts et al. 
1980). The variable region gene families are apparently subject to concerted evo- 
lution, in which the turnover of genes occurs stochastically owing to unequal 
crossing-over or gene conversion (Smith et al. 1971; Hood et al. 1975; Ohta 1980; 
Arnheim 1983). Thus, the extent of variation of immunoglobulin genes seems to 
be controlled by unequal crossing-over and gene conversion as well as the classical 
evolutionary forces of mutation, selection, and genetic drift. However, the rate 
of turnover of genes is not known, though it is believed to be quite high (Hood 
et al. 1975; Honjo 1983; Ohta 1983a). 

Recently a substantial number of V, genes from mice and humans have been 
sequenced, and this gives us an opportunity to study the evolutionary history of 
these genes. Such a study will give us some idea about the pattern of concerted 
evolution of V, genes as well as the mechanism of production of antibody diversity. 
Furthermore, when many genes exist as multiple copies in the genome, some of 
them are expected to become nonfunctional (Haldane 1933; Nei 1969). Indeed, 
recent studies of the V, gene family indicate that it contains many pseudogenes 
(Bothwell et al. 1981; Givol et al. 1981; Rechavi et al. 1983). Nucleotide sequences 
of these pseudogenes will provide information on the pattern of nonfunctionaliza- 
tion of multiple genes (Li et al. 1981; Miyata and Yasunaga 1981). The purpose 
of this paper is to examine the pattern of concerted evolution in the V, gene 
family and its significance for the production of immunoglobulin diversity. 

Nucleotide Sequences Used 

Surveying the literature, we collected nucleotide sequence data for 16 mouse 
and five human germ line V, genes, which included the leader (signal peptide) 
region, the first three framework regions, and the first two CDRs (see table 1 and 
fig. 1). A large part of the third CDR (CDR3) is coded for by the D and J gene 
segments (e.g., Leder 1982), and thus CDR3 was not included in the present study. 
Seven of the 16 mouse genes, that is, VH3, VH6, VH23, VH102, VH145, VH186- 
1, and VH186-2, were identified by the same DNA probe (MPl in table l), and 
thus they are considered to be closely related. (In this paper we use the same 
gene notations as those of the original authors.) Gene VH6 seems to be a pseu- 
dogene, since it includes several termination codons caused by a single frame- 
shift mutation (one nucleotide deletion from the twenty-second codon). Gene 
VH145 has a serine codon at the twenty-second position instead of a cysteine 
codon for a normal functional gene (see fig. 1). This mutation from cysteine to 
serine apparently disturbs the molecular structure of variable regions by impairing 
the disulfide bond between the cysteines at positions 22 and 98. This suggests 
that this gene is also a pseudogene, but there is no other clear-cut evidence. The 
rest of the genes detected by MPl are all functional genes. 

Another set of five mouse genes, that is, VH104, VHlOSA, VH108B, VHlll, 
and VH105, was obtained by a different DNA probe (MP2 in table 1). VH104 and 
VHl 11 are apparently pseudogenes, since they contain a termination codon at 
the thirty-ninth and thirty-fourth positions, respectively. VH 108B is also probably 
a pseudogene, since the initiation codon (ATG) has changed to an isoleucine codon 
(ATA). Of course, there might be some correction mechanism to make this gene 
functional (Givol et al. 1981). The remaining two genes (VH105 and VH108A) are 
functional. Table 1 includes four more mouse genes (i.e., VHSPTlS, VH441, 
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Table 1 
Immunoglobulin V, Genes used for the Present Study 

Gene 

Codons DNA” Sub- 

(n) Probe group Source 

Mouse: 

VH3 .............. 116 MPl II 

VH6(qJ)b. .......... 116’ MPl II 

VH23 ............. 116 MPl II 

VH102 ............ 116 MPl II 

VHl45($) ......... 116 MPl II 

VHl86-1 .......... 116 MPI II 

VHl86-2 .......... 116 MPl II 

VHl04(+) ......... 116 MP2 II 

VHl08A .......... 116 MP2 II 

VHl08B ........... 116 MP2 II 

VHlll(+) ......... 116 MP2 II 

VHl05 ............ 116 MP2 II 

VHSPT15 ......... 118 MP3 III 

VH441 ............ 115 MP4 III 

VHPJ14. .......... 115 MP5 ? 

VHlOl ............ 115 MP6 ? 

Human: 

VHHA2(*) ........ 113 HP1 I 

VHHG3. .......... 116 HP1 I 

VHHll ........... 116 HP2 III 

VHHl6BR(+) ...... 116 HP2 III 

VHH26 ........... 116 HP2 III 

Bothwell et al. (1981) 

Bothwell et al. (1981) 

Bothwell et al. (1981) 

Bothwell et al. (1981) 

Bothwell et al. (1981) 

Bothwell et al. (1981) 

Bothwell et al. (1981) 

Givol et al. (1981) 

Givol et al. (1981) 

Givol et al. (1981) 
Givol et al. (1981) 

Cohen et al. (1982) 

Kim et al. (1981) 

0110 et al. (1981) 

Sakano et al. (1980) 

Kataoka et al. (1982) 

Rechavi et al. (1983) 

Rechavi et al. (1983) 

Rechavi et al. (1982) 

Rechavi et al. (1982) 

Matthyssens and Rabbitts (1980) 

d MPl, mouse S43 DNA (from MOPC 104E cDNA). MP2. mouse MPCI I cDNA. MP3, 
mouse Ml67 DNA. MP4, mouse UPC10 DNA. MP5, mouse Ml41 DNA. MP6. mouse 

MC101 DNA. HPl, mouse VH104 DNA. HP2. mouse SlO7 DNA. MP3, mouse ~$107 

DNA. 

b JI, pseudogene. 

c This contains a one-nucleotide deletion. 

