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AbstractmEvolutionary studies of complement factor B
(Bf) and C2 in lower vertebrates have revealed the presence
of the Bf/C2 common ancestor-like molecule in lamprey
(cyclostome) and the Bf molecule encoded by the dupli-
cated genes closely linked to the major histocompatibility
complex (MHC) in Xenopus(amphibian). To further define
when Bf/C2 gene duplication occurred and when linkage
between theBf/C2 gene and theMHC was established, we
amplified the Bf/C2 sequences in teleost, the Japanese
medaka (Oryzias latipes), by reverse transcription – poly-
merase chain reaction with primers corresponding to the
common amino acid sequences shared by mammalian Bf
and C2. Only a single molecular species has been ampli-
fied, and the corresponding cDNA clones were isolated
from the liver cDNA library. The longest insert contained
2384 nucleotides with an open reading frame of 754
residues. The deduced amino acid sequence showed
33.6% and 34.1% overall identity with the human Bf and
C2 sequences, respectively, hence this clone was named
medakaBf/C2. The single-copy medakaBf/C2 gene had
exactly the same exon-intron organization as the mamma-
lian Bf andC2 genes, and spanned about 8 kilobases. The
Bf/C2 locus was mapped to the close proximity (2.9 cM) of
the superoxide dismutase locus on the linkage group XX by
the use of a restriction site polymorphism between two
inbred strains of the medaka.

Introduction

Accumulating evidence indicates the presence of the com-
plement system in lower vertebrate species (Dodds and Day
1993). Although cyclostomes, the most primitive extant
vertebrate, seem to have a primitive complement system
consisting only of an alternative pathway and playing the
role of opsonin (Nonaka et al. 1984), a multi-component
system which leads to target cell lysis has been identified in
cartilaginous fish (Jensen et al. 1981) and higher vertebrates
(Dodds and Day 1993). Functional analysis in a bony fish,
rainbow trout, indicated the presence of both the alternative
and classical activation pathways as well as the cell lytic
pathway (Nonaka et al. 1981). In addition, cDNA clones
with definitive features ofC3 (Lambris et al. 1993) andC9
(Stanley and Herz 1987) have been isolated from rainbow
trout. These results, together with the recent finding of the
C3 gene in an invertebrate sea urchin (Smith et al. 1996),
support the hypothesis that the complement system had
been established by the time of vertebrate emergence as a
simple system similar to the mammalian alternative path-
way. By the time of the emergence of cartilaginous fish, the
classical and lytic pathways seem to have been acquired. It
is generally believed that the classical pathway was gener-
ated from the alternative pathway through two crucial gene
duplication events betweenBf and C2, and C3 and C4.
However, the molecular evidence confirming these gene
duplication events has been identified only in mammalian
species so far, except for an amphibian,Xenopus, from
which both C3 (Lambris et al. 1995) andC4 (Mo et al.
1996) cDNA clones have been isolated. Non-mammalianBf
or C2 clones have been isolated fromXenopus(Kato et al.
1994, 1995) and lamprey (Nonaka et al. 1994). TheXeno-
pusclone was unambiguously identified asBf, whereas the
lamprey clone showed almost the same similarity to both
mammalianBf andC2, and was considered to represent the
putative common ancestor molecule of Bf and C2 (Nonaka
et al. 1994). Recently, a Bf-like cDNA clone has been
isolated from the zebrafish, which also showed almost the
same similarity to both mammalianBf andC2 (Seeger et al.
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1996). One interesting point about the two gene duplication
events betweenBf andC2, andC3 andC4, is that the genes
encoding three of them,Bf, C2, and C4, reside in the
class III region of the mammalian major histocompatibility
complex (MHC; Carroll et al. 1984; Chaplin et al. 1983).
The possible physiological meaning of the linkage between
these complement genes and the class I or II genes is still to
be demonstrated.

Phylogenetic studies of the genes which are involved in
antigen presentation and are encoded in the mammalian
MHC indicated that most of them appeared at the cartilag-
inous fish stage during vertebrate evolution. Thus the class I
A (Hashimoto et al. 1992), class IIA (Kasahara et al. 1992),
and class IIB (Bartl and Weissman 1994) genes and the
LMP7 (Kandil et al. 1996) gene have been identified in
cartilaginous fish, whereas trials to isolate these genes from
cyclostomes have not yet succeeded. The same is true for
some non-MHC genes which play essential roles in the
immune system, such as immunoglobulin (Hinds and Lit-
man 1986), T-cell antigen receptor (Rast and Litman 1994),
and recombination activating genes (RAG; Greenhalgh and
Steiner 1995), suggesting that the major components of the
mammalian immune system emerged simultaneously in the
main line of vertebrate evolution after the divergence of
cyclostomes before the divergence of cartilaginous fish.
Structural analysis of theXenopus MHChas revealed a
close linkage between anLMP7 (Namikawa et al. 1995), a
class I A (Flajnik et al. 1991; Shum et al. 1993), three
class IIB (Sato et al. 1993), twoBf (Kato et al. 1994; Kato
et al. 1995), aC4 (Mo et al. 1996), and a fewHSP70genes
(Salter-Cid et al. 1994), indicating that the basic structure of
the MHC had been established by the time of amphibian
divergence. However, it is still not clear whether the
corresponding genes in bony and cartilaginous fishes
form a similar cluster.

