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We determined four nucleotide sequences of the hom-
inoid immunoglobulin « (Ca) genes (chimpanzee Ca2,
gorilla Ca2, and gibbon Cal and Ca2 genes), which
made possible the examination of gene conversions in
all hominoid Ca genes. The following three methods
were used to detect gene conversions: 1) phenetic tree
construction; 2) detection of a DNA segment with ex-
tremely low variability between duplicated Ca genes;
and 3) a site by site search of shared nucleotide changes
between duplicated Ca genes. Results obtained from
method 1 indicated a concerted evolution of the dupli-
cated Ca genes in the human, chimpanzee, gorilla, and
gibbon lineages, while results obtained from method 2
suggested gene conversions in the human, gorilla, and
gibbon Ca genes. With method 3 we identified clusters
of shared nucleotide changes between duplicated Co
genes in human, chimpanzee, gorilla, and gibbon line-
ages, and in their hypothetical ancestors. In the present
study converted regions were identified over the entire
Ca gene region excluding a few sites in the coding
region which have escaped from gene conversion. This
indicates that gene conversion is a general phenome-
non in evolution, that can be clearly observed in non-
functional regions.

The mammalian immunoglobulin heavy chain constant
region (Cy)' gene cluster has evolved through multiple gene
duplications and resulting specializations into its present
classes (Cu, C8, Cv, Ce¢, and Ca). The Cy gene organization
of human is 5’ -Cu-C3-Cv3-Cy1-Ce2-Cal-¥Cvy-Cy2-Cy4-Cel -
Ca2-3’, while that of mouse is 5’-Cu-C3-Cv3-Cy1-Cy2b-
Cv2a-Ce-Ca-3'( Ref. 1, and references therein). Comparing
the nucleotide sequences of the human immunoglobulin Cal
gene and two alleles [A2m(1) and A2m(2)] of the Ca2 genes,
Flanagan et al. (2) found that the nucleotide sequence of a
contiguous stretch in the 3’ end of the Cal gene is identical
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with that of the A2m(1) allele of the Ca2 gene, but is different
from that of the A2m(2) allele. Thus, they argued that there
was a localized transfer of the genetic information from the
3’ end of the Cal gene to the A2m(1) allele of the Ca2 gene
through gene conversion.

Gene conversion is broadly defined as a nonreciprocal su-
perposition of the information of one piece of DNA onto
another (3). Although its molecular mechanism is not well
understood, segmental homology between related genes is
often attributed to gene conversion. It can occur between
alleles on homologous chromosomes or between related genes
on the same, sister, or nonhomologous chromosomes of an
organism at mitosis or meiosis (4). Gene conversion has been
suggested as a process of concerted evolution which maintains
or creates sequence homogeneity in the related genes (5). The
existence of concerted evolution can be shown when duplica-
ted genes share the same nucleotide changes within a species
but different changes between species, and gene conversion is
suggested when the nucleotide positions with such changes
are contiguous (6).

We previously studied the organization of the Cy gene
cluster in non-human primates (7-10). Chimpanzee and go-
rilla were found to have the Ce2-Cal and Cel-Ca2 regions as
does human, although all exons and introns of the chimpanzee
Ce2 gene are deleted (7). Orangutan, gibbon, and Old World
monkey have one, two, and one Ca genes, respectively (8),
and have one Ce gene in their Cy gene clusters (9). Our recent
study shows that duplication, including the Cv-Cy-Ce-Ca
genes, occurred in the common ancestor of hominoids (hu-
man, chimpanzee, gorilla, orangutan, and gibbon), followed
by the deletion of the gibbon Ce gene upstream from the Cal
gene and also of one of the Ce-Ca regions in orangutan.
Support for this gene phylogeny can also be found when the
evolution of the Ca hinge region is considered. Human, chim-
panzee, and gorilla share different hinge structures in their
Cal and Ca2 genes (four tandem repeats of a 15-bp unit with
a 6-bp overlap in the Cal genes and only one 15-bp unit in
the Ca2 genes) (7, 10). The hinge region of the orangutan Ca
gene is a Cal type of human, chimpanzee, and gorilla, while
that of the gibbon Cal gene consists of two tandem repeats
of a 15-bp unit with a 6-bp deletion. The hinge region of the
gibbon Ca2 gene is a Ca2 type of human, chimpanzee, and
gorilla (8). The most parsimonious explanation for the evo-
lutionary history of the hominoid Ca hinge region is a gene
phylogeny in which duplication of the Ca gene occurred in
the common ancestor of hominoids and the deletion of the
Ca2 gene occurred in the orangutan lineage (Fig. 1).