VHPJ14, and VHlOl). They were obtained by separate DNA probes. All of these 
genes are functional. 

In the present study we used five human V, genes, that is, VHHA2, VHHG3, 
VHHll, VHH16BR, and VHH26. VHHA2 and VHH16BR contain termination 
codons at positions 26 and 29, respectively, which probably makes these genes 
nonfunctional. The other three are functional. 

For studying the pattern of concerted evolution of V, genes, it is desirable 
to use a random sample of genes. Obviously our sample of genes is not a random 
one, but since 16 of the 160 genes were sampled in the mouse, they should provide 
a rough idea about the concerted evolution of the mouse V, gene family. It should 
be noted that the genes sampled by the same DNA probes are usually closely 
related, whereas those sampled by different probes are often remotely related. 
According to Kabat et al.‘s (1979) classification, the genes identified by probe 
MPl and MP2 produce polypeptides belonging to subgroup II, whereas the genes 
identified by MP3 and MP4 produce polypeptides belonging to subgroup III. It is 
not clear which group of polypeptides is produced by the genes identified by MP5 
and MP6. In man only five genes are available; they are clearly insufficient for 
drawing any general conclusion about the pattern of concerted evolution. How- 
ever, these genes are useful for getting a time scale of concerted evolution of the 
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VW6 (Euman) T-A~c--c-&-T~M~--~--- 
Clu Ptk? ly 

I$J f-2 jG - f$ C/ -A.. . . .!105 bp) . . . . -T-E 

iNlO4 bkm3e) PA-A-mc~-~~_a:~-GG~-~~--c-G~ 
lu cys er lkp al e 8z”KE 

G/ e . . . . . . ( 94 bp) . . . . -Tcr- 

VHl45 &use) ILADA-AcKx;Acc----c- --AT-C-C--cT-GGc-G-AC4 
Gy i$ E i$ ITe kt ku AlaAlaThrEIhr 

ACA G/ B . . . . . . ( 82 bp). . . . -‘ICI’- 

104 __&&-&___ -l-lm4-m-ai---lGIm--o----DG 

145 __g..&+q.-J___-- -Tlm+x~- 

FIG. I.-Four examples of the nucleotide and amino acid sequences for the VH germ line genes 

used. VHSPT15, Mouse functional gene. VHH26, Human functional gene. VH104, Mouse pseudogene, 

which has a termination codon at the thirty-ninth codon position. VH145, Mouse pseudogene which 

has a serine codon rather than a cysteine codon at the twenty-second position. In the sequences for 

VHH26, VH104, and VHl45, a dash stands for the same nucleotide or same amino acid as that for 

VHSPTIS, and a blank indicates a gap. Codons are numbered in the positive direction from the 

beginning of the first framework region (FRl) and in the negative direction from the end of the leader 

region. The complementarity-determining regions (CDRl and CDR2) are enclosed in boxes. FR2 lies 

between CDRl and CDR2, while FR3 follows CDR2. 

V, genes in the mouse, as will be discussed later. The genes identified by probes 
HP1 and HP2 produce subgroup I and III polypeptides, respectively. 

Phylogenetic Tree of V, Genes 

To see the evolutionary history of immunoglobulin V, genes, we recon- 
structed a phylogenetic tree of the genes mentioned above, considering the evo- 
lutionary distances among them. In this case we used only the protein-coding 
regions, since alignment of DNA sequences for the noncoding regions was not 
easy. Alignment of the coding regions was made by using a slight modification of 
Needleman and Wunsch’s (1970) method. In practice, alignment was easily es- 
tablished for all pairs of genes since only a few deletions or insertions existed in 
the coding regions. A few examples of the sequence alignments are presented in 
figure 1. The nucleotides involved in deletions or insertions were eliminated from 
the comparisons of DNA sequences. 
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The evolutionary distance between a pair of sequences was measured by the 
number of nucleotide substitutions per site. This number was estimated by Jukes 
and Cantor’s (1969) formula 

S = - (3/4) ln[ 1 - (4/3)1~], (1) 

where 7~ is the proportion of nucleotides that are different between the two se- 
quences under consideration. The S value was obtained for each of the three 
nucleotide positions of codons. For making the phylogenetic tree, however, the 
average of S’s for the first and second positions was used. We did not use third- 
position data, because the numbers of third-position changes for certain pairs of 
sequences were very large (see below), and in such a case as this Jukes and 
Cantor’s (1969) method gives an underestimate of S (Kimura 1981; Takahata and 
Kimura 1981; Gojobori et al. 1982). We also did not use the CDRs for this purpose 
because these regions are known to have a high rate of nucleotide substitution 
similar to that of pseudogenes (Nei 1983), The total number of codons used for 
tree making was therefore about 93 (see fig. 1). 