Medaka fish (Oryzias latipes) is one of the ideal lower
vertebrates for molecular genetic studies, since 1) genera-
tion time is relatively short; 2) several inbred strains are
available; 3) genome size is about one-third that of the
human genome; 4) germ-cell mutagenesis has been well
studied (Shima and Shimada 1991; Kubota et al. 1995); and
5) a genetic linkage map is present (Wada et al. 1995). To
analyze the evolution of the complement system in lower
vertebrates and to establish the starting point of the molec-
ular analysis of the possible teleostMHC, we isolated
medaka cDNA clones corresponding to those of the mam-
malian Bf or C2, and performed linkage analysis of the
gene.

Materials and methods

Materials

Restriction enzymes were purchased from Toyobo (Osaka, Japan) and
New England Biolabs (Beverly, MA). The ligation kit was from Takara
(Kyoto, Japan). [α-32P]dCTP, Rediprime random primer labeling kit
and cDNA Synthesis Systems Plus were from Amersham Japan
(Tokyo, Japan).λ Zap II, λ Dash II, and Gigapack Gold were from
Stratagene (La Jolla, CA), DNA Sequencing System 373 A Analysis
Software version 1.01 and primer cycle sequencing kit were from
Applied Biosystems Japan (Tokyo, Japan).Eco RI adapter and Ribop-
robe Gemini System were from Promega (Madison, WI). Two inbred
strains of medaka fish, AA2 and HNI, were bred and maintained at the
Laboratory of Radiation Biology, Department of Biological Sciences,
School of Science, University of Tokyo.

RNA extraction and cDNA library construction

RNA was isolated from livers of 30 AA2 fish using TRIzol reagent
(Gibco-BRL, Tokyo, Japan), and poly(A)+ RNA was selected by an
oligo-dT cellulose column (Aviv and Leder 1972). Construction of a
medaka liver cDNA library was performed as described previously
(Nonaka and Takahashi 1992), and approximately 7×105 independent
plaques of this library were screened. For northern blotting analysis,
total RNA were isolated from liver, gill, ovary, and intestine of an HNI
female using TRIzol reagent.

Reverse transcriptase-polymerase chain reaction (RT-PCR) amplifi-
cation of an mRNA segment of medaka Bf/C2

Degenerate PCR primers were the same as those used for the
amplification of lamprey (Nonaka et al. 1994) andXenopus Bf(Kato
et al. 1994; Fig. 1). PCR template was double-stranded cDNA
synthesized from medaka liver mRNA using the cDNA Synthesis
Systems Plus. Thirty cycles of amplification were carried out in an
Astec PC700 thermocycler (Fukuoka, Japan) using the following
parameters: 94°C for 0.5 min, 50°C for 1 min, and 72°C for 1 min
(Saiki et al. 1988). PCR products of expected size [250 base pairs (bp)]
were gel-purified, digested withEcoRI, and ligated into theEcoRI site
of the pGEM-3Zf(+) vector.
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Fig. 1mRT-PCR amplification of the Bf/C2-like serine protease domain
from medaka. RT-PCR primers were prepared following the amino
acid sequences in the serine protease domain where human Bf and C2
show complete amino acid identity. Only single Bf/C2-like sequence
was amplified and tentatively named medaka Bf/C2. Any residues in
the human sequences identical with medaka Bf/C2 are indicated by
dashes. Gaps introduced to increase similarity are shown byasterisks.
Arrows indicate the Bf/C2 diagnostic residues considered to be specific
to Bf/C2



DNA extraction and genomic library construction

High relative molecular mass (Mr) DNA was isolated from eight HNI
fish. After anesthesis by immersion in iced water, decapitated and
skinned fish were frozen in liquid nitrogen, homogenized, and sus-
pended in Tris-buffered saline. After phenol extraction and RNase
treatment, DNA was precipitated with isopropanol. HighMr DNA was
digested withSau3AI incompletely, 15 to 20 kilobase (kb) fragments
were purified by agarose gel electrophoresis, and ligated with the
BamHI-digestedλ Dash II arms.

Nucleotide sequence analysis

DNA sequence analysis was performed by the dideoxy chain termina-
tion method (Sanger et al. 1977) using an Applied Biosystems
373A DNA sequencer. Sequencing primers to extend sequence read-
ings were synthesized using an Applied Biosystems 381A DNA
synthesizer. Each sequence was determined at least twice from both
strands.