On the basis of the Ca gene phylogeny described above, we
examined in the present study whether gene conversion has
occurred in the duplicated Co genes of primates. We se-
quenced chimpanzee and gorilla Ca2 genes as well as Cal and
Ca2 genes of gibbon. These new sequence data made it pos-
sible to compare all the nucleotide sequences of hominoid and
Old World monkey Co genes. Our phylogenetic analysis
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FiG. 1. Ca gene phylogeny in higher primates. A gene dupli-
cation in the common ancestor of hominoids and a deletion of the
Ca2 gene in the orangutan lineage are indicated. For convenience
sake we used a tricotomous topology for the relationship among
human, chimpanzee, and gorilla. Hu, Ch, Go, Or, Gi, and OWM
indicate human, chimpanzee, gorilla, orangutan, gibbon, and Old
World monkey, respectively. This tree topology is most parsimonious
for the evolution of the Ca hinge region in hominoids. Since the hinge
region of the ancestral Ca gene of hominoids is thought to consist of
two tandem repeats of a 15-bp unit (8), four duplication or deletion
events are required in its evolution: 1) a deletion of the first 15-bp
unit of the Ca2 gene; 2) a 6-bp deletion from the first unit of the
gibbon Cal gene; 3) a duplication of 2 units resulting in 4 units with
6-bp overlap; and 4) a 6-bp deletion from the first unit of the
orangutan Ca gene.

Primate Immunoglobulin Ca Gene Conversion

showed that gene conversions occurred on the duplicated Ca
genes of the chimpanzee, gorilla, gibbon, and their ancestors.
We also found that human Ca gene conversion occurred not
only between the Cal and the Ca2[A2m(1)] genes but also
between the Cal gene and the ancestral Ca2 gene of the two
alleles.

MATERIALS AND METHODS

DNA Manipulations—Recombinant phage clones containing chim-
panzee {Pan troglodytes) Ca2, gorilla (Gorilla gorilla) Ca2, and gibbon
(Hylobates lar) Cal and Co2 genes were isolated previously from
their genome libraries (7, 8). A restriction fragment from each phage
clone containing the Ca gene was subcloned into pUC119 or Blue-
script plasmid vectors in both directions. Using exonuclease III and
mung bean nuclease (Toyobo Co., Ltd.), varying degrees of unidirec-
tional deletions were introduced into the insert of each plasmid.
Single-stranded DNAs were rescued using a helper phage and their
nucleotide sequences were determined by the dideoxynucleotide chain
termination method. All sequencing runs were performed on both
sense and antisense strands. These DNA manipulations were per-
formed using standard procedures (11).

DNA Sequence Analyses—Sequence alignment was done by visual
examination for human Cal, Ca2[allele A2m(1)], and Coa2[allele
A2m(2)], chimpanzee Cal and Ca2, gorilla Cal and Ca2, orangutan
(Pongo pygmaeus) Ca, gibbon Cal and Ca2, and crab-eating macaque
(Macaca fascicularis; an Old World monkey) Ca genes (Fig. 2). The

Hu ggtccaactgcaggcctgtggtgcaggagctgtgtgaccutgxggctgtcaccnggcctctctgtgctgggttcctccagtatagaggngaggcngtatagagga --------------- 120
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FIG. 2. Aligned Ca gene se- M- cteggaaatggcat e 6
quences. Sequences of the human Cal, Chl  ctggegacatggeat : ¢ GA A CCA 6
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crab-eating macaque Co genes (desig-
nated by Hul, Hu2-1, Hu2-2, Chl, Ch2,

Gol, Go2, Or, Gi 1, Giz’ and Cr, respec- gﬁ%-l TCX;C%TGCCTGGTCCAGGGCHCTTCCCCCAGGAGCCACTCAGTGTGACCTGGAGCGMAGOGGACAGGAﬁCGTGAC(‘BCCAGMACTTCCCACC%AGCCAGGATGCCTCCGGGGACCNT 360
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Cal gene and only nucleotides different Gol T T
from it are shown in other Ca genes. 822 M T CA CG
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represent positions for which no data are Cr AC A 6C TT 4 [4 4
available. Noncoding and coding se- CHL exon ---><-—-
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capital letters, respectively. Landmarks gﬁ%iz .......................................... e e
for CH exons, introns, and the hinge Chl &

. PN Ch2 [ G
region are indicated above the human Gol ¢ A T 14
Cal sequence, and those for termination S0 T A I T T g
codon, putative polyadenylation signal Gil A G [ A 6 AG
(aataaa), and alternating purine and py- 8%2 A ¢ 6 CG A G A g 6c & t

rimidine sequence are represented by

Ter, poly-A, and Pu/Py, respectively. Hul Intro

Human Cel and Ca2 gene sequences are rr %
from Flanagan et al. (2), and the nucleo- C‘l:l

tide sequences of the chimpanzee Col, 82{

the gorilla Cal, the orangutan Ce, and Go2

the crab-eating macaque Ca genes are x ¢

from Kawamura et al. (28). (Cili_z

agagggcuggctggggagtggggcggggccuccccgtcgtxccctgacactgcgcctgcacccgtgttccccncaggxagccxccccttcactcacaccagugtgxaccccgggccgagc 600

<= CHZ exon
vy <

Intron 1 ﬂe
guz . cccuggaggtggtggtggacaggccaggagggxcgaggcgggggcatggggugtatgtEctgaccagctcaggccatctctccactccag’l'l‘cc CTCCACCTéCCCCATCTCCC 720
u;

8002 ‘6T 1900300 U0 NYVONIAI NSLIFNMNOMN ¥e B10°og["mmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

W

Fi1G. 2.—continued

Primate Immunoglobulin Ca Gene Conversion 7361

Hul ) AGAGATGCCTC%GGTGTCACC’I'I‘CACCNGACGCCCTCMGNGGMGAG(‘BC']’GTTCMGGACCACCNAGCG’NACCTC’I‘GTGGCTGCI‘ACAGCG’I‘GTCCAGTGTCCNCO'GTGGC’I‘GT 960