The average S values for the first and second nucleotide positions for all pairs 
of genes are presented in table 2. Using these values, we constructed two different 
phylogenetic trees, that is, one for all genes and the other for functional genes 
only. We did this because pseudogenes are known to evolve faster than functional 
genes (Kimura 1980; Proudfoot and Maniatis 1980; Li et al. 198 1; Miyata and 
Yasunaga 1981), and this may distort the tree reconstructed. However, the to- 
pology of the functional genes within the all-gene tree was identical with that of 
the tree for functional genes only, though some branches of the all-gene tree were 
slightly longer than those of the latter tree, as expected (fig. 2). In the construction 
of the phylogenetic trees we used the unweighted pair-group method (UPGMA). 
It is known that, whatever the tree-making method used, a phylogenetic tree 
reconstructed is subject to large random errors, but UPGMA tends to give a better 
performance than other commonly used statistical methods in recovering the true 
tree (Tateno et al. 1982; Nei et al. 1983). 

The phylogenetic tree obtained for all genes is presented in figure 2. In this 
figure the estimated number of nucleotide substitutions per site (6) is related to 
evolutionary time by assuming that S is proportional to evolutionary time and that 
the closest genes between man and mouse (VH441 and VHH26) diverged 80 MY 
ago, that is, the time when man and mouse diverged (see Nei 1975, p. 9). In the 
presence of concerted evolution, the latter assumption could be wrong, since 
these two genes may have separated well before the human-mouse divergence; 
then the time scale in figure 2 would give an underestimate of evolutionary time. 
In the present case, however, this assumption does not seem to be unreasonable, 
since the rates of nucleotide substitution for functional genes and pseudogenes 
obtained under this assumption are close to those for other gene families, as will 
be discussed later. 

Figure 2 shows that some genes in the mouse or human genome are more 
closely related to each other than others are, as expected from the theory of 
concerted evolution. It is also noted that the genes identified by the same DNA 
probe are usually closely related. However, each gene has a surprisingly long 
history. The most closely related genes observed are VH186-2 and VH145, but 
even these genes seem to have diverged about 6 MY ago. All other genes diverged 
much earlier. The earliest separation of genes occurred between the VHlOl-VHPJ14 
cluster and the other human and mouse genes, the time of separation being about 



Table 2 
Pahwise Evolutionary Distances (6) for the Germ Line DNA Sequences of 
16 Mouse and Five Human V, Genesa 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

1. VH186-2 .... .Ol .02 .03 .03 .03 .04 .12 .ll .19 .16 .15 .23 .23 .54 .39 .47 .43 .43 .58 .52 

2. VH145 ...... .03 .03 .04 .04 .06 .13 .12 .20 .17 .16 .24 .25 .55 .39 .48 .44 .43 .60 .54 

3. VH186-1 .... .03 .04 .04 .05 .12 .lO .18 .15 .16 .22 .22 .53 .40 .49 .45 .43 .59 .53 

4.VH6.. ...... .04 .04 .04 .ll .09 .17 .15 .15 .21 .21 .52 .38 .48 .44 .43 .57 .52 

5.VH3.. ...... .02 .04 .ll .ll .18 .13 .13 .22 .22 .53 .39 .47 .43 .42 .54 .50 

6. VH102 ...... .04 .lO .lO .17 .14 .14 .21 .21 .53 .39 .47 .43 .41 .56 .50 

7. VH23. ...... .ll .lO .18 .16 .15 .21 .22 .51 .37 .45 .43 .41 .54 .49 

8. VHlOSA .... .06 .06 .ll .lO .24 .26 .48 .42 .48 .45 .43 .54 .49 

9. VH105 ...... .ll .08 .lO .23 .24 .50 .42 .49 .46 .44 .56 .51 

10. VH108B .... .15 .16 .29 .32 .51 .49 .54 .52 .50 .58 .53 

11. VH104 ...... .lO .26 .28 .51 .46 .53 .50 .48 .55 .53 

12.VHlll.. .... .24 .26 .57 .45 .54 .50 .49 .56 .51 

13. VHHG3 ..... .09 .41 .34 .39 .35 .35 .50 .45 

14. VHHAZ .... .40 .37 .40 .35 .35 .56 .53 

15. VHSPTl5 ... .21 .21 .16 .16 .53 .53 

16. VH441.. .... .18 .13 .14 .47 .44 

17. VHH16BR .. .06 .08 .54 .52 

18.VHHll.. ... .03 .49 .47 

19. VHH26 ..... .48 .46 

20.VHPJ14 ..... .06 

21. VHlOl.. .... 

a Genes are arranged in the same order as that in fig. 2. 



Concerted Evolution 201 

300 MY ago. This corresponds approximately to the time when mammals and 
reptiles diverged (Nei [1975], p. 9). Separation of the VH441-VHSPTl5 gene 
cluster and the gene clusters identified by probes MPl and MP2 also seems to 
have occurred as early as 270 MY ago. Thus, many gene duplications occurred 
much earlier than the time of human-mouse divergence. 

