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Abstract The major histocompatibility complex (MHC)
region in fish has been subjected to piecemea analysis
centering on the in-depth characterization of single
genes. The emphasis has been on those genes proven to
be involved in the immune response such as the class |
and class Il antigen presenting genes and the comple-
ment genes. The Fugu genome data presents the oppor-
tunity to examine the short-range linkage of potentially
al the human MHC orthologues and examine conserved
synteny with the human and, to a more limited extent,
zebrafish genomes. Analysis confirms the existence of a
limited MHC locus in Fugu comprising the MHC class
la genes and associated class Il region genes involved in
class | antigen presentation. Identification of additional
human MHC orthologues indicates the completely dis-
persed nature of this region in fish, with a maximum of
six MHC genes maintained within close proximity in any
one contig. The majority of the other genes are present in
the genome data as either singletons or pairs. Compari-
son with zebrafish substantiates previously observed
linkages between class 11l region orthologues and hints
at an ancient conserved class |11 region.
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Introduction

The human major histocompatibility complex (MHC) re-
gion is one of the most gene dense regions of the human
genome, comprising 220 genes in 4.6 Mb of DNA on
chromosome (Chr) 6p21.3 (The MHC Sequencing Con-
sortium 1999). It is a region intimately associated with
immune function, with approximately 40% of the gene
products having some immunological role and contains
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genes essential to both the adaptive and innate immune
systems. This is a highly complex region of medical im-
portance, and analysis using a whole range of techniques
will be necessary to understand the dynamics of the
genes within it. One of these techniques is comparative
genomics, examining orthologous regions in a number of
different organisms. Only by studying the evolutionary
processes can it be determined whether gene clustering
in such an “immune-dense” region has functional signifi-
cance.

Traditionally, the human MHC has been sub-divided
into three main regions, class I, class Ill and class |
(centromeric to telomeric location, respectively) accord-
ing to gene content, specifically the class | and class Il
antigen presenting molecules. The central class Il re-
gion is somewhat different from its neighbors in that it
contains a mix of genes that are structurally and func-
tionally unrelated (Klein and Sato 1998), many of which
have no involvement in immune function. However, it
does contain a number of immune-related genes such as
the tumour necrosis factor family members, the heat
shock proteins, and the complement components associ-
ated with innate immunity. Recent analyses of surround-
ing gene content and isochore boundaries have further
extended the MHC locus with the designation of an ex-
tended class Il region (preceding the class Il region)
(Herberg et al. 1998; Stephens et al. 1999) and an ex-
tended class | region (telomeric to the class | region)
(Totaro et al. 1996).

In addition to the complete sequence data for the hu-
man MHC region, gene maps and considerable tracts of
sequence data exist for the MHC of other mammals
(Beck et al. 2001; Renard et a. 2001; Walter and
Gunther 1998). Within these species, the MHC consti-
tutes a single chromosomal segment; the overall comple-
ment of genes, with the exception of those encoding the
class | and class |1 antigen presenting molecules, is very
similar athough rearrangements do occur (Chardon et al.
1999; McShane et a. 2001). As the spectrum is broad-
ened to include more diverse species such as birds and
amphibia (Kaufman et al. 1999; Namikawa et al. 1995;
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Nonaka et al. 1997a, b; Ohta et al. 1999), these ill
maintain the MHC as a single chromosomal block, but
the order and content is more radically altered. The
prime example is the minimal MHC of the chicken
which comprises only 19 genes (Kaufman et al. 1999).

This situation changes when considering marine ver-
tebrates: the teleost fish and elasmobranchs, which
diverged from the main tetrapod lineage over 450 mil-
lion years ago. Sharks, the oldest vertebrate ancestors
possessing an adaptive immune system, maintain the
linkage between the class | and class |1 genes (Ohta et al.
2000, 2002) indicating that the close linkage between
these two classes of genes has been maintained for at
least 460 million years in representatives of most verte-
brate taxa. However, this linkage has been lost in the te-
leosts, with the orthologues to the human MHC genes
dispersed across a number of different chromosomes,
demonstrating a highly derived arrangement.

Within the teleosts, a core MHC region is still identi-
fiable, comprising a mix of class la antigen presenting
genes linked to genes found within the human class 11 re-
gion. Comprehensive studies of this region in zebrafish