Hn2-2 T
T
c TT
4
A

A G CG6

A T

A T

A C CAGT A [ T

T

@
S
&
S -3
[xle] cac [rlelels]

Do
I TaTs s b L ey

CH2 exon ---><--- Intron 2
Hul GCCgAGCCA’I‘GGMCCATGGGAAGACC'l'l'CAC'I'I'GCACTGC'I'GC(.'(I;ACCCOGAGT%AAGACCCCGC’I‘MCOGCCAEC(A:TC{CMMTcccgtgggtccagaccctgctcggggccctgc 1080
H2-2 € AA A
AL A t

AA A t

QOO
e

P i o e
-
ES
-
S

sgz
3
-
-
-
[elrlxlelelalelelelay]

T A ¢ c -emes

Hu2-2

Chl te ca [4 -
ch2 te ca g

Gol te ca g

Go2 ca g

or te 3 [4 4 g 2 4 g
Gil te [ ca g g g
Gi2 tc c ca [4 g 8 [4 g
br - c 2% tgg g g 11

Intron 2 ---><--- CH3 exon
gn% . cegeggtgcccaccagageag-aggggeteteteatecceigeccageeccetgacetggetet ctaccetccagGAAA- - -CACATTCCGGCCCGAGGTCCACCTGCTGCCGCCGCCRT 1320
u2-1 &

Huz-2 a

chl G

Ch2 G

Gol 6 A
Go2 6 A
or t t g [4

Gil t a G

Gi2 t a AMA AG

Cr t gt 3 - -

Hu . CGGAGGAGCT(X;CCC’IGMCGAGCTGGTGA(X}CTGACGIWGGCA%CGGCT T CAGCCCCMGGA%GTGC GGTTCGCTGGCTGCAGGGGTCACAGGAGCTGCCCCGCGAGRAGTACC 1440
[l
Hu2-2 T T
Ch T A

T T
Go T T
Gil G ¢ T A T

A T

cr 6 T A M GAC T

2y
=2
I3
&>
-3

C

Hu . TGACTTGGGCATCCCGGCAGGAGCCCAGCCAGGGCACCACCACCTTCGCTGTGACCAGCATACTGCOCOTGGCAGCCGAGGACTGGAAGAAGGGGGACACCTTCTCCTGCATGGTGGGCC 1560

Hu2-2 A A T G
Ch T
Ch A A T

e

or A

Cr A A c

CH3 exon --->Ter
}i}u% . ACGAGGCCCTGCCGCTGGCCTTCACACAGAAGACCATCGACCGCTTGGCGOGTAAACCCACCCATGTCAATGTGTCTOTTGTCATGOCGGAGE TGGACGGCACCTGCTACTGARCCgeee 1680
02~

Hu2-2 CA c T
A [

._.
-

o
o

A
A

AOOOOOOOD
cona og
DDad

A

Poly-A
gul . geetgtecccacecet gaatasactecatgeteccecaageagecceacget tecateeggegeetgtetgtocatectcagggteteageacttgggaaagggccaggecatggacagg 1800

Chl g [

Ch2

Gol a

Go2

851 t t a caa
£ a c g

612 a c -g

Cr t -- 4 t g

8002 ‘6T 1900300 U0 NYVONIAI NSLIFNMNOMN ¥e B10°og["mmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

7362

Primate Immunoglobulin Ca Gene Conversion

%ﬂl-l gnagnataccccctgccctgagcctchgggxcccctggcucccccatgaglctttccnccctgxtgtgngtxtgagttgtgugtgtxugaxtgtgtggtgcaggaggcctcgctgxtgt 1920

Ho2-1
Hu2-2

e
0309000903 0% Q09

a
3
6i2 a
a

t

v
conooono

- 4 [ a

Hgl gagatcttaggtetgecaaggcaggeacageccaggatggrt tet gagagacgcacatgecceggacagt tetgagt gageagt gecat ggecgtttgtocet gagagageegectetgy 2040

tg

aoon
[

oo
09 09 09 09 07 0Q 09 07

0309000q0Q0% 09
QU909 09

X

o

- e

¢ emmmmeee-

H“%—l ctgtagctgggagggutugggagggtaaaaggagcaggctagccaagauggcgcnggtagtggcuggagcggcgngggagtgamgctmctccngggccccnctgggnmcaag 2160

Hu2-2

SIOFET
25
ca

>

34

o~
cooo

-t

Fi1G. 2.-—continued

Cr ]

Hul
Hu2-
Hu2-2 ca

g

Or  cattccea
Gil cattcecag
612 catteeca,
Cr  cattceeyy

33
foconacoeo

LT T

estimated number of nucleotide substitutions per site (K°) between
two DNA sequences was computed using the formula: K¢ = —(3/
4)In[1-(4/3)K], where K is the number of nucleotide differences per
site (12). The variance of the K* value is given by V(K°) = K(1-K)/
n(1-4K/3)?, where n is the number of nucleotides compared (13). The
standard error (S.E.) of the K° value is given by the square root of
V(K°). The human Ca2[allele A2m(2)] was excluded from this com-
putation because its nucleotide sequence in the upstream portion
from position 783 of Fig. 2 has not yet been published. In computation,
gap sites were excluded and the remaining 2354 bp were used.