If we note that each of these gene duplications was probably mediated either 
by unequal crossing-over or by gene conversion, our results indicate that the 
concerted evolution of the V, gene family occurs very slowly. (Gene conversion 
does not result in genuine gene duplication but has the same effect as gene du- 
plication if the entire region rather than a part of a gene is “converted” by another 
gene.) The rate of observable gene duplication can be computed from the phy- 
logenetic tree in figure 2 by tracing the evolutionary pathways of mouse genes. 
For example, genes VH 186-2 and VH 145 each experienced nine duplication events 
from the ancestral gene for all genes during a period of about 300 MY. Gene 
VH186- 1 experienced eight duplication events. The average number of observable 
duplication events for all mouse genes is 5.9. Therefore, a mouse gene seems to 
have duplicated every 50 MY on average, or with a rate of 2 x lo-* per gene per 
year. Of course, this rate of observable gene duplication is not equal to the rate 
of occurrence of gene duplication, since many duplicate genes that appeared in 

d MY 
0.6 

T 
360 

FIG. 2.-Phylogenetic tree for 16 mouse and five human VH germ line genes. Gene notations are 

the same as those used by the original authors. MPl, MP2, etc. represent the DNA probe used, 

whereas I, II, and III are the subtypes of the polypeptide produced (see table 1). Dashed lines show 

pseudogenes. The phylogenetic tree constructed for the 14 functional genes has the same topology as 

that of the above tree if the pseudogene part is excluded. However, some branch lengths are shorter 

than those of the all-gene tree. The values in parentheses in the above tree diagram are the branch 

lengths for the functional-gene tree, whereas the values above them are those for the all-gene tree. 

The other branch lengths were nearly the same for the two trees. In this figure, d represents 6 in the 

text. 
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the early evolutionary stage might have been lost or may remain undetected 
because of the limited number of genes sampled. If we assume that (i) there is no 
selection, (ii) any one of the n genes in the V, family is subject to gene duplication 
with probability A per year, and (iii) whenever a gene is duplicated, another gene 
is eliminated, so that the total number of genes (n) remains constant, then the 
expected time during which all of s genes sampled (S d n) are derived from a 
single common ancestral gene is given by 

n-1 &----- 
( ) 

l-1 
x S 

(2) 

(F. Tajima, personal communication). This is approximately equal to Ohta’s (1983b) 
fixation time of a single mutant repeat gene if s is large. Furthermore, the expec- 
tation of the number of observable gene duplications for a sample of s genes is 

(3) 
-2(log,s - 0.423) 

for a large s (F. Tajima, personal communication). Therefore, the expectation of 
the rate of observable gene duplication becomes 

d3 4~’ = 2Wlog,s - 0.423 -- 
t (n- l)(S- 1) * 

(4) 

Under the present assumption, the rate of occurrence of gene duplication 
can be obtained from (2) by putting t = 300 MY, n = 160, and s = 16. It becomes 
5 x lo-‘. This is more than 20 times higher than the rate of observed gene 
duplication but still very low compared with the general view that the turnover 
of variable region genes is quite rapid (Hood et al. 1975; Honjo 1983; Ohta 1983~~). 
(Ohta [1983a], e.g., speculated A = lO-5 per generation.) Although the number 
of human V, genes examined is small, one may obtain another estimate of A from 
these genes. In this case i = 270 MY, n = 80, and s = 5, so that A = 2.3 x 
lo-‘. This is again very small. Incidentally, the expected rate of observable gene 
duplication can be obtained from (4) by using r(s) = 4.7 and t = 300 MY for the 
mouse. It becomes 1.6 x lO-8. This is very close to the observed rate (2 x 1O-8). 

The accuracy of our estimate of the rate of occurrence of gene duplication 
depends on the validity of our assumption of constancy of n. In practice, it is 
quite possible that the number of V, genes in mammals steadily increased for the 
past 300 MY. If this is the case, the rate would be smaller than the A value 
obtainable from (2). At the present time, however, it is difficult to know whether 
our assumption is correct since, except in mice and humans, the number of V, 
genes is not known. 

Our finding that gene duplication occurs very slowly in the V, gene family 
is interesting in relation to immunoglobulin diversity. Immunoglobulin diversity 
is produced by several different mechanisms, one of which is DNA rearrangement. 
By this mechanism, each of the constant region genes is combined with one of 
many variable region genes in the genome, generating a great deal of immuno- 
globulin diversity (e.g., Leder 1982; Tonegawa 1983). We note that if there were 
little genetic variation among different variable region genes, as in the case of the 
tRNA and rRNA gene families, this mechanism would have been virtually useless 
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in producing immunoglobulin diversity. Both unequal crossing-over and gene con- 
version are mechanisms to reduce genetic variability among different copies of 
genes, so that a low frequency of their occurrence is preferable in order to have 
a large amount of immunoglobulin diversity. Probably for this reason, the fre- 
quency of gene duplication is kept low in the V, gene family. 

Rates of Nucleotide Substitution 

In the study of the evolutionary times of gene duplication, we assumed that 
mouse gene VH441 and human gene VHHl 1 or VHH26 diverged 80 MY ago. To 
see whether this assumption is reasonable, we examined the rates of nucleotide 
substitution for the first, second, and third nucleotide positions of codons between 
these mouse and human genes for the FRs and CDRs separately. The results 
obtained are presented in table 3. It is seen that the substitution rates for FRs are 
close to those for globin genes, where the first-, second-, and third-position rates 
for functional genes have been estimated to be 0.85 x 10-9, 0.7 x 10-9, and 2.65 
x 1O-9 per site per year (Li et al. 1981). Particularly interesting is the similarity 
in the third-position rate between immunoglobulin genes and globin genes. Since 
the majority of third-position changes are synonymous and are known to occur 
at more or less the same rate for all genes (Kimura 1983), this similarity suggests 
that our assumption of the divergence time of 80 MY between genes VH441 and 
VHH 11 is reasonable. 