Northern blotting analysis

Total RNA from various medaka tissues were denatured by glyoxal,
separated on a 1% agarose gel, and blotted to a nylon membrane
(Hybond-N, Amersham; Thomas 1980). After pre-hybridization for 4 h
at 65°C in a solution containing 50% formamide, 50 mM sodium
phosphate buffer (pH 6.5), 0.8 M sodium chloride, 1 mM ethylene-
diaminetetraacetic acid (EDTA), 10× Denhardt’s solution (1× Den-
hardt’s solution is 0.02% bovine serum albumin, 0.02% ficoll, and
0.02% polyvinylpyrrolidone), 0.25 mg/ml denatured salmon sperm
DNA, and 2 mg/ml yeast tRNA, membranes were then hybridized
with radiolabeled RNA probes (Promega, Madison, WI) at 55°C for
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Fig. 2mAlignment of medaka Bf/C2 (Me Bf/C2) amino acid sequence
with the human C2 (Hu C2), mouse C2 (Mo C2), human Bf (Hu Bf),
mouse Bf (Mo Bf),XenopusBf (Xe Bf), zebrafish Bf (Da Bf), and
lamprey Bf (La Bf) sequences. The entire amino acid residues of
medaka Bf/C2 are presented.Numberson theright indicate amino acid
numbers of medaka Bf/C2. Residues identical to medaka Bf/C2 in
other sequences are indicated bydashes. Insertions and deletions
introduced to increase identity are indicated byasterisks. N-terminal
ends of each domain are indicated by L-shapedarrows. The residues
completely conserved are indicated bydots below the sequences.
Upward arrows indicate diagnostic residues for Bf/C2 identification
of PCR products. Three diamonds (◆) indicate the conserved H, D, and
S residues at the active center of serine proteases



16–20 h. Membranes were washed twice for 30 min at 65°C in 50 mM
sodium chloride, 20 mM sodium phosphate buffer (pH 6.5), 1 mM
EDTA, an 0.1% sodium dodecyl sulfate.

Genotyping and linkage analysis

Polymorphic enzyme sites between AA2 and HNI were searched by
PCR amplification of a part of the gene using primers synthesized
based on the exon sequences in combination with the following
enzyme digestion. AnRsaI polymorphism was identified in intron 6.
Native polyacrylamide gel electrophoresis were used for genotyping of
each fish (Davis 1964).Bf/C2 type was determined using DNA
samples of 80 backcross prognenies from a cross, (AA2 female×
HNI male)F1 males with AA2 females. These progenies have been
typed for random amplified polymorphic DNA (RAPD) markers as
described previously (Wada et al. 1995).

Results

RT-PCR amplification of Bf/C2

RT-PCR amplification of the medaka liver cDNA resulted
in a single DNA band of the expected size (about 250 bp).
The DNA was gel purified, digested byEcoRI, and ligated
with the EcoRI-digested pGEM-3Zf(+) vector. Nineteen
clones were randomly selected and nucleotide sequences of
the inserts were determined. All inserts had the same
nucleotide sequence which predicted an amino acid se-
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Fig. 3mNucleotide and deduced amino acid sequence of medakaBf/C2.
The entire nucleotide sequence of the clone 10 insert is presented
together with the deduced amino acid sequence (italics). The initiation
methionine codon was assigned from alignment with human Bf and
C2, and is marked +1. The nucleotide and amino acid number of the
rightmost residues, starting from the initiation codon, are shown for
each lane. Positions of intron insertion revealed by gene analysis (see
below) are indicated bydownward arrows



quence showing 31% and 33% identity to the corresponding
regions of human Bf (Horiuchi et al. 1993) and human C2
(Bentley 1986), respectively (Fig. 1). Although amino acid
identity is not high enough, the presence of the diagnostic
Phe and Arg residues (Fig. 1, arrows) which are present in
all the Bf and C2 sequences reported so far (see Fig. 2),
helped to identify the amplified sequence asBf or C2.
Therefore, this sequence was tentatively designated medaka
Bf/C2.

Isolation and sequence analysis of medaka Bf/C2 cDNA

Using the PCR-amplified clone as a probe, we screened the
medaka liver cDNA library containing 7×105 independent

clones. Thirteen clones were isolated, and nucleotide se-
quence analysis of both termini of each insert indicated that
three of them contained the entire protein coding sequence.
The insert of the longest clone (clone 10) was 2384 bp long,
and predicted a single long open reading frame of
754 amino acids (Fig. 3).