A relative rate test (14) was performed by comparing the evolu-
tionary distances (K°) from the crab-eating macaque Ca gene to
hominoid C« genes applying the statistical method of Wu and Li
(15). When K° between hominoid gene i and crab-eating macaque
gene (m) is referred to as Kf,, a variance of K, — K3, is given by
V(Kin) + V(K$n) ~ 2V(Kim), where Kin = (Kia + Kim — Ki2)/2,
V(x) denotes the variance of x (15).

A phenetic gene tree was constructed from the K¢ distance matrix
using the unweighted pair group method with arithmetic mean (16)
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and the S.E. value of each branching point of this tree was calculated
using the method described by Nei et al. (17). Using these S.E. values
we tested the statistical significance of the tree topology (see Ref. 17
for a detailed explanation of the method).

Regions of extremely low variability between Cal and Ca2 genes
of a species were identified using Stephens’ (18) method under an
assumption of random distribution of varied and unvaried sites. The
probability (p) of observing at least one unvaried segment as long as
or longer than an unvaried segment observed, is given by p =1 —

[1= 3 fwer-s-3Ce - wye+ » - 2CH1", where s is the number
P

o
of varied sites, r is the total number of unvaried sites placed between
varied sites, and g, is the length of consecutive unvaried sites (18).
An insertion/deletion site was regarded as one varied site regardless
of its length.

A site by site reconstruction of gene conversion was performed
using Fitch et al’s method (6). At each aligned position (Fig. 2), a
parsimony reconstruction was made of the nucleotide changes which
occurred, assuming the Ca gene phylogeny shown in Fig. 1. Each

8002 ‘6T 1990100 U0 NYVONIAI NSLIFNMNOMN Fe B0 og['mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

Primate Immunoglobulin Ca Gene Conversion

insertion/deletion was regarded as 1 nucleotide change regardless of
its length. Each variant sequence was classified into four categories
by every varied site: (a) variants shared between the Cal and Ca2
genes of a single species (shown as open circles in Figs. 5a and 6); (b)
variants shared among orthologous Cal or Ca2 genes of different
species, but not between paralogous Cal and Ca2 within a species,
or those shared between two alleles of the human Ca2 gene but not
with the human Cal gene (shown as open squares in Figs. 5b and 6);
(c) variants in which paralogous genes of the same species had the
same nucleotide (shown as triangles when the Cal gene changed, or
inverted triangles when the Ca2 gene changed (Figs. 5¢ and 6); and
(d) all other variants (shown as full circles in Figs. 5d and 6).
(Orthologous genes are related genes which are derived by speciation
from a single common ancestral gene, whereas paralogous genes are
those which arose from gene duplication events within a species.) In
cases where there were multiple equally parsimonious solutions, we
chose category d because this provides a conservative answer con-
cerning the occurrence of gene conversion (e.g. position 47 of Fig. 2).
When either category a or ¢ was possible, category a was chosen as a
conservative determination of gene conversion direction (e.g. position
18 of Fig. 2). When two equally parsimonious solutions fell into the
same category, both solutions were indicated by a pair of bars (left
and right, up and down, left-up and right-down, or left-down and
right-up) (see Fig. 6). If two or more a or c sites were contiguous, a
gene conversion event over the region containing those sites was
inferred. On the other hand, if b sites were contiguous, a gene
conversion over the region was not inferred (6).

It should be noted that the boundaries of the converted regions
were defined as the outermost a or c sites lacking two or more
consecutive b sites. In the original method (6, 19-21), boundaries
were defined as b sites which flank a cluster of a or ¢ sites, but this
definition gives an upperlimit for a converted region and there is a
risk of overestimating the span of conversions.

RESULTS AND DISCUSSION

We determined the nucleotide sequences of chimpanzee
Co2, gorilla Ca2, and gibbon Cal and Ca2 genes, and com-
pared them with human Cal and Ca2[A2m(1) and A2m(2)
alleles], chimpanzee Cal, gorilla Cal, orangutan Ca, and
crab-eating macaque Co genes (Fig. 2). All sequences have
the same exon-intron organization and have neither a termi-
nation codon nor frame shift mutation within their open
reading frames. The coupled deletion-duplication in the 5’-
flanking region of the human Cal gene (positions 78-139 of
Fig. 2) reported by Flanagan et al. (2) was not found in any
non-human Cea gene. Therefore, this probably occurred only
in the human lineage.
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Phenetic Tree Construction—Table I shows the K¢ distance
matrix for primate Ca genes. Other estimation methods (22,
23) for superimposed nucleotide substitution gave essentially
the same K° values as did the Jukes-Cantor method used in
the present study (data not shown). A relative rate test (14)
was performed for the hominoid genes with the crab-eating
macaque gene as an outgroup reference using Wu and Li’s
(15) statistical method (Table II). No significant variation
was observed for evolutionary distances from the crab-eating
macaque gene among hominoid genes (see Table II), indicat-
ing the existence of an almost constant evolutionary rate for
hominoid Ca genes. Therefore, we used the unweighted pair
group method with arithmetic mean (16) to construct a phe-
netic gene tree (see Fig. 3) because this method produces a
good evolutionary tree when the expected rate of nucleotide
substitution is constant and because clusterings can be easily
tested using S.E. values for each branching point (17).