A quantity closely related to the third-position rate is the rate of silent nu- 
cleotide substitution. Miyata et al. (1980) have shown that this rate is about 5 X 
1O-9 for many different genes. We have therefore examined this rate by using 
Miyata and Yasunaga’s (1980) method for computing silent substitutions. Our 
result for the FRs was 4.3 x 10-9, which is very close to Miyata et al.‘s estimate. 

Another support for our assumption comes from the substitution rate for the 
CDRs. Nei (1983) estimated the rate of nucleotide substitution for the CDRs of 
the light-chain K variable region genes (V, gene family) by using the most closely 
related genes available (K2 and HKlOl) between the mice and humans and as- 
suming that the two genes diverged 80 MY ago. The results obtained showed that 

Table 3 
Number of Nucleotide Substitutions per Site (6) and the Rates of Nucleotide 
Substitutions per Site per Year (IL)~ 

REGION (codons used) 

AND NUCLEOTIDE POSITION 

6 

VH441-VHHll VH441-VHH26 Average X(X 10-y 

FRb 

(93): 

First........................... .15 + .04 .17 * .05 .16 + .05 1.01 + .28 
Second......................... .lO + .04 .lO f .04 .lO + .04 .65 ” .22 
Third........................... .42 & .09 .42 2 .09 .42 + .09 2.63 ? .53 

CDR 

(22): 

First........................... .41 If: .17 .59 ” .23 .50 + .20 3.14 2 1.28 
Second......................... .50 + .20 .70 & .27 .60 f .24 3.74 ? 1.48 
Third........................... .97 * .39 1.42 & .68 1.19 * .55 7.47 + 3.45 

a Obtained from the comparison of the mouse gene VH441 with the human genes VHHl 1 and VHH26 under 

the assumption that they diverged 80 MY ago. 
b The leader region is included. 
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the rates for the first, second, and third nucleotide positions are 3.1 x 10-9, 5.5 
x 10-9, and 4.8 x 1O-9 per site per year, respectively. The corresponding rates 
for the V, genes are 3.1 x 10-9, 3.7 x 10-9, and 7.5 x 1O-9 (table 3). Considering 
the large standard errors associated with these estimates, the two sets of data are 
in good agreement. Although there is a possibility that both sets of genes used 
diverged earlier than 80 MY ago, the agreement of the rates of substitution suggests 
that the actual time of divergence between genes VH441 and VHHll or K2 and 
HKlOl would not be far above the time we assumed. It is also interesting to note 
that the substitution rates for the three nucleotide positions of codons are more 
or less the same for the V, and V, genes and approximately equal to the pseu- 
dogene rate (4.6 x 10-9; Li et al. 1981). It is therefore possible that most mutations 
at the CDRs are selectively neutral, and the rate of nucleotide substitution is 
approximately equal to the mutation rate. 

Pseudogenes in the V, Gene Family 

In table 1 we have listed seven pseudogenes or probable pseudogenes, of 
which five have termination codons. The remaining two seem to be pseudogenes 
for the reasons mentioned earlier. If we consider three more partially sequenced 
genes (+VH3, VHl 1, and VH13) from the T15 mouse immunoglobulin gene group 
(Crews et al. 1981), the total number of known pseudogenes becomes eight, 
because \IrVH3 is known to have a termination codon and a four-base insertion. 
This brings the proportion of pseudogenes to 8/24, or one-third. If this proportion 
applies to the entire V, family genes, about 53 of the mouse V, genes and about 
27 of the human V, genes are expected to be pseudogenes. 

Why are there so many pseudogenes in the V, family? The answer seems to 
be that the occurrence of nonfunctional genes or pseudogenes is an inevitable 
consequence of destructive mutations that accumulate in duplicate genes as long 
as some of the duplicate genes are functional and sufficient for producing required 
proteins. Theoretically, if the product of one copy of a gene is sufficient for all 
the required physiological functions, the rest of the duplicate copies can be dis- 
abled. In the case of immunoglobulins, however, many different kinds of antibody 
must be produced, so many copies are required. If the number of functional genes 
is reduced to a certain value, the immunological system may become less efficient 
and consequently give a selective disadvantage to its carrier. It is therefore likely 
that the number of functional genes in the genome is determined by the balance 
between this functional requirement and the mutational destruction of duplicate 
genes. It is then possible that the proportion of pseudogenes is higher in organisms 
with a large number of V, genes than in those with a small number. 

In the presence of concerted evolution there are two ways in which the 
number of pseudogenes increases. One is the disabling of functional genes, and 
the other is the duplication of pseudogenes themselves. The latter mechanism 
apparently operated in the cases of Xenopus 5s RNA pseudogenes (Jacq et al. 
1977) and goat globin pseudogenes (Cleary et al. 1981; Li and Gojobori 1983). 
However, the pseudogenes in the V, family seem to have been produced mainly 
by the former mechanism, as is clear from the phylogenetic tree of genes in figure 
2. The close relationship between mouse pseudogenes VH104 and VHl 11 suggests 
the possibility that they diverged after their ancestral gene became nonfunctional. 
However, these two genes have a termination codon at different nucleotide po- 
sitions, as mentioned earlier, and it is therefore likely that they were disabled 
independently after their divergence. 
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It should be mentioned that the nonfunctionality of V, pseudogenes is caused 
mostly by nucleotide substitution rather than by deletion or insertion. Only in one 
of the eight pseudogenes is nonfunctionality a result of deletion. This is quite 
different from the situation in other gene families such as the globin family (Proud- 
foot and Maniatis 1980; Li 1983). The reason for this difference is not clear. 

