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Abstract Ly49 genes regulate the cytotoxic activity of
natural killer (NK) cells in rodents and provide important
protection against virus-infected or tumor cells. About 15
Ly49 genes have been identified in mice, but only a few
genes have been reported to date in rats. Here we studied
all Ly49 genes in the entire rat genome sequence and
identified 17 putative functional and 16 putative non-
functional genes together with their genomic locations in a
1.8-Mb region of chromosome 4. Phylogenetic analysis of
these genes indicated that the Ly49 gene family expanded
rapidly in recent years, and this expansion was mediated
by both tandem and genomic block duplication. The joint
phylogenetic analysis of mouse and rat genes suggested
that the most recent common ancestor of the two species
had at least several Ly49 genes, but that the majority of
current duplicate genes were generated after divergence of
the two species. In both species Ly49 genes are apparently
subject to birth-and-death evolution, but the birth and
death rates of Ly49 genes are higher in rats than in mice.
The rate of gene expansion in the Ly49 gene family in rats
is one of the highest among all mammalian multigene
families so far studied. The biochemical function of Ly49
genes is essentially the same as that of KI/R genes in
primates, but the molecular structures of the two groups of
NK cell receptors are very different. A hypothesis was
presented to explain the origin of the differential use of
Ly49 and KIR genes in rodents and primates.
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Introduction

Natural killer (NK) cells are an important component of
the innate immune system in mammals and are capable of
discriminating virus-infected or tumor cells from healthy
cells. This discrimination is accomplished by a large
number of NK cell receptors that are expressed on the
surface of NK cells (Trowsdale et al. 2001). Two of those
NK cell receptors are killer-cell immunoglobulin-like
receptors (KIR) and C-type lectin-like receptors (Ly49).
The KIR and Ly49 receptors have very different molecular
structures and are encoded by different gene families. Yet,
they have the same function and regulate the cytotoxic
activity of NK cells through binding to major histocom-
patibility complex (MHC) class I molecules or MHC-
related molecules (Colonna and Samaridis 1995; Brennan
et al. 1996; Dorfman and Raulet 1996; Idris et al. 1999;
Brown et al. 2001). Therefore, KIR and Ly49 receptors
represent a rare case of functional convergence at the
molecular level. Interestingly, KIRs are used primarily in
primates, whereas Ly49s are used in rodents. At present,
how these different NK receptor gene families evolved in
primates and rodents remains a mystery.

The diversity and evolution of the K/R gene family have
been studied extensively in several primate species, and
we now know that the intraspecific variation of KIRs is
generated by duplicate genes, haplotype variation, allelic
polymorphism, and alternative splicing (Kwon et al. 2000;
Martin et al. 2000; Wilson et al. 2000; Gardiner et al.
2001). However, the primary factor of evolution of the
KIR gene family is the rapid expansion of member genes
by repeated gene duplication (Hershberger et al. 2001;
Guethlein et al. 2002). A similar mechanism has been
suggested about the evolution of the Ly49 gene family in
mice. The genetic diversity of mouse Ly49 genes has been
studied extensively with different strains such as C57BL/6
and 129/] (Brown et al. 1997; Depatie et al. 2000;
Makrigiannis et al. 2002; Wilhelm et al. 2002). There is
substantial variation in gene number and gene content
among different strains. Rats are also likely to have many
Ly49 genes, but only six genes have been reported to date
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(Dissen et al. 1996; Naper et al. 2002a,b). Since the
genetic diversity of this gene family has been studied only
in mice, it is difficult to know how quickly Ly49 genes
were generated in rodents.

Fortunately, a nearly complete rat genome sequence has
recently become available (NCBI rat build two, http:/
www.ncbi.nlm.nih.gov/genome/guide/rat). We therefore
decided to study the number of duplicate genes in the
Ly49 family in rats and their evolutionary relationships
with mouse genes. We have also investigated the similarity
and dissimilarity of the evolution of K/R genes and Ly49
genes. The results obtained are presented in this paper.

Materials and methods
Background information about Ly49 genes

Ly49 genes are located at a well-defined genomic region
called the NK gene complex (NKC) together with some
other C-type lectin genes, such as the CD94 and NKG?2
genes (Fig. 1A). The Ly49 gene family is located on
chromosome (Chr) 12 in humans, Chr 6 in mice, and Chr 4
in rats (Brown et al. 1997; Renedo et al. 2000). However,
the Ly49 gene family is much larger in rodents than in

primates and other mammals. Only one Ly49 gene has
been identified in humans and baboons (Mager et al.
2001), cattle (McQueen et al. 2002), and pigs, cats, and
dogs (Gagnier et al. 2003). About five to six Ly49 genes
have been identified in horses (Takahashi et al. 2004).
Ly49 genes are also called killer-cell lectin-like receptor
family A (KLRA) genes (NCBI Genome Annotation,
http://www.ncbi.nlm.nih.gov/Genomes/index.html), but in
this paper we use the traditional terminology, since this is
used in most of the current literature.