In the phenetic tree, the two Ca genes of human, chimpan-
zee, gorilla, and gibbon formed statistically significant clusters
in every species (clusters A, C, B, and D of Fig. 3, respectively)
at the 5, 5, 0.5, and 0.01% levels, respectively, when the one-
tailed t test was used with infinite degrees of freedom. A
clustering of the two paralogous Ca genes in every species
was also observed in gene trees constructed using the neigh-
bor-joining method (24) and the maximum parsimony method
(25), both of which do not assume rate constancy of nucleotide
substitution (data not shown). Because of the Ca gene dupli-
cation in the common ancestor of hominoids and the deletion
of the orangutan Ca2 gene (see Introduction and Fig. 1), these
results indicate that a concerted evolution of the Ca genes
occurred in human, chimpanzee, gorilla, and gibbon lineages.

Statistical Test for Detecting a Cluster of Unvaried Sites—
To examine whether gene conversion is the underlying mech-
anism for the concerted evolution of hominoid Ca genes and
to elucidate where it occurred in the gene region, we searched
for consecutive unvaried regions between paired human,
chimpanzee, gorilla, and gibbon Ca sequences. Observation of
such regions is expected when gene conversion has occurred
between two gene loci. Fig. 4 shows the distribution of the
varied sites between the Cal and Ca2 genes. Varied sites
include sites of nucleotide substitution and insertion/deletion.
An insertion/deletion site was regarded as one varied site
regardless of its length.

TABLE 1
Estimated numbers of nucleotide substitutions per 100 sites of primate immunoglobulin Ca genes
A total of 2354 nucleotides were used for comparison. Values are K° X 100. Standard errors are given in

parentheses.
Human Human Chimpanzee Chimpanzee Gorilla Gorilla Orangutan Gibbon Gibbon
Cal Ca2[A2m(1)] Cal Ca2 Cal Ca2 Ca Cal Ca2
Human Ca2[A2m(1)] 2.07
(0.30)
Chimpanzee Cal 2.81 2.42
(0.35) (0.32)
Chimpanzee Co2 3.52 2.37 2.29
(0.39) (0.32) (0.32)
Gorilla Cal 2.33 2.77 2.73 3.21
(0.32) (0.35) (0.35) (0.38)
Gorilla Ca2 3.12 2.51 2.99 3.21 1.81
0.37) (0.33) (0.36) (0.38) (0.28)
Orangutan Ca 5.28 5.28 5.55 5.78 4.92 5.69
(0.49) (0.49) (0.50) (0.51) (0.47) (0.51)
Gibbon Cal 5.19 5.74 5.23 5.87 4.92 5.83 5.42
(0.48) (0.51) (0.48) (0.52) (0.47) (0.51) (0.49)
Gibbon Ca2 6.24 5.46 5.33 5.65 5.83 5.78 5.78 2.42
(0.53) (0.50) (0.49) (0.50) (0.51) (0.51) (0.51) (0.32)
Crab-eating macaque 7.45 7.22 7.50 7.74 7.45 7.50 7.03 7.50 7.50
Ca (0.58) (0.57) (0.59) (0.60) (0.58) (0.59) (0.57) (0.59) (0.59)
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TABLE II

Evolutionary distance differences between crab-eating macaque Ca
gene and hominoid Cx genes

Gene 1/gene 2 K;““.; SE p
Human Cal/human Ca2[A2m(1)] 0.24 032 >0.4

Human Cal/chimpanzee Cal —0.05 0.37 >0.8
Human Cal/chimpanzee Ca2 -0.28 0.41 >0.4
Human Cal/gorilla Cal 0 034 1

Human Cal/gorilla Ca2 —0.05 0.39 >0.9
Human Cal/orangutan Ca 0.42 0.50 >0.4
Human Cal/gibbon Cal —0.05 0.50 >0.9
Human Cal/gibbon Ca2 —0.05 0.55 >0.9
Human Ca2[A2m(1)]/chimpanzee Cal -0.28 034 >04
Human Ca2[A2m(1)]}/chimpanzee Ca2 —0.52 0.34 >0.1
Human Ca2[A2m(1)]/gorilla Cal —0.24 0.37 >0.5
Human Ca2[A2m(1)/gorilla Ca2 -0.28 0.35 >0.4
Human Ca2[A2m(1)]/orangutan Ca 0.19 0.50 >0.7
Human Ca2[A2m(1)]/gibbon Cal -0.28 0.52 >0.5
Human Ca2[A2m(1)]/gibbon Ca2 —0.28 051 >0.5
Chimpanzee Cal/chimpanzee Ca2 —-0.24 0.33 >04
Chimpanzee Cal/gorilla Cal 0.05 0.36 >0.8
Chimpanzee Cal/gorilla Ca2 0 038 1