Miyata and Yasunaga (1981) and Li et al. (1981) showed that the rate of 
nucleotide substitution for globin pseudogenes is much higher than the rate for 
functional globin genes. To see if this is also true with immunoglobulin genes, we 
compared the substitution rates for the pseudogenes and functional genes. In this 
case it is important to note that the disabling of a gene may occur some time after 
gene duplication, although theoretically a gene can be disabled at the time of gene 
duplication as well (Leder et al. 198 1). A general scheme of evolution of pseu- 
dogenes is given in figure 3. In this figure, Td is the time since gene duplication, 
and T,, is the time since disabling. To estimate Td and T,,, we need another functional 
gene (C) of which the time of divergence (7’) from pseudogene A and functional 
gene B is known. 

In figure 3, 1, m, and n stand for the number of nucleotide substitutions for 
the evolutionary branches O-A, O-B, and O-C, respectively. If a pseudogene has 
a higher rate of nucleotide substitution than a functional gene and T,, is sufficiently 
large, we expect 1 to be larger than m. Let us first examine this point, estimating 
I, m, and n from 6 values. To estimate 1, m, and n, we note the properties: 1 + 
m=6 AB, 1 + n = SAC, and m + n = &, where aAB, SAC, and 6,, represent the 
values of 6 between sequences A and B, A and C, and B and C, respectively. 
Therefore, 1, m, and n can be estimated by 

1=8-s,,, 

m=8-6,,, (5) 

n=6-6,,, 

where 6 = (6,, + S,, + 6,,)/2. We note that for estimating 1, m, and n no 

Functional gono Functional pm 

FIG. 3.--Schematic evolutionary relationship among pseudogene A and two related functional 

genes B and C; I, m, and n denote the number of nucleotide substitutions between 0 and A, between 

0 and B, and between 0 and C, respectively. T, Td, and T,, represent the time since divergence between 

B and C, time since divergence between A and B. and time since disabling of A, respectively. 
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information on T is required. Therefore, we used closely related genes as C for 
each pseudogene. The estimates of 1, m, and n for the seven pseudogenes are 
presented in table 4. In the computation of these estimates, the CDRs were again 
excluded. It is clear that in the cases of pseudogenes VH 108B and VHH16BR 1 
is greater than m in all three nucleotide positions. This indicates that the rate of 
nucleotide substitution in these pseudogenes is higher than that in their functional 
counterparts. In other pseudogenes, however, 1 is not necessarily greater than m, 
and the difference between them is not statistically significant. This suggests that, 
in these pseudogenes, nucleotide substitution has not been accelerated or that the 
time since disabling is too short for the accelerated substitution rate to be detected. 

Interestingly, pseudogenes VH104 and VHHl 1 do not show a clear-cut ac- 
celerated rate, although they apparently diverged quite a long time ago (see fig. 
2). It is possible that these two genes were disabled relatively recently. Indeed, 
comparison of the DNA sequences of these two genes has indicated that the 
numbers of nucleotide substitutions between the first and second nucleotide po- 
sitions of codons (0.117 and 0.074 per site, respectively) are smaller than the 
number at the third position (0.181). This suggests that the two genes were func- 
tional and subjected to purifying selection at the protein level until recently. 

For the two pseudogenes (VH108B and VHH16BR) that showed an accel- 
erated rate of nucleotide substitution, we estimated T,, and T,, in figure 3 by using 
Li et al.‘s (1981) statistical method. Mouse functional gene VH441 served as gene 
C in figure 3 for the human pseudogene VHH16BR, assuming T = 80 MY. For 
the mouse pseudogene VH108B, we used the functional genes identified by probe 
MPl as C, assuming T = 65 MY (see fig. 2). The results obtained are presented 
in table 5, together with the estimate of the rate of nucleotide substitution for 
pseudogenes (see Li et al. [1981] for the method for estimating this rate). The 
estimate (ca. 5 x 1O-9 per site per year) of the rate of nucleotide substitution for 
pseudogenes is of the same order of magnitude as that for globin pseudogenes 