NK cell receptors can be categorized into inhibitory
receptors and activating receptors according to the
presence or absence of the immunoreceptor tyrosine-
based inhibitory motif (ITIM) in the cytoplasmic region
(Mason et al. 1996, 1997). When Ly49 proteins bind to the
ligand, the inhibitory receptors will inhibit the cytotoxic
activity of NK cells through the ITIM. By contrast, the
activating receptors will recruit an adaptor (DAP12)
through a charged arginine (R) in the transmembrane
domain, and this adaptor stimulates the cytotoxic activity
of NK cells. The ITIM can easily be recognized by the
sequence signature //VxYxxV/L in the cytoplasmic region,
where x represents any of the 20 amino acids (Mason et al.
1997).
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Fig. 1A, B Genomic organizations of the NKC and the Ly49 gene
families. A Comparison of the NKC gene families from humans,
mice, and rats. Black boxes represent the C-type lectin-like genes,
whereas gray boxes stand for other genes. Only the gene order is
shown here, and the distances between genes are not to scale. This
information is based on the latest gene annotations of the UCSC
genome browser (http://genome.ucsc.edu/). The annotations for
human, mouse, and rat genes are from the freeze of July, October,

0.9 1.2 1.5 1.5 Mb

and June 2003, respectively. B The Ly49 gene clusters of mice and
rats. The gene locations are drawn roughly to scale on each
chromosome. The arrows show the transcription direction. The rat
Ly49 genes are named according to their genomic positions, starting
from Ly49-1 at the telomeric end to Ly49-33 at the centromeric end.
Solid boxes represent putative functional genes, and open boxes
pseudogenes. The fragmentary gene L in mice is not included here
because it has only one exon (Wilhelm et al. 2002)



Identification and sequence analysis of rat Ly49 genes

A draft assembly of the rat genome sequence (RGSC v3.1)
covering more than 90% of the entire genome is available
from NCBI. The sequences were obtained from two
female rats (BN/SsNHsd) of a highly inbred line (Rat
Genome Sequencing Project Consortium 2004). This
means that the Ly49 cluster identified here represents a
single haplotype. Using the known rat Ly49 gene (1y49.9)
as the query sequence, we first located the Ly49 gene
cluster on the supercontig (NW_043770, updated by
NW 047696 recently) of rat Chr 4 with the computer
program BLAST (Zhang et al. 1998a, ftp://ftp.ncbi.nih.
gov/blast/). To identify the complete set of Ly49 genes, a
relaxed search was performed with a relatively high E-
value (0.01). The number of BLAST hits suggested that
about 30 different Ly49 genes are located in a 1.8-Mb
region of NKC. After extracting each potential gene
segment, we used PipMaker (Schwartz et al. 2000, http://
bio.cse.psu.edu/pipmaker/) to identify the exon boundaries
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for each gene, comparing the extracted genomic sequences
with the Ly49 cDNA (Ly49.9).

The genes identified in this way were named according
to the order of the genes on the chromosome starting from
the telomeric end of the Ly49 gene cluster (Fig. 1B). The
list of the genes is available in Table 1, and their sequences
can be obtained from the Nei lab database (http://mep.bio.
psu.edu/databases/Ly49). The amino acid sequence for
each rat Ly49 gene was deduced from the nucleotide
sequences of exons by the nucleotide-translation program,
ExPASy (http://us.expasy.org/tools/dna.html). The repeti-
tive elements in the Ly49 gene cluster were identified by
the computer program RepeatMasker (http:/ftp.genome.
washington.edu/cgi-bin/RepeatMasker.html).

Phylogenetic analysis

All the sequence alignments were generated by using the
computer program CLUSTAL X (Thompson et al. 1997).