Chimpanzee Cal/orangutan Ca 0.47 0.51 >0.3
Chimpanzee Cal/gibbon Cal 0 050 1

Chimpanzee Cal/gibbon Ca2 0 051 1

Chimpanzee Ca2/gorilla Cal 0.28 0.39 >0.4
Chimpanzee Ca2/gorilla Ca2 0.24 0.39 >0.5
Chimpanzee Ca2/orangutan Ca 0.70 0.53 >0.1
Chimpanzee Ca2/gibbon Cal 0.24 0.53 >0.6
Chimpanzee Ca2/gibbon Ca2 0.24 052 >0.6
Gorilla Cal/gorilla Ca2 —-0.05 0.30 >0.8
Gorilla Cal/orangutan Coa 0.42 048 >0.3
Gorilla Cal/gibbon Cal —0.05 049 >0.9

Gorilla Cal/gibbon Ca2 —0.05 0.53 >0.9
Gorilla Ca2/orangutan Co 0.47 052 >0.3
Gorilla Ca2/gibbon Cal 0 053 1
Gorilla Ca2/gibbon Ca2 0 053 1

Orangutan Ca/gibbon Cal —0.47 0.51 >0.3
Orangutan Ca/gibbon Ca2 —-0.47 052 >0.3
Gibbon Cal/gibbon Ca2 0 034 1

¢ Kin (i =1 or 2) is the number of nucleotide substitutions per 100
sites between hominoid Ca gene i and crab-eating macaque Co gene.

® Probability that there is no difference between K3, and K&m,
which is evaluated using a two-tailed ¢ test with degrees of freedom
= 00,

Under the assumption of random distribution of varied and
unvaried sites, regions of extremely low variability can be
identified using Stephens’ (18) method. Therefore, we applied
this method to our data. In computation we excluded the
hinge region because this region is known to have evolved
through frequent recombinational events (8). The longest
unvaried segment was significantly long in human, gorilla,
and gibbon Ca genes (see Fig. 4). Since the next longest
segments in human, gorilla, and gibbon were not significantly
long, we excluded the longest segment and recalculated the
probability of the next longest segment. In this procedure, r
is substituted by {r — longest g,} and s by {s — 1} (18). The
next longest segment was significantly long only in gibbon
(Fig. 4). Thus we identified the regions which have extremely
low variability under the assumption of random distribution
of variable sites (regions 2, 4, 6, 8, and 9 in Fig. 4; see the
figure legends for details).

Site by Site Reconstruction of Gene Conversions—Stephens’
(18) method is effective in detecting gene conversions span-
ning long stretches of sequences, but we cannot rule out the
possibility that low variability may be attributed to a higher
selection pressure or lower mutation rate than in other re-
gions. Therefore, in the next step, we applied the site by site
reconstruction method which was used to identify y!-/v*-

Primate Immunoglobulin Ca Gene Conversion

globin conversions and §-/8-globin conversions during pri-
mate evolution (6, 19-21). This method, 1) is effective in
detecting gene conversions for both short stretches of se-
quences and long ones with nucleotide changes after conver-
sion, both of which Stephens’ method fails to detect; 2) is
capable of examining whether low variability between the two
Ca genes of a species is due to lack of nucleotide changes or
due to shared nucleotide changes between them; and 3) is
capable of detecting gene conversions in the ancestral species.

Once a gene tree is determined, we can identify where a
nucleotide change occurred in the tree and the nature of the
sequence change on the basis of the maximum parsimony
principle. Each insertion/deletion was regarded as 1 nucleo-
tide change regardless of its length. Each variant site was
classified into four categories, a, b, ¢, and d (see “Materials
and Methods” and Fig. 5), assuming the gene tree of Fig. 1.
By mapping these sites along the Ca gene region for the
paralogous gene pair of each species including ancestors, we
identified clusters of shared nucleotide changes between par-
alogous Ca genes of each species (Fig. 6).

In gorilla and gibbon, the regions of extremely low varia-
bility identified in Fig. 4 overlap the clusters of shared nu-
cleotide changes categorized as a (Fig. 6, V and VI). This
indicates that the low variability between the duplicated Ca
genes is not because of scarce nucleotide changes in these
regions, but because of shared nucleotide changes, indicating
the gene conversions in these regions suggested by using
Stephens’ (18) method. Besides this large cluster of a sites in
the downstream region from intron 2, small stretches of
possible gene conversions were observed in the region up-
stream from the CH2 exon (Fig. 6, V and VI).

In human genes, however, the conversion in region 2 of Fig.
4, which was identified using allele A2m(1) as a Ca2 gene, is
indicated only by a short cluster of two a sites (Fig. 6I).
Furthermore, conversion in region 4 of Fig. 4, which was
identified using allele A2m(2) as a Ca2 gene, is not indicated
by any such cluster (Fig. 6II). Instead, we found a long stretch
of a sites in the gene pair of human Cal and ancestral Ca2
gene of the two alleles, which overlaps regions 2 and 4 of Fig.
4 (Fig. 611I). Therefore, conversions in regions 2 and 4 of Fig.
4 are considered to have occurred not independently but

L

r T T 1
4.0 3.0 20 1.0 0 (K°X100)