Multiple alignment and phylogenetic tree of Bf and C2
sequences from various species

The deduced amino acid sequence of medaka Bf/C2 was
aligned with the amino acid sequences of human C2
(Bentley 1986), mouse C2 (Ishikawa et al. 1990), human
Bf (Horiuchi et al. 1993), mouse Bf (Ishikawa et al. 1990),
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Fig. 4mBf and C2 phylogenetic tree. The relationship among human
Bf, human C2, mouse Bf, mouse C2,XenopusBf, zebrafish Bf,
lamprey Bf, and medaka Bf/C2 was analyzed by the neighbor-joining
method for the entire amino acid sequences based on the alignment
shown in Figure 3. Numbers on branches are bootstrap percentages
supporting a given partitioning

Fig. 5mNorthern blotting analysis
of medakaBf/C2. Five micro-
grams of ovary, gill, liver, and
intestine total RNA of the AA2
medaka were denatured by
glyoxal and separated on a 1%
agarose gel. After blotting on
nylon membrane, hybridization
was performed using the RNA
probe, corresponding to the me-
dakaBf cDNA region spanning
from the 59 end to thePstI site
(+433) of clone 10. The washed
filter was exposed to an X-ray
film for 6 days at room
temperature.Linesat the top of
each lane indicate origin

Fig. 6A, BmStructure of the me-
dakaBf/C2 gene.A Restriction
enzyme map of the three over-
lapping medaka Bf/C2 phage
clones. Three genomic clones
(clones 4, 5, 9) were isolated
from a genomic library. Restric-
tion enzyme sites ofEcoRI (E),
HindIII (H) are shown. The
fragments which hybridized with
the probes representing the 59 and
39 ends of clone 10 are shown by
double-headed arrows.
B Genomic structure of the me-
dakaBf/C2 gene and the mouse
Bf gene as reference.Open rec-
tanglesindicate the size and lo-
cation of exons. Exon-intron
boundaries of the medakaBf/C2
gene were determined by nu-
cleotide sequence analysis. The
transcriptional start site of the
medakaBf/C2 gene is yet to be
determined, and hence the 59 end
of exon 1 is indicated by adotted
line



XenopusBf (Kato et al. 1994), zebrafish Bf (Seeger et al.
1996), and lamprey Bf (Nonaka et al. 1994) using the
Clustal W software (Thompson et al. 1994). As shown in
Figure 2, the medaka Bf/C2 sequence showed a significant
similarity to other Bf and C2 sequences throughout its
entire length. This result indicated that medaka Bf/C2 has
the same basic domain structure as Bf and C2 of other
species: that is, three SCR domains, a von Willebrand
domain, and a serine protease domain from the N-terminus.
The calculated amino acid identities based on this align-
ment of medaka Bf/C2 were: 34.1% with human C2, 32.6%
with mouse C2, 33.6% to human Bf, 32.5% with mouse Bf,
34.3% with XenopusBf, 37.1% with zebrafish Bf, and
27.4% with lamprey Bf. The mammalian andXenopusBf
and C2 sequences showed almost the same degree of
identity to the medaka sequence, making it difficult to
assign Bf or C2 to the medaka sequence. The zebrafish
sequence showed a slightly higher degree of identity,
whereas the lamprey sequence, considered to represent
the state beforeBf/C2 gene duplication (Nonaka et al.
1994), showed a lower degree of identity to the medaka
Bf sequence than the mammalian andXenopussequences.
The phylogenetic tree of the Bf and C2 sequences was
drawn using the neighbor-joining method (Saitou and Nei
1987; Fig. 4). Medaka Bf/C2 showed clustering with
zebrafish Bf, and these teleost sequences showed clustering
with human and mouse C2, suggesting the possibility that
the teleost sequences are actually C2. However, the boot-
strap percentage supporting this branching pattern (78%) is
not high enough, and more information on other lower
vertebrates is required before making a conclusive assign-
ment.

Northern blotting analysis

To analyze the tissue distribution of the medakaBf/C2
messages, northern blotting analyses were performed. As
shown in Figure 5, when ovary, gill, liver, and intestine
were analyzed forBf/C2 mRNA, significant hybridization
was detected only with liver. The estimated size of the liver
hybridizing band was 2.8 kb, indicating that an approxi-
mately 400 to 500 bp region of the 59 end of medakaBf/C2
is missing from clone 10.

Isolation and structural analysis of the medaka Bf/C2 gene

A medaka genomic DNA library with 7.5×105 independent
clones was constructed using theλ Dash II arms. Screening
of this library using the medakaBf/C2 spanning from the
59 end to thePst I site (+433) (59 probe) and theHin dIII
site (+1906) to the 39 end of clone 10 (39 probe) as probe
resulted in isolation of three clones. Restriction mapping
analysis of these clones indicated that they overlap each
other (Fig. 6A). Southern blotting analysis of these clones
using the 59 and 39 probes indicated that the medakaBf/C2
gene spans about 8 kb. The exact positions of the exon-
intron boundaries were determined by nucleotide sequence
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Fig. 7A–CmLinkage analysis of the medakaBf/C2 gene.A Mapping
strategy. PCR primers were designed to detect theRsaI site polymor-
phism between the HNI and AA2 strains in intron 6. The positions of
PCR primers are indicated byarrows. The first PCR was performed
using primers 1 and 2, and the second PCR with primers 3 and 4. The
polymorphicRsaI site is indicated by anasterisk(*). B Genotyping of
backcross progeny. Theleft panel shows the bands polymorphic
between AA2 and HNI (arrows). F1 DNA shows both bands. The
right panel shows a typical typing pattern of nine offspring of a
crossing of AA2 females× (AA2 ×HNI)F1 males. Homozygotes
show only an AA2 type band. Heterozygotes show both AA2 and
HNI type bands. In total 80 offspring were typed. M indicates relative
molecular mass marker (pBR322 DNAMsp I digest marker).
C Linkage relationships of theBf/C2 locus and other loci in the
linkage group XX. The MAPMARKER Macintosh V.2.0 program
was used for linkage analysis. Lod score of 3.0 and theta value of
4.0 were used as the default setting. Kosambi’s mapping function was
used to calculate map distances (Dist.). TheU42-8, HSF#2-1, and
p53#2-1 were loci identified as RAPD markers. Superoxide dismutase
locus was shown asSod