Table 1 Rat Ly49 genes and (epe
their predicted characteristics

Previous Group Inhibitory/ Note
activating

gene
y49-1 - VI
1y49-2 - m 1
1y49-3 1y49.9 I 1
Iy49-4 I1y4929 1 A
1y49-5 - m -
Ly49-6 - m A
1y49-7 - I I
1y49-8 - I -
1y49-9  1y49i2 V -
1y49-10 Ly49.19 1 -
Ly49-11 - \Y% I
1y49-12 — \Y% -
[y49-13 — il -
Iy49-14 — I -
Ly49-15 — \% I
1y49-16 — \Y% -
1y49-17 — \Y% -
Ly49-18 Ly49.12 1 A
1y49-19 — \% -
Ly49-20 — \Y% -
1y49-21 — \% -
1y49-22 — VA
1y49-23 - IV TA
1y49-24 — v -
1y49-25 - vV I
1y49-26 — IV  TA
1y49-27 — IV VA
1y49-28 — IV  TA
1y49-29 — v -
1y49-30 — v 1
Ly49-31 — |\
1y49-32 — v I

1y49-33 — v -

Orthologous to mouse Ly49-B

Insertion, premature stop codon in exon 3

Deletion, premature stop codon in exon 1

Mutation, premature stop codon in exon 4 (CAG — TAG)
Mutation, premature stop codon in exon 1 (TCA — TGA)
Mutation, premature stop codon in exon 5 (AAA — TAA)
Insertion of ten nucleotides, premature stop codon in exon 1

Deletion, premature stop codon in exon 2

Mutation, premature stop codon in exon 5 (CGA — TGA)
Mutation, premature stop codon in exon 5 (TTG — TAA)

Deletion of exon 6

Mutation, premature stop codon in exon 4 (TAT — TAA)
Deletion of exon 4

Deletion of exons 5 and 6

Deletion of exons 5 and 6
Mutation, premature stop codon in exon 4 (TGG — TAG)

Deletion of exon 1
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Additional modifications were done by visual inspection.
Phylogenetic analysis was conducted by using the
neighbor-joining method (Saitou and Nei 1987) imple-
mented in the computer program MEGA2 (Kumar et al.
2001). The bootstrap values were computed with 1,000
resamplings. We used Jukes—Cantor and Kimura distances
for the nucleotide sequences of protein coding regions
(Nei and Kumar 2000), but since these two distances
generated virtually the same trees, we present only the
trees obtained by Jukes—Cantor distances. (Note that the
gene sequences used were closely related.) In addition, we
used the parsimony method as implemented in PAUP*
with 1,000 bootstrap resamplings (TBR search) (Swofford
1998). In tree construction, all alignment gaps were
eliminated (complete-deletion option). NKG24, a C-type
lectin-like gene, which is closely related to Ly49 genes,
was used as the out-group.

The nucleotide sequences for mouse Ly49 genes (except
Ly49-B) were obtained from the Mouse Genome Re-
sources (http://www.ncbi.nlm.nih.gov/genome/guide/
mouse). The GenBank accession number for mouse
Ly49-B is AKO017140. Two primate Ly49 genes were
also included in the analysis: Baboons (Papio hamadryas,
AY028399) and humans (Homo sapiens, NM_006611).
The six known rat Ly49 genes identified in different strains
were obtained from GenBank with the following accession
numbers. Strain F344: Ly49.9, US6863; Ly49.12, U56822;
Ly49.19, U56823; Ly49.29, U56824. Strain PVG: Ly49i2,
NM 152848; Ly49s3, NM_153726. The GenBank acces-
sion number for the rat NKG2A4 gene is AF021350.

Results

Genomic organization of the gene families in the NKC
region of rats

The gene families identified in the NKC regions of
humans, mice, and rats are presented in Fig. 1A. Although
the number of genes in rats is limited owing to the
incomplete gene annotation, we observe a high level of
conservation of NKC gene families with respect to the
gene order and gene content among the three species, as
was previously observed (Trowsdale et al. 2001). The
conserved genes NKG2A4 and CSDA defined the boundary
of the Ly49 gene cluster.

Our analysis of the genomic sequence of the rat Ly49
gene cluster revealed a total of 33 full-length or nearly
full-length genes located within an approximately 1.8-Mb
region (Fig. 1B). In addition, there were several
fragmentary genes containing one or a few exons, but
these genes will not be considered in this paper. The
number of rat Ly49 genes is about twice as large as that of
mice, which is about 15 (Fig. 1B). All rat genes are
orientated with the same transcriptional direction as in the
case of mouse genes. Of the 33 rat genes, five appear to be
the same as those previously identified in different rat
strains (Table 1). One of the previously identified genes,
Ly49s3, did not match to any of our 33 genes probably

because different strains were used. We did not use this
gene in the following study.