Fic. 3. A unweighted pair group method with arithmetic
mean phenetic tree for the Ca gene. One S.E. for each branching
point is shown as a hatched box. The cluster consisting of the Cal
and Ca2 genes of the human, gorilla, chimpanzee, and gibbon are
shown as A, B, C, and D, respectively. The scale represents the
number of nucleotide substitutions per 100 sites (K¢ value X 100).
Hu, Ch, Go, Or, Gi, and Cr indicate human, chimpanzee, gorilla,
orangutan, gibbon, and crab-eating macaque, respectively.
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Fic. 4. Distribution of the different sites between paralogous Ca genes of the human, chimpanzee,
gorilla, and gibbon. Different sites between the Cal and Ca2 genes of each species are indicated by full circles.
Positions of CH exons, the hinge region, and alternating purine and pyrimidine sequence are illustrated at the
bottom with the scale presenting nucleotide positions of aligned Ca sequences of Fig. 2. Lines which have arrows
at both ends represent the longest or the second longest DNA segments of consecutive unvaried sites for each
species. The lengths (g,) of segments 1-9 are 163, 886, 180, 454, 201, 532, 179, 549, and 244 nucleotides, respectively.
Their probabilities (p) are 0.83, 1.53 X 1078, 0.59, 1.38 x 1073, 0.34, 7.80 x 107* 0.79, 2.30 X 107%, and 0.12,
respectively. Probabilities for the second longest segments recalculated after excluding the longest segments, i.e.
segments 1, 3,7, and 9, are 0.29, 0.21, 0.45, and 2.15 X 107%, respectively. Significantly long segments are represented
by thicker lines. Hinge regions (positions 693-746 of Fig. 2) are excluded from the calculation. Human Cal,
Ca2[allele A2m(1)], and Ce2[allele A2m(2})], chimpanzee Cal and Ca2, gorilla Cal and Ca2, and gibbon Cal and
Ca?2 genes are denoted by Hul, Hu2(1), Hu2(2), Chl, Ch2, Gol, Go2, Gil, and Gi2, respectively. The numbers (s)
of varied sites in Hul-Hu2(1), Hul-Hu2(2), Ch1-Ch2, Gol1-Go2, and Gil-Gi2 pairs are 51, 34, 59, 45, and 59,
respectively. The numbers (r) of unvaried sites among varied sites are 2431, 1659, 2339, 2342, and 2378, respectively.

@O

B

Cr GI  Go Ch HuHu Gi Or Go Ch Hu Cr GI  GoChHuMHu Gl OrGoCh Hu
2 2 22N 1 11 2 2 2021 Y 11
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(c) AV

B

crel Go Ch Hu Hu GI Or Go Ch Hu Cr Gi  Go ChHuHu Gl OrGo Ch Hu
2 222t 11 2 2 220201 1 1 4
gglyggtltgt tt ctttett tt

Fic. 5. An explanatory figure for classification of variant
sites. To help visualize the way we classified the variant sites in
order to find gene conversions, we use four hypothetical varied sites.
In case a, the root nucleotide is ¢, thus variants are the gorilla Cal
and Ca2 genes. These variants are caused by shared nucleotide
changes (c to g) between the paralogous genes in a single species,
suggesting a gene conversion in gorilla over this site, and they are
presented by open circles. In case b, the root nucleotide is g and a
change (g to a) occurs in the common ancestral Ca2 gene of homi-
noids (this change is not shared with its paralog and is indicated by
a full circle). This varied nucleotide is retained during hominoid
evolution among the Ca2 genes and no additional change occurred in
the Cal genes of hominoids as well, suggesting no gene conversion

before the divergence of the human Ca2 gene into the present
two alleles. In the Cal and Co2[allele A2m(1)] gene pair,
three possible conversions with short stretches were found
(Fig. 6I).

Although the Stephens’ (18) method detected no significant
stretch of unvaried sites in chimpanzee (Fig. 4), we identified
three possible regions for gene conversion with the site by site
method (Fig. 61V). Distribution of these regions is similar to
those observed in human, gorilla, and gibbon, i.e. the largest
one in the region downstream from intron 2 and smaller ones
in the region upstream from the CH2 exon. Therefore, lack
of a significantly long stretch of unvaried sites in this down-
stream portion in chimpanzee is considered to be due to
nucleotide changes after conversion. Possible converted seg-
ments were also observed in the hypothetical gene pair of the
common ancestor of human, chimpanzee, and gorilla, and in
that of orangutan and human, chimpanzee, and gorilla (see
Fig. 6, VII and VIII), distributions of which are similar to

after the hominoid divergence over this site. Therefore, we give open
squares to the Ca2 genes of human, chimpanzee, gorilla, gibbon, and
hypothetical ancestors at this varied site. Case c is different from case
b in that additional nucleotide changes occur in the chimpanzee Cal
and the gorilla Ca2 genes after a nucleotide change occurred in the
common ancestral Cal gene of hominoids. These additional changes
result in the same nucleotide with their paralogs, suggesting a gene
conversion of the chimpanzee Cal gene by the Ca2 gene and that of
the gorilla Ca2 gene by its Cal gene over this site. Therefore, triangles
are given to the chimpanzee Cal gene and inverted triangles are given
to the gorilla Ca?2 gene. In case d, the root is t and changes from ¢ to
¢ oceur in the gibbon Cal and the gorilla Ca2 genes. These nucleotide
changes are not shared either by paralogs or orthologs, and they are
given full circles. Hu, Ch, Go, Or, Gi, and Cr indicate human, chim-
panzee, gorilla, orangutan, gibbon, and crab-eating macaque, respec-
tively. 7 and 2 indicate Ca1 and Ca2 genes, respectively. The A2m(1)
and A2m(2) alleles of the human Ca2 gene are shown as 2(1) and
2(2), respectively.
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Fic. 6. Site by site reconstruction .
of Ca gene conversions in homi-
noids. Distribution maps of the catego-

rized varied sites in: I-I7I, human (Hu); 1) Hu

IV, chimpanzee (Ch); V, gorilla (Go); VI, S

gibbon (Gt); VII, the common ancestor
(HCG) of the human, chimpanzee, and
gorilla; and VIII, the common ancestor
(HCGO) of the HCG and orangutan are
shown. An organizational map is shown
as in Fig. 4. A horizontal line represents
the DNA region examined for each spe-
cies and hypothetical ancestor. Varied
sites classified into categories b (open
squares) and d (full circles) in the Cal