analysis after subcloning DNA fragments from phage
clone 4 into pGEM-3Zf(+) vector. As shown in Figure 6B,
exon-intron organization is completely conserved between
the mouseBf or C2 (Ishikawa et al. 1990) and medakaBf/
C2 genes.

Linkage analysis of the medaka Bf/C2 gene

The genetic linkage map of medaka has been constructed
recently, mainly using random amplified polymorphic DNA
(RAPD) markers, and 28 linkage groups were identified
(Wada et al. 1995). As the first step to explore the possible
presence of the mammalianMHC-like gene organization in
medaka, we performed linkage analysis of the medakaBf/
C2 gene. Search for the restriction enzyme site polymor-
phism between the AA2 and HNI strains by PCR-amplifi-
cation of the intron sequences resulted in identification of
the RsaI site polymorphism in intron 6. PCR primers were
designed as shown (Fig. 7A) for nested amplification of the
DNA segment encompassing this polymorphicRsaI site.
Genomic DNA was amplified by PCR, digested withRsaI,
and typed by polyacrylamide gel electrophoresis (Fig. 7B).
Eighty backcross progenies were typed, and the result
shown in Figure 7C indicated that the medakaBf/C2
locus is closely linked to theSod locus (2.9 cM) on the
linkage group XX.

Discussion

The medaka cDNA clone corresponding to mammalian Bf
or C2 was isolated. The primary structure of the medaka
molecule deduced from the nucleotide sequence showed the
same domain structure as Bf and C2 from other species,
clearly identifying the medaka sequence as Bf or C2. The
discrimination between Bf and C2, however, was not
obvious, since the deduced medaka amino acid sequence
showed almost the same similarity to the Bf and C2
sequences of other species. A similar situation has been
reported recently with the Bf cDNA clone isolated from
another teleost species, zebrafish (Seeger et al. 1996). The
phylogenetic tree constructed using the neighbor-joining
method (Saitou and Nei 1987) indicated that the medaka
Bf/C2 and zebrafish Bf sequences form a cluster with
human and mouse C2, although a bootstrap value to support
this branching pattern was not high enough to draw a final
conclusion. In contrast, from the number of charged amino
acid residues in the exon 15-encoded region, which differs
greatly and was suggested to be involved in the functional
difference between human Bf and C2 (Krumdieck and
Volanakis 1995), the medaka Bf/C2 and zebrafish Bf
sequences show more similarity to Bf than to C2. Thus
the medaka and zebrafish sequences have 12 and 13
charged rsidues in this region, respectively, whereas num-
bers of charged residues in this region of human C2, mouse
C2, human Bf, mouse Bf,XenopusBf, and lamprey Bf are
6, 6, 15, 12, 13, and 10, respectively. Due to the difficulty of

assigning the medaka sequence to Bf or C2, we named this
sequence medaka Bf/C2. The presence of an intermediate
molecule between Bf and C2 in two teleost species may
imply that teleost represent the state before theBf/C2 gene
duplication. However, functional studies performed in an-
other teleost species, rainbow trout, clearly demonstrated
the presence of both the classical and alternative pathways
(Nonaka et al. 1981), suggesting thatBf/C2 gene duplica-
tion predated the emergence of teleost. We tried to identify
anotherBf/C2-like sequence from RT-PCR-amplified me-
daka clones, but all 19 clones we sequenced had the same
insert as medakaBf/C2. Since amino acid sequences cor-
responding to the PCR primers are perfectly conserved
among the Bf and C2 sequence so far determined, except
for one position where a Leu to Ile substitution was
recognized with medaka Bf/C2 andXenopusBf (Kato et
al. 1994; amino acid residue number 585 in Figure 3), it is
unlikely that additional medakaBf or C2 sequence, if any,
can not be amplified by RT-PCR using these primers. A
similar attempt to find another gene in zebrafish related to
zebrafish Bf was also unsuccessful (Seeger et al. 1996).
Thus, there is an intriguing possibility that teleost has a
single Bf/C2 molecule which can work in both the classical
and alternative pathways. If this is so, the differentiation
between Bf and C2 is located in the evolution history of
vertebrates after divergence of teleosts, but before diver-
gence of amphibians, since the Bf/C2-like cDNA clones
isolated fromXenopuswere clearly identified as Bf and not
C2 (Kato et al. 1994, 1995). In contrast, C3/C4 differentia-
tion seems to have occurred before the divergence of
teleosts, because trout has a molecule clearly identified as
C3 and not C4 (Lambris et al. 1993). Thus the gene
duplications and differentiations betweenBf and C2, and
C3 and C4 could have occurred at different stages of
vertebrate evolution.