Sequence and structure analysis of rat Ly49 genes

The Ly49 protein is a homodimer and consists of the
extracellular lectin-like domain, stem, transmembrane, and
cytoplasmic regions (Fig. 2). The coding region of rat
Ly49 genes is composed of six protein-coding exons and
five introns as in the case of mouse genes (Takei et al.
1997). Exons 1, 2, and 3 encode the cytoplasmic,
transmembrane, and stem regions, respectively. The last
three exons encode the extracellular lectin-like domain,
which is responsible for the interaction with ligands. The
lengths of five introns vary with the gene, though the last
intron (between exons 5 and 6) is generally longest. Ly49-
1 has the longest introns and the entire gene region extends
over 30 kb. Excluding five incomplete genes (Ly49-19, 21,
24, 29, and 33), in which one or two exons are deleted, we
found a total of 28 full-length genes. We assumed that the
genes containing at least one stop codon in the first five
exons are pseudogenes and the remaining genes are
functional. Using this criterion, we found 17 full-length
putative functional genes and 11 putative pseudogenes
(Table 1). Therefore, the proportion of pseudogenes was
39% (11/28) among the full-length genes and 48% (16/33)
among all genes including the incomplete ones. Note that
there are some gaps in the supercontig, which we used to
identify rat Ly49 cluster. Hence, our estimates of the
proportion of pseudogenes could be overestimated.

The mouse strain C57BL/6 is known to have a total of
15 full-length or nearly full-length Ly49 genes, of which
only four genes (X, K, N, and M) are probably non-
functional (McQueen et al. 1999; Kane et al. 2001;
Wilhelm et al. 2002). Therefore, the proportion of

Exon
6
/ 5
Lectin «
-~ 4
Stem <+— 3
P h | TM «— 2
Cyt «— 1

ITIM ! '

Fig. 2 The relationships between the exon—intron organization and
protein domains in Ly49 genes. Cyt Cytoplasmic domain, 7M
transmembrane domain, Stem stem domain, Lectin C-type lectin-like
domain. Adapted from Takei et al. (1997). Note that the exon
numbering here is different from the one commonly used for mouse
Ly49 genes because the 5'-non-coding exon (exon 1 in mouse Ly49
genes) was not included in this organization. Here we only showed
inhibitory receptors as an example. The activating receptors have the
same exon—intron organization as inhibitory receptors



pseudogenes is about 27%. This mouse strain has another
fragmentary gene (L) containing one exon (Wilhelm et al.
2002), but this gene will not be considered here. Using
primers specific to two exons and one intron of known
Ly49 genes, Makrigiannis and co-workers (2002) identi-
fied 19 genes or gene segments in mouse strain 129/J, but
their functionality is unknown. We therefore do not
consider these genes in this paper.

We then looked for the sequence signature of ITIM in
all putative translated rat Ly49 sequences. The results
showed that ten genes are putative inhibitory receptors
with ITIM (Table 1). Three genes (Ly49-4, 6, and /8) had
no ITIM and are probably activating receptors because of
the presence of arginine in the transmembrane region.
Interestingly, the remaining four genes (Ly49-23, 26, 27,
and 28) contained both the ITIM and transmembrane
arginine. The function of these genes is unknown at
present.

Evolutionary relationships of rat Ly49 genes and
genomic block duplication

To study the evolutionary relationships of rat Ly49 genes,
we constructed a phylogenetic tree of 28 full-length genes
using nucleotide sequences (Fig. 3). For the out-group, we
used primate Ly49 genes. According to this tree, there are
six different clades of Ly49 genes with high bootstrap
values (except for clade II). If we exclude the single gene
clade VI (gene 1), the first splitting of phylogenetic groups
occurred between clade V and other clades though the
bootstrap value is not very high. The splitting order of the
remaining clades, I-1V, is not clearly resolved. Essentially
the same results were obtained by parsimony analysis. All
of the five groups (I-V) include one or a few pseudogenes.
According to the tree, some pseudogenes, such as genes
51 and 311, were generated very recently, while some
others (e.g., genes 9v) and 737)) might have lost their
function a long time ago.

As the genes were named according to their genomic
location, we can easily see the relationships between the
phylogenetic clades and genomic locations of the genes. If
the number of Ly49 genes increased mainly by tandem
duplication, we would expect the genes which are
physically clustered in the genome to form a monophyletic
group. Figure 3 shows that all five genes (2—6) in clade III
are closely related. This suggests that clade III genes were
generated by tandem duplication.