E ﬂﬂlﬂ o o oo

genes are mapped above the horizontal ; * g *

lines and those in the Ca2 genes are
mapped below the lines. Symbols for var-
ied sites classified into categories a (open V)Go <2
circles) and ¢ (triangles and inverted tri- .

[ 4
angles) are shown above each row of sym- 2 2
bols for categories b and d sites of the !
Cal sequences. I and 2 represent the
Cal and Ca2 genes, respectively. The
A2m(1) and A2m(2) alleles and their
ancestral one of the human Ca2 gene are

Vi) Gi

1
shown as 2(1), 2(2), and 2(1)-2(2), respec- 2
tively. Suspected regions of gene conver-
sion are indicated by lines with arrows

at both ends (see “Materials and Meth- Vil) HCG
ods”). A pair of bars (left and right, up 1 o

and down, left-up and right-down, or 2 ]
left-down, and right-up) indicate alter-
native assignments of the variant se-
quence when two parsimonious solutions

fall into the same category. Dashed lines Vi) HCGO

represent positions for which no se-
quence data of the human Ca2[A2m(2)]
gene is available.

those in extant species with the feature described above.

Both the largest segments of possible gene conversions
suggested by the site by site method and the significantly long
segments of unvaried sites detected by Stephens’ (18) method
were always found downstream from intron 2. In addition, no
category b site, which does not support the occurrence of gene
conversion, was observed in this downstream region in all
cases except for two human cases using two Ca2 alleles (Fig.
6). These results suggest that the frequency of gene conversion
is higher in this downstream portion than in the remaining
upstream portion. As Flanagan et al. (2) pointed out, an
alternating purine and pyrimidine sequence (positions 2277-
2316 of Fig. 2) might trigger frequent gene conversions in the
downstream portion.

Directions of some conversions were estimated based on
category c sites as shown in Fig. 6. The conversions of the
Cal gene by the Ca2 gene were identified in three clusters
containing sites marked with triangles; two in chimpanzee
and one in HCG. In gorilla, conversion of the Ca2 gene by
the Cal gene was identified in a short cluster containing sites
marked with inverted triangles. However, it is not clear
whether a preferred direction of gene conversion exists in Ca
gene conversions, unlike those observed in the v'-/y*globin
and §-/8-globin gene regions (6, 19-21).

One drawback of the site by site reconstruction method is
that the parsimonious solution is not always true, and we

e [on] [l [w ] e .

500

Hinge 1000 1500 2000 2500

might miss or erroneously identify gene conversions. Human
Ca2[allele A2m(2)] has nine changes of category d (see region
A in Fig. 6II), which are regarded as substitutions after
divergence of A2m(1) and A2m(2) alleles using the site by site
method, while the A2m(1) allele has no such change in this
region. Therefore, there is a possibility that, as Flanagan et
al. (2) proposed, the A2m(1) allele was converted by the Cal
gene in region A, after divergence into the two alleles, while
the A2m(2) allele remains unconverted. Nevertheless, the site
by site method gives more information about gene conversion
using a phylogenetic approach than when merely comparing
duplicated genes of a single species, as shown in the present
study.

Gene conversion has been proposed as a process of con-
certed evolution of related genes. When the conversions in-
volve a donor gene that is a more distantly related family
member, they might generally result in short regions with
high diversity within a family of closely related genes (see
Refs. 5 and 26, for reviews). In the Ca gene loci, gene conver-
sion apparently causes the concerted evolution. The phenom-
enon of concerted evolution has been considered an efficient
mechanism for fixing selectively advantageous mutations
among all of the members of a multigene family (5). However,
category b positions 309 and 310 in the CH1 exon and 693-
707 in the hinge region have escaped from gene conversion in
all the hominoid species with two Ca2 genes. It has been
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suggested that a long hinge region of IgAl is effective for
allowing antigen-binding arms to move and thus bind to
antigens, whereas a short hinge region of IgA2 is important
for protection from proteases produced by pathogenic bacteria
in the secretory fluids where IgA is characteristically found
(2, 27). Thus, these category b sites might be the consequence
of some functional difference between IgA1l and IgA2 that has
been maintained by selection. Moreover, the converted re-
gions identified in the present study cover a large part of the
Ca gene including the downstream region encompassing the
poly(A) adenylation signal. These observations suggest that
most gene conversions that have spread through a lineage are
selectively neutral and that the disadvantageous gene conver-
sions have been eliminated by natural selection. Therefore,
we propose that gene conversion is a general phenomenon in
evolution and will be found wherever duplicated sequences
occur in the genome.
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