Table 4 
Estimates of the Number of Nucleotide Substitutions 

NUCLEOTIDE POSITION 
FUNCTIONAL 

PSEUDOGENE GENES First Second Third 

A B C 1 mn lmn Imn 

VHl08B 

VHlO8B 

VHH 16BR 

VHHl6BR 

VHl45 

VHl45 

VH104 

VH104 

VHlll 

VHlll 

VH6 

VH6 

VHHA2 

VHHA2 

VHlO5 

VHl05 

VHHll 

VHH26 

VH23 

VH3 

VHlO5 

VH105 

VH105 

VH105 

VH23 

VH3 

VHHG3 

VHHG3 

VHl86-2 .13 
VH102 .ll 

VH441 .06 
VH441 .07 

VHlO5 .04 

VH105 .02 
VH 186-2 .08 

VH3 .06 

VHl86-2 .10 
VH3 .09 
VH105 .03 
VHlO5 .02 

VHl86-2 .08 

VH102 .08 

- .Ol 

.oo 

.Ol 

.03 

.oo 

.02 

.oo 

.02 

.oo 

.Ol 

.oo 

.03 

.03 

.03 

.I4 .07 .05 .05 .12 .05 .13 

.13 .07 .05 .03 .09 .03 .I5 

.15 .05 .Ol .lO .12 .10 .32 

.I4 .05 .Ol .lO .ll .09 .33 

.lO .03 .04 .06 .Ol .05 .15 

.12 .03 .02 .06 .Ol .04 .15 

.13 .05 .03 .06 .02 .05 .13 

.12 .04 .04 .04 .02 .05 .15 

.12 .04 .05 .04 .15 .05 .13 

.13 .03 .06 .02 .14 .07 .13 

.10 .OO .05 .06 .02 .02 .19 

.ll .OO .02 .06 .03 .02 .17 

.20 .Ol .06 .18 .08 .lO .31 

.17 .Ol .06 .16 .10 .08 .31 

NOTE.-/, m, and n for the three branches in fig. 3: CDRs are excluded. 
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Table 5 
Rates of Nucleotide Substitution 

FUNCTIONAL 

PSEUDOGENE GENE 
T, Td T 

A B C A( x 10-9) (MY) (MY) (MY) 

VHH16BR VHHll VH441 3.91 14.9 27.2 80.0 

VHH26 VH441 4.29 11.6 30.7 80.0 

Average . . . . . . . . . . . . . . . . . . . . . 4.10 13.3 29.0 80.0 

VH3 2.59 26.7” 26.7 65.0 

VH23 12.65 6.7 18.0 65.0 

VHlOSB VH105 VH102 4.67 17.1 26.5 65.0 

VH186-1 7.11 12.8 26.3 65.0 

VH 186-2 5.08 19.1 26.6 65.0 

Average . . . . . . . . . . . . . . . . . . . . . 6.42 16.5 24.8 65.0 

Nom.-Per site per year for pseudogenes (A), time since disabling (T,,), 

and time since duplication (Td). T is the time since divergence between B and 
C in fig. 3. CDRs are excluded. 

a Since T,, > Td, T,, was assumed to be equal to Td (Li et al. 1981). 

(4.6 x 10-9; Li et al. 1981) and higher than the rate for the third nucleotide 
position of codons for the FRs of V, genes (tables 3 and 5). In the case of 
VHH16BR, the pseudogene and its closest functional counterparts (VHHll and 
VHH26) seem to have diverged about 29 MY ago, and disabling of VHH16BR 
seems to have occurred about 13 MY ago. The mouse pseudogene VHlOSB seems 
to have diverged from its closest functional counterpart (VH105) about 25 MY 
ago and to have been disabled about 17 MY ago. (The functional gene VH108A 
was not used here because this gene seems to have experienced partial gene 
conversion.) These estimates have a large standard error. It is noted that the value 
(25 MY) of Td for VH108B is substantially smaller than the divergence time (53 
MY) between VHlOSB and VH105 given in figure 2. This difference occurred 
because the phylogenetic tree in figure 2 was constructed under the assumption 
of equal rates of nucleotide substitution for both functional genes and pseudogenes. 

Discussion 

We have seen that concerted evolution occurs very slowly in the V, genes. 
This finding is different from what many immunologists have visualized. They 
(e.g., Hood et al. 1975; Honjo 1983) seem to believe that concerted evolution 
occurs quite rapidly in the immunoglobulin variable region genes. The main reason 
for this belief seems to be that “in portions of the V region that are highly 
conserved, coincidental (concerted) evolution is reflected by species-specific res- 
idues at certain positions that distinguish most of the immunoglobulin chains of 
one species from those of a second” (Hood et al. 1975). However, the existence 
of species-specific amino acid residues is not really inconsistent with the slow 
rate of concerted evolution. Namely, even if the turnover of genes occurs as 
slowly as found here, the existence of species-specific residues can be explained 
by the low rate of nucleotide substitution ([l - 71 x 1O-9 per site per year); by 
chance alone certain residues are expected to be conserved for a quite long time, 
particularly in the presence of gene clusters such as those in figure 2. 
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The slow rate of concerted evolution in the gene family is in sharp contrast 
to the evolution of ribosomal RNA (rRNA) genes or transfer RNA (tRNA) genes. 
Man is known to have about 400 rRNA genes, but the nucleotide sequences of 
the coding regions of these genes are virtually identical (Arnheim 1983). Recently, 
studying the restriction site sequences of the nontranscribable spacer (NTS) of 
rRNA genes in the human, chimpanzee, gorilla, orangutan, and gibbon, Arnheim 
(1983) and his associates discovered that the human genes have a distinct restric- 
tion site sequence and this sequence exists in all copies of rRNA genes. This 
suggests that this sequence appeared by mutation after the human-ape divergence 
and has spread through the entire rRNA gene array. Since the human-ape diver- 
gence apparently occurred about 5 MY ago (Wilson et al. 1977), concerted evo- 
lution must have occurred quite rapidly in the rRNA genes. 