However, other gene clusters do not necessarily show
closely related phylogenetic relationships. A close exam-
ination of gene arrangement has led us to identify a
genomic block duplication including four Ly49 genes.
Figure 4 shows the comparison of the two genomic blocks
that were apparently generated by block duplication. The
upper part of each row shows the genomic block starting
with gene 23 and ending with gene 26, and the lower part
represents the genomic block from gene 28 to gene 3/.
The genomic structures of the two blocks are virtually
identical except for insertion or deletion of some repetitive
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Fig. 3 Phylogenetic tree of 28 full-length rat Ly49 genes (790
nucleotides used). The tree was constructed by the neighbor-joining
method using Jukes—Cantor distances. The bootstrap values based
on 1,000 replications are shown above the branches (only values
higher than 50% shown). Essentially the same tree topology was
obtained by using parsimony methods. Each group is shown by a
bracket, labeled with a Roman numeral. Letter 1) represents
potential pseudogene

elements in the non-coding regions. The nucleotide
identity between the coding regions was 95% between
gene 23 and gene 28, 99% between gene 24 and gene 29,
98% between gene 25 and gene 30, and 99% between
gene 26 and gene 3/. These high identity values suggest
that the block duplication occurred very recently.

A crude estimate of the time of occurrence of this
duplication can be estimated by computing the Kimura
distances between genomic blocks 1 and 2 and between
the orthologous pair of mouse and rat genes (mouse-B and
rat-/; see below). Since the divergence between the mouse
and rat lineages (7\r) has been estimated to have occurred
approximately 33 million years ago (MYA) (Nei et al.
2001), one can estimate the time of block duplication (7p)
by (d12/dmr)*33 MYA, where d, is the distance estimate
between genomic blocks 1 and 2 and dyr is the distance
between the orthologous mouse and rat genes. When we
used the concatenate sequence of the coding regions of the
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four Ly49 genes from each of genomic blocks 1 and 2, we
obtained d,,=0.025+0.003. For dyz, we obtained 0.204
+0.017. Therefore, the genomic block duplication appears
to have occurred about 4.0+0.1 MYA.

The above examples of tandem duplication and genom-
ic block duplication are probably not isolated cases, and it
is possible that the other regions experienced these
processes several times but we cannot see the trace of
the occurrence anymore. Of course, it is also possible that
some gene duplication has occurred by gene transposition.
However, one thing is clear from the genomic maps of the
Ly49 clusters in mice and rats. That is, this gene family did
not experience inverted gene duplication changing tran-
scriptional direction, unlike many genes in other gene

families such as the immunogloblin and olfactory receptor
gene families (Matsuda et al. 1993; Niimura and Nei
2003).

Evolutionary relationships of rat and mouse Ly49
genes

To understand the evolutionary relationships of mouse and
rat Ly49 genes, we constructed a phylogenetic tree for the
genes from mice, rats, baboons, and humans (Fig. 5). In
this study, we used the mouse genes from strain C57BL/6
and rat genes from strain BN/SsNHsd/MCW. The root of
the tree was determined by using the rat NKG24 gene,