The medakaBf/C2 gene has exactly the same intron
insertion positions as those found in the mammalianBf and
C2 genes, indicating that the basic structure of theBf/C2
genes has been conserved for more than 400 million years
since teleost and mammals last shared a common ancestor.
The size of the medakaBf/C2 gene, 8 kb, is also not so
different from that of mouseBf (6 kb) and C2 (20 kb;
Ishikawa et al. 1990). Although the medaka genome size is
only about one-third that of the human genome, the size of
each medaka gene relative to mammalian counterparts
seems to be variable, and the medaka cytochrome P-450
aromatase gene is much smaller than the human counterpart
(medaka, 2.6 kb vs human, at least 70 kb; Tanaka et al.
1995). The humanC2, Bf, and duplicatedC4 genes are
located in an approximately 100 kb DNA segment in the
class III region of theMHC (Carroll et al. 1984). Moreover,
the distance between theC2andBf genes is less than 400 bp
(Wu et al. 1987). It is of special interest to walk from the
medakaBf/C2 gene to the adjacent gene to see the organi-
zation and the size of the intergenic region in this small-
genome species.

Evolutionary studies of the nonmammalian species
MHC structure have focused on the amphibianX. laevis,
and have revealed that the basic structure of theMHC was
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established before the mammal/amphibian divergence.
Although some of the constituent genes, such as class I
(Hashimoto et al. 1992), II (Kasahara et al. 1992; Bartl and
Weissman 1994), andLMP7 (Kandil et al. 1996), can be
traced back to cartilaginous fish, it is still not known
whether these genes form a cluster in a single chromosomal
region, like the mammalianMHC. In teleost fish, both the
class I and II genes have been isolated from carp (Hashi-
moto et al. 1990; Ono et al. 1993b), zebrafish (Ono et al.
1993a, 1992) and Atlantic salmon (Grimholt et al. 1993;
Hordvik et al. 1993). The possible genetic linkage between
the class I and II genes, however, is yet to be demonstrated,
and there is still no evidence to show the presence of the
mammalianMHC-like gene organization in bony fish. Here
we report the linkage analysis of the medakaBf/C2 gene,
providing entry to the molecular analysis of the teleost
MHC. We have recently isolated cDNA clones for the
medaka LMP7, HSP70, and C3/C4-like molecules. Linkage
analysis of these genes in reference to the medakaBf/C2
gene will provide the first insight into the possible teleost
MHC class III region.

AcknowledgmentsmThis work was supported in part by grants-in-aid
from the Ministry of Education, Science and Culture of Japan,
No. 07265225 to M. N. We are willing to share the cDNA and genomic
DNA clones described in this paper with interested investigators.

References

Aviv, H. and Leder, P. Purification of biologically active globin
messenger RNA by chromatography on oligothymidylic acid-
cellulose.Proc Natl Acad Sci USA 69:1408–1412, 1972

Bartl, S. and Weissman, I. L. Isolation and characterization of major
histocompatibility complex class IIB genes from the nurse shark.
Proc Natl Acad Sci USA 91:262–266, 1994

Bentley, D. R. Primary structure of human complement component C2.
Homology to two unrelated protein families.Biochem J 239:
339–345, 1986

Carroll, M. C., Campbell, R. D., Bentley, D. R., and Porter, R. R.
A molecular map of the human major histocompatibility complex
class III region linking complement genes C4, C2 and factor B.
Nature 307: 237–241, 1984

Chaplin, D. D., Woods, D. E., Whitehead, A. S., Goldberger, G.,
Colten, H. R., and Seidman, J. G. Molecular map of the murineS
region.Proc Natl Acad Sci USA 80:6947–6951, 1983

Davis, B. J. Disc electrophoresis-II. Method and application to human
serum proteins.Ann N Y Acad Sci 121:404–427, 1964

Dodds, A. W. and Day, A. J. The phylogeny and evolution of the
complement system.In K. Whaley, M. Loos, and J. M. Weiler
(eds.): Immunology and Medicine, pp. 39–88, Kluwer Academic
Publishers, London, 1993

Flajnik, M. F., Canel, C., Kramer, J., and Kasahara, M. Evolution of the
major histocompatibility complex: molecular cloning of major
histocompatibility complex class I from the amphibianXenopus.
Proc Natl Acad Sci USA 88:537–541, 1991