If we use equation (2) and assume t = 5 x 106, the rate of occurrence of 
gene duplication can be estimated. In the present case n = s = 400, so that A = 
8 x 10-5. This is more than 100 times higher than the value for the V, gene 
family. This value could still be an underestimate because the human restriction 
site sequence in rRNA genes may have appeared later than the time of human- 
ape divergence. However, this agrees well with another estimate that can be 
obtained independently. Studying the frequency of occurrence of bb mutants 
(partial deficiencies of rRNA genes) in Drosophila melanogaster, Frankheim et 
al. (1980) estimated that the rate of occurrence of unequal crossing over for the 
rRNA gene cluster is 3 x 1O-4 per X chromosome per generation. The X chro- 
mosome of D. melanogaster has about 250 copies of rRNA genes (Tartof 1975), 
and according to Szostak and Wu’s (1980) study with yeast, a single unequal 
crossing-over event affects seven repeats of rRNA genes on average. Therefore, 
the rate of occurrence of unequal crossing-over is estimated to be 3 x 1O-4 x 

(7/250) = 8 x 1O-6 per gene per generation. If D. melanogaster has 10 generations 
in a year in nature, this gives a rate of 8 x lO-5 per gene per year. This happens 
to be identical with the above estimate of A. 

These computations indicate that concerted evolution occurs much faster in 
the rRNA gene family than in the V, gene family. Why is there so much difference 
in these two rates? One possible explanation is that the controlling mechanism 
of unequal crossing-over or gene conversion is not the same for the two gene 
families. Another explanation is that the selection schemes for the two families 
are different. As mentioned earlier, diversity is required for immunoglobulins, and 
the genetic heterogeneity among the V, genes is one of the important sources of 
immunoglobulin diversity. In rRNA genes, however, homogeneity seems to be 
advantageous, since all rRNA molecules apparently have the same function. Since 
unequal crossing-over and gene conversion both have the effect of reducing the 
genetic variability among multigenes, they are apparently used effectively for 
maintaining the homogeneity of rRNAs. That is, a copy of an rRNA gene that 
deviates from the standard one seems to be disadvantageous and thus to be 
eliminated. In the case of V, genes, however, an individual who has many copies 
of the same DNA sequence owing to unequal crossing-over or gene conversion 
seems to be at a selective disadvantage and is thus eliminated from the population. 
This difference in selection scheme would probably be sufficient to explain the 
difference in the rate of concerted evolution between the V, and rRNA gene 
families, though some mathematical study is necessary to test this hypothesis 
quantitatively. In our view, the latter explanation is more reasonable than the 
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former since it requires no special mechanism for controlling the frequency of 
unequal crossing-over or gene conversion. If this view is correct, our estimate of 
A for V, genes refers to the effective rate of gene duplication that corresponds 
to the case of no selection. 

It now seems clear that the genome of higher organisms contains many mul- 
tigene families (see Li [1983] for a recent review). Indeed, most genes seem to 
exist in multiple copies in the genome, though the number of copies is not always 
large. All of these multigene families apparently undergo concerted evolution, but 
the pattern of evolution is expected to vary from gene family to gene family 
according to the type of requirement for multiple genes. The evolutionary patterns 
of the V, and rRNA gene families are probably the two extremes in terms of the 
rate of fixation of duplicate genes. To understand the significance of concerted 
evolution for the entire genome, we must study the evolutionary patterns of many 
other gene families. 

Antibody diversity is produced by various mechanisms such as germ line 
mutation, DNA rearrangement, somatic mutation, and deletion/insertion (Tone- 
gawa 1983). In the present paper we are concerned only with germ line genes. 
However, we note that the genetic variation among the germ line V, genes is very 
large, as is clear from table 2. This large genetic variation is translated into antibody 
diversity through DNA rearrangement, and this factor alone is very important for 
generating antibody diversity. It is interesting to note that the CDRs are partic- 
ularly variable (hypervariable) and the rate of nucleotide substitution in these 
regions is as high as the pseudogene rate, which is supposed to be equal to the 
intrinsic mutation rate at the nucleotide level (table 3). This suggests that there 
is virtually no purifying selection operating in the CDRs, and germ line mutations 
are effectively used for generating antibody diversity (Nei 1983). This finding is 
similar to Ohta’s (1978) earlier observation that the rate of amino acid substitution 
at the hypervariable regions (CDRs) is equal to that of fibrinopeptides, the highest 
known rate for proteins. 

Addendum 

After we completed our work, Litman et al. (1983) published the nucleotide 
sequence of a V, germ line gene from Cairnan crocodylus, a reptile. This sequence 
is relatively closely related to the mouse gene VHSPT15, the 6 value being .35. 
This evolutionary distance corresponds to 210 MY if we use the evolutionary time 
scale given in figure 2. Since reptiles and mammals diverged about 300 MY ago, 
this indicates that our time scale could be erroneous. If we assume that S = .35 
corresponds to an evolutionary time of 300 MY, all the mouse and human genes 
in figure 2 will become older by about one-third. Therefore, our conclusion that 
the concerted evolution of the V, gene family occurs very slowly will remain 
unchanged. However, since the number of nucleotide substitutions in a single 
gene of about 93 codons is known to be subject to large stochastic errors, it is 
not clear whether the results obtained from the mouse-C&nun divergence are 
more reliable than those from the mouse-human divergence. It should also be 
noted that there is a possibility of horizontal gene transfer (Busslinger et al. 1982) 
in this case. We have therefore decided not to extend our analysis to these new 
sequence data at this moment. 
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