which is closely related to rodent Ly49 genes (see
Fig. 1A). From this tree, we could identify nine groups
of rodent genes, which are supported by relatively high
bootstrap values except for the single gene mouse clade
MIII and rat clade II. Five of them (I-V) were rat-specific
and are identical to those previously identified in Fig. 3.
Group VI contains one mouse (gene B) and one rat (gene
1) gene, and this group is supported by a bootstrap value
of 100%. Both of these genes are located at the telomeric
end of the Ly49 gene cluster (Fig. 1B) and appear to be an
orthologous pair. However, the branching order of the
remaining eight phylogenetic clades is unclear, because
the relevant bootstrap values are low. There are three
mouse-specific clades (MI, MII, and MIII), and they are
intermingled with rat-specific clades. This suggests that
the most recent common ancestor (MRCA) of mice and
rats already had several Ly49 genes. However, the species-
specific grouping suggests that the main rodent Ly49 gene
repertoires expanded rapidly after mice—rats divergence.
Gene conversion or recombination events might be
involved in the evolution of Ly49 genes. For example,
conducting phylogenetic analysis of approximately 1.4-kb
portions of intron 1 (between the first non-coding exon
and exon 1) and intron 6 (between exons 5 and 6 in our
definition) of the 14 mouse genes, Wilhelm and co-
workers (2002) showed that the major groups of mouse
genes were the same as those in Fig. 5 when the intron 6
region was used, but that a somewhat different grouping of
genes was obtained when the intron 1 region was used.
From this and other observations, they proposed that gene
conversion or recombination occurred in the region of
intron 3 (between exons 2 and 3 in our definition).
However, since intron regions are often more susceptible
to insertion and deletion than exon regions, we examined
this hypothesis by constructing phylogenetic trees of
rodent Ly49 genes for exons 1-2 and exons 3-6,
separately (Fig. 6). The major gene groups in the
phylogenetic tree of extracellular region (Fig. 6B) are
exactly same as those of Fig. 5 using full-length coding
region. However, in the phylogenetic tree of cytoplasmic
and transmembrane region (Fig. 6A), most major gene
groups (except rat group I, VI, and mouse singleton gene
group MIII) were divided into two subgroups. Interest-
ingly, the two subgroups (i.e., rat group III and mouse
group I, II) are often functionally different, and one
subgroup includes mainly inhibitory receptors and the
other represents activating receptors or pseudogenes. The
Ly49 genes with similar functionality (either inhibitory or
activating) tend to cluster together. These results suggest
that some degree of recombination might have occurred
between extracellular and transmembrane regions in the
evolution of rodent Ly49 genes to promote the functional
switch between the pair of inhibitory and activating
receptors which share a highly similar lectin-binding
domain, as suggested by Arase and Lanier (2004).
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Fig. 5 Phylogenetic tree of rodent and other mammalian Ly49
genes. This tree was constructed by the neighbor-joining method
using Jukes—Cantor distance for the coding regions of 15 mouse, 28
rat, two primate Ly49 genes, and the rat NKG24 gene, which was
used as an out-group (714 nucleotides used). Each group is shown
by a bracket. The Roman numbers of rat Ly49 gene groups are the
same as that of Fig. 3. Each mouse Ly49 group is labeled with a
Roman numeral followed by the letter M. The letter ) represents a
potential pseudogene. The parsimony tree was virtually the same as
the neighbor-joining tree if we disregard the branching patterns with
low bootstrap values. Therefore, it is not presented here

Rates of gene expansion by duplication

Figure 5 shows that the number of Ly49 genes in mice and
rats expanded rapidly by gene duplication after divergence
of the two species. To have a rough idea about how
quickly the gene expansion occurred, we estimated the
time of occurrence when the Ly49 repertoire has expanded
from a common ancestor. For this purpose, we used the
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Fig. 6A, B Phylogenetic trees of rodent and primate Ly49 genes
using different region. The trees were constructed using p-distances.
The bootstrap values based on 1,000 replications are shown above
the branches (only values higher than 50% shown). A Tree based on

linearized tree method (Takezaki et al. 1995). Using the
branch length test of the LINTREE program (http://mep.
bio.psu.edu), we first tested the molecular clock hypoth-
esis and found that the mouse gene K1) evolved faster than
the average rate at the 1% significance level. However,
elimination of this gene did not make much difference in
the time estimates of branching points. We therefore
constructed a linearized tree under the assumption of
molecular clock using the entire set of genes except for the

0.05

exons 1-2; 187 nucleotides used. (1) represents inhibitory receptors,
(4) activating receptors, (?) either a pseudogene or functionally
unknown. B Tree based on exons 3—6. Five hundred twenty-seven
nucleotides used

out-group sequence. The linearized tree using the extra-
cellular region of Ly49 genes thus obtained is presented in
Fig. 7. The timescale for this tree was obtained under the
assumption that the putative orthologous mouse and rat
Ly49 gene lineages (indicated by arrows in Fig. 7)
diverged about 33 MYA. The rate of nucleotide substitu-
tion was estimated to be approximately 3.1x10"° per site
per year.
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Fig. 7 Linearized tree of Ly49 genes from rodent and primate
species based on exons 3-6. The timescale was calibrated with
33 MYA under the assumption that the mouse and rat lineages
diverged about 33 MYA (arrows)

Although the time estimates obtained from this tree are
very crude, it appears that the mouse group MI, MII, and
MIII genes were generated by repeated gene duplication
from a sister gene (labeled M) of the mouse-B (also rat-7)
gene. This sister gene apparently existed about 47 MYA,
and during the last 47 million years (MY) the number of
genes expanded from one to 14. Therefore, the rate of gene
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expansion by duplication is (14—1)/47=0.28 per gene per
MY. Figure 7 suggests that the rat group L, 11, III, IV, and V
genes expanded from a sister gene (labeled with R) of the
rat-/ (also mouse-B) to 27 duplicate genes. There are five
additional incomplete genes (genes 19, 21, 24, 29, and 33)
that were not included in Fig. 7 because one or two exons
were missing. These genes belong to group IV or V genes
(data not shown). Therefore, if we include these genes,
there must have been 31 new genes generated during the
last 57 MY. This gives an expansion rate of 31/57=0.54
per gene per MY. This rate is about two times higher than
the mouse rate. We performed a similar analysis on the
linearized tree of cytoplasmic and transmembrane region
and the expansion rates were not significantly different
(data not shown).