Greenhalgh, P. and Steiner, L. A. Recombination activating gene 1
(Rag1) in zebrafish and shark.Immunogenetics 41:54–55, 1995

Grimholt, U., Hordvik, I., Fosse, V. M., Olsaker, I., Endresen, C., and
Lie, Ø. Molecular cloning of major histocompatibility complex
class I cDNAs from Atlantic salmon (Salmo salar). Immungenetics
37: 469–473, 1993

Hashimoto, K., Nakanishi, T., and Kurosawa, Y. Isolation of carp genes
encoding major histocompatibility complex antigens.Proc Natl
Acad Sci USA 87:6863–6867, 1990

Hashimoto, K., Nakanishi, T., and Kurosawa, Y. Identification of a
shark sequence resembling the major histocompatibility complex
class Iα3 domain.Proc Natl Acad Sci USA 89:2209–2212, 1992

Hinds, K. R., and Litman, G. W. Major reorganization of immuno-
globulin VH segmental elements during vertebrate evolution.
Nature 320:546–549, 1986

Hordvik, I., Grimholt, U., Fosse, V. M., Lie, Ø., and Endresen, C.
Cloning and sequence analysis of cDNAs encoding theMHC
class IIβ chain in Atlantic salmon (Salmo salar). Immunogenetics
37: 437–441, 1993

Horiuchi, T., Kim, S., Matsumoto, M., Watanabe, I., Fujita, S., and
Volanakis, J. E. Human complement factor B: cDNA cloning,
nucleotide sequencing, phenotypic conversion by site-directed
mutagenesis and expression.Mol Immunol 30:1587–1592, 1993

Ishikawa, N., Nonaka, M., Wetsel, R. A., and Colten, H. R. Murine
complement C2 and factor B genomic and cDNA cloning reveals
different mechanisms for multiple transcripts of C2 and B.J Biol
Chem 265:19040–19046, 1990

Jensen, J. A., Festa, E., Smith, D. S., and Cayer, M. The complement
system of the nurse shark: hemolytic and comparative
characteristics.Science 214:566–569, 1981

Kandil, E., Namikawa, C., Nonaka, M., Greenberg, A. S., Flajnik,
M. F., Ishibashi, T., and Kasahara, M. Isolation of low molecular
mass polypeptide complementary DNA clones from primitive
vertebrates: implication for the origin of MHC class I-restricted
antigen presentation.J Immunol 156:4245–4253, 1996

Kasahara, M., Vazquez, M., Sato, K., McKinney, E. C., and Flajnik,
M. F. Evolution of the major histocompatibility complex: Isolation
of class IIA cDNA clones from the cartilaginous fish.Proc Natl
Acad Sci USA 89:6688–6692, 1992

Kato, Y., Salter-Cid, L., Flajnik, M. F., Kasahara, M., Namikawa, C.,
Sasaki, M., and Nonaka, M. Isolation of theXenopuscomplement
factor B complementary DNA and linkage of the gene to the frog
MHC. J Immunol 153:4546–4554, 1994

Kato, Y., Salter-Cid, L., Flajnik, M. F., Namikawa, C., Sasaki, M., and
Nonaka, M. Duplication of the MHC-linkedXenopuscomplement
factor B gene.Immunogenetics 42:196–203, 1995

Krumdieck, R. and Volanakis, J. E. Construction and expression of
complement factor B/C2 chimeras of the region encoded by
exon 15.Abstract book, The 9th International Congress of Immu-
nology,p. 102, 1995

Kubota, Y., Shimada, A., and Shima, A. DNA alterations detected in
the progeny of paternally irradiated Japanese medaka fish (Oryzias
latipes). Proc Natl Acad Sci USA 92:330–334, 1995

Lambris, J. D., Lao, Z., Pang, J., and Alsenz, J. Third component of
trout complement. cDNA cloning and conservation of functional
sites.J Immunol 151:6123–6134, 1993

Lambris, J. D., Pappas, J., Mavroidis, M., Wang, Y., Manzone, H.,
Swager, J., Pasquier, L. D., and Silibovsky, R. The third component
of Xenopuscomplement: cDNA cloning, structural and functional
analysis, and evidence for an alternate C3 transcript.Eur J Immunol
25: 572–578, 1995

Mo, R., Kato, Y., Nonaka, M., Nakayama, K., and Takahashi, M.
Fourth component ofXenopus laeviscomplement: cDNA cloning
and linkage analysis of the frogMHC. Immunogenetics 43:
360–369, 1996

Namikawa, C., Salter-Cid, L., Flajnik, M. F., Kato, Y., Nonaka, M., and
Sasaki, M. Isolation ofXenopus LMP-7homologues. Striking
allelic diversity and linkage to MHC. J Immunol 155:
1964–1971, 1995

Nonaka, M., Yamaguchi, N., Natsuume-Sakai, S., and Takahashi, M.
The complement system of rainbow trout (Salmo gairdneri).
I. Identification of the serum lytic system homologous to mamma-
lian complement.J Immunol 126:1489–1494, 1981