Table 2 shows the rates of gene expansion for some
other gene families that are known to have experienced
rapid gene duplication. It shows that human K/R genes
expanded nearly at the same rate as that of the rat Ly49
genes. MHC class I and class II genes are also known to
have been subject to rapid gene duplication. Table 2,
however, shows that the rates of gene expansion for these
gene families in primates are less than half the rate of
mouse Ly49 genes. Of course, the estimates of MHC rates
are very crude because they are based on only a few
duplicate genes. The hominoid gene family Morpheus,
whose function is unknown, has been acclaimed as the
fastest evolving gene family so far identified (Johnson et
al. 2001). Table 2 indicates that the rate of gene expansion
for this gene family is nearly twice as high as that of rat
Ly49.

Lynch and Conery (2003) estimated the rates of gene
duplication for genome-wide genes considering recently
duplicated genes (less than 2 MY old). Their estimates for
animal and plant model organisms were 0.001-0.03 per
gene per MY. These estimates are supposed to include
duplicate genes that may soon become pseudogenes. In
our computation, however, we considered a relatively
longer evolutionary time and may not have included
pseudogenes, which have already been deleted from the
genome. Therefore, other things being equal, our estimates
are expected to be smaller than Lynch and Conery’s
duplicate rates. Yet, the Ly49 or KIR rates are much higher
than those of Lynch and Conery. This suggests that the
Ly49 and KIR genes have duplicated much faster than the
genome-wide genes. However, note that our rates are not
the same as the mathematical rate of increase of genes by
gene duplication (see Nei 1969). We did not use this rate
here, because the actual evolutionary pattern is quite
different from the mathematical model.

Discussion

We have seen that the BN rat genome contains a total of 33
Ly49 genes, of which 17 are putative functional genes and
16 are putative pseudogenes. The genome of mouse strain
C57BL/6 is known to have 15 Ly49 genes, of which 11 are
functional and four are non-functional. These results
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Table 2 Rates of gene expansion by duplication for different gene families

Gene family Evolutionary ~ No. of genes Expansion rate  Data used
time (MYA) increased/ancestor per MY
Class I MHC (human DRB) 50 4 0.08 Satta et al. (1996) and Takahashi et al. (2000)
Class I MHC (human) 50 4 0.08 Piontkivska and Nei (2003)
Human KIR 21 11 0.52 L. Hao and M. Nei, unpublished
Mouse Ly49 47 13 0.28 This study
Rat Ly49 57 31° 0.54 This study
Morpheus (human) 13 13 1.00 Johnson et al. (2001)
Genome-wide genes 0.001-0.03¢ Lynch and Conery (2003)

*This number was obtained by considering only KIR domain D1.

°Five incomplete genes (19, 21, 24, 29, and 33) are not included in the tree of Fig. 6. However, since genes 79 and 21 belong to group V, and
the other three genes belong to group IV, these five genes were added.

“Gene duplication rates were obtained from Homo sapiens, Drosophila melanogaster, Caenorhabditis eleganes, and Arabidopsis thaliana.
Strictly speaking, these rates are not the same as the gene expansion rate (see text).

suggest that the Ly49 gene family has been subject to
birth-and-death evolution and the birth and death rates of
genes are higher in rats than in mice. These estimates are
very crude, but if this is true, why should rats have a
higher rate? One possible answer to this question is the
difference in functional constraints that may exist between
mice and rats. In the case of the MADS-box gene family,
which controls the development of flowers and other
characters in plants, the type-II gene subfamily is subject
to stronger functional constraints than the type-I gene
subfamily and shows a slower rate of birth-and-death
evolution (Nam et al. 2004). To examine whether a similar
mechanism is involved in the evolution of Ly49 genes, we
examined the rates of synonymous and non-synonymous
nucleotide substitution in mice and rats separately using
the method of Zhang and co-workers (1998b). Contrary to
our expectation, however, the rates of synonymous and
non-synonymous substitution were virtually the same for
both mice and rats (Fig. 8). This finding also suggests that
Ly49 genes have evolved essentially in a neutral fashion at
the nucleotide level. It is then possible that the higher rate
of birth-and-death evolution in rats is merely due to the
stochastic errors of the birth-and-death process of genes.
Note that our analysis of rat Ly49 gene cluster is based on
a single haplotype (rat strain BN/SsNHsd/MCW). It is
possible that rat Ly49 genes have multiple haplotypes, as
in the case of mouse Ly49 genes. It will be interesting to
explore the Ly49 gene cluster in other rat strains and
compare its haplotype diversity between mice and rats.
The Morpheus gene family, which has the highest gene
duplication rate in Table 2, is known to have a rate of non-
synonymous substitution (ry) significantly higher than the
rate of synonymous substitution (rs), and this was taken as
evidence that the rate of gene duplication has been
accelerated by natural selection (Johnson et al. 2001). This
is a reasonable explanation. However, this explanation
may not be the whole story, because the gene duplication
rate can be enhanced substantially without a significant
increase of ry relative to rg as in the case of rat Ly49
genes. Note that the gene duplication rate is sometimes
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Fig. 8 Relationships between the number of synonymous substitu-
tions per synonymous site (ds) and the number of non-synonymous
substitutions per non-synonymous site () for mouse (n=11) and rat
(n=17) putative functional Ly49 genes

influenced substantially by genomic block duplication
(e.g., Schable and Zachau 1993; Su and Nei 2001).

As mentioned earlier, the K/R genes in primates are
structurally very different from the Ly49 genes in rodents,
but they have the same function. The number of member
genes in the K/R family in primates is roughly similar to
that of the Ly49 family in mice, and the primate K/R genes
have also evolved very rapidly by repeated gene duplica-
tion (L. Hao and M. Nei, unpublished). The similarity of
the evolutionary patterns of K/R and Ly49 genes suggests
that their rapid evolution is caused by the function of the
genes, that is, the interaction with MHC class I molecules,
rather than by the protein structure encoded by the genes.
It is interesting to note that the number of functional genes
in the K/IR gene family in humans and chimpanzees is
about ten though it depends on haplotypes (Hsu et al.
2002), and this number is only slightly lower than that of
the rodent Ly49 gene family. This finding reminds us that
the number of highly polymorphic MHC class 1 loci is
only a few (often one to four), though this gene family
contains a large number of genes, including pseudogenes



(Klein and Figueroa 1986; Anzai et al. 2003). It is possible
that there is some kind of upper limit for the number of
functional K/R or Ly49 genes caused by interaction with
MHC molecules.

The origins of K/R genes in primates and Ly49 genes in
rodents are quite mysterious. The molecular structures of
KIR and Ly49 receptor molecules are so different that it is
difficult to know how they originated. However, it is
possible to speculate how these different molecules have
come to be used in primates and rodents separately.
Actually, although Ly49 genes are concentrated primarily
in rodents, the human and baboon genomes contain at least
one Ly49 gene, whether they are functional or not
(Fig. 1A). Similarly, the mouse genome is known to
have at least two KI/R-like genes (Hoelsbrekken et al.
2003; Welch et al. 2003). Furthermore, multiple K/R genes
and a single Ly49 gene have been identified in cattle
(McQueen et al. 2002; Storset et al. 2003). It is therefore
quite likely that the common ancestor of primates and
rodents used both KIR and Ly49 receptors. This view is
supported by the fact that K/R-related genes, such as ILT
genes in humans and PIR in mice, and Ly49-related genes,
such as NKG2 genes, are used in both primates and
rodents (Trowsdale et al. 2001). After the primate and
rodent lineages diverged, however, K/R genes apparently
happened to be predominant in the primate lineage, and
Ly49 genes in the rodent. This differential use of NK cell
receptors may have happened by chance or for some
adaptive reasons. It is also likely that once one type of NK
cell receptors became predominant in an evolutionary
lineage, it was probably more efficient to produce them
exclusively and the other type of receptors therefore
gradually ceased to be used.

At the present time, of course, this is merely a
hypothesis. However, this hypothesis can be tested by
examining the presence or absence of K/R or Ly49 genes
in other orders of placental mammals, marsupials, or even
birds and reptiles and studying whether they are expressed
as NK cell receptors.

Note added in proof After submission of this paper, we learned that
Wilhelm and Mager (2004) also identified rat Ly49 genes. They
reported 36 rat Ly49 genes which are different from ours. This
difference might have occurred because they did not use the updated
rat genome sequence.
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