Nonaka, M., Fujii, T., Kaidoh, T., Natsuume-Sakai, S., Nonaka, M.,
Yamaguchi, N., and Takahashi, M. Purification of a lamprey
complement protein homologous to the third component of the
mammalian complement system.J Immunol 133:3242–3249,
1984

N. Kuroda et al.: Medaka fish complementBf/C2466



Nonaka, M. and Takahashi, M. Complete complementary DNA se-
quence of the third component of complement of lamprey. Im-
plication for the evolution of thioester containing proteins.
J Immunol 148:3290–3295, 1992

Nonaka, M., Takahashi, M., and Sasaki, M. Molecular cloning of a
lamprey homologue of the mammalian MHC class III gene,
complement factor B.J Immunol 152:2263–2269, 1994

Ono, H., Klein, D., Vincek, V., Figueroa, F., O’hUigin, C., Tichy, H.,
and Klein, J. Major histocompatibility complex class II genes of
zebrafish.Proc Natl Acad Sci USA 89:11886–11890, 1992

Ono, H., Figueroa, F., O’hUigin, C., and Klein, J. Cloning of theβ2-
microglobulin gene in the zebrafish.Immunogenetics 38:1–10,
1993a

Ono, H., O’hUigin, C., Vincek, V., Stet, R. J. M., Figueroa, F., and
Klein, J. Newβ chain-encodingMhc class II genes in the carp.
Immunogenetics 38:146–149, 1993b

Rast, J. P. and Litman, G. W. T-cell receptor gene homologs are present
in the most primitive jawed vertebrates.Proc Natl Acad Sci USA
91: 9248–9252, 1994

Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R.,
Horn, G. T., Mullis, K. B., and Erlich, H. A. Primer-directed
enzymatic amplification of DNA with a thermostable DNA
polymerase.Science 239:487–491, 1988

Saitou, N. and Nei, M. The neighbor-joining method: A new method
for reconstructing phylogenetic trees.Mol Biol Evol 4: 406–425,
1987

Salter-Cid, L., Kasahara, M., and Flajnik, M. F.HSP70 genes are
linked to theXenopusmajor histocompatibility complex.Immuno-
genetics 39:1–7, 1994

Sanger, F., Nicklen, S., and Coulson, A. R. DNA sequencing with
chain-terminating inhibitors.Proc Natl Acad Sci USA 74:
5463–5467, 1977

Sato, K., Flajnik, M. F., Pasquier, L. D., Katagiri, M., and Kasahara, M.
Evolution of the MHC: Isolation of class IIβ-chain cDNA clones
from the amphibianXenopus laevis. J Immunol 150:2831–2843,
1993

Seeger, A., Mayer, W. E., and Klein, J. A complement factor B like
cDNA clone from the zebrafish (Brachydanio rerio). Mol Immunol
32: 511–520, 1996

Shima, A. and Shimada, A. Development of a possible nonmammalian
test system for radiation-induced germ-cell mutagenesis using a
fish, the Japanese medaka (Oryzias latipes). Proc Natl Acad Sci
USA 88:2545–2549, 1991

Shum, B. P., Avila, D., Pasquier, L. D., Kasahara, M., and Flajnik, M. F.
Isolation of a classical MHC class I cDNA from an amphibian.
Evidence for only one class I locus in theXenopusMHC. J Immunol
151: 5376–5386, 1993

Smith, L. C., Chang, L., Britten, R. J., and Davidson, E. H. Sea urchin
genes expressed in activated coelomocytes are identified by ex-
pressed sequence tags.J Immunol 156:593–602, 1996

Stanley, K. K. and Herz, J. Topological mapping of complement
component C9 by recombinant DNA techniques suggests a novel
mechanism for its insertion into target membranes.EMBO J 6:
1951–1957, 1987

Tanaka, M., Fukada, S., Matsuyama, M., and Nagahama, Y. Structure
and promoter analysis of the cytochromeP-450 aromatase gene of
the teleost fish, medaka (Oryzias latipes). J Biochem 117:
719–725, 1995

Thomas, P. S. Hybridization of denatured RNA and small DNA
fragments transferred to nitrocellulose.Proc Natl Acad Sci USA
77: 5201–5205, 1980

Thompson, J. D., Higgins, D. G., and Gibson, T. J. CLUSTAL W:
improving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap penalties
and weight matrix choice.Nucleic Acids Res 22:4673–4680, 1994

Wada, H., Naruse, K., Shimada, A., and Shima, A. Genetic linkage
map of a fish, the Japanese medakaOryzias latipes. Mol Marine
Biol Biotech 4:269–274, 1995

Wu, L., Morley, B. J., and Campbell, R. D. Cell-specific expression of
the human complement protein factor B gene: Evidence for the role
of two distinct 59-flanking elements.Cell 48: 331–342, 1987

N. Kuroda et al.: Medaka fish complementBf/C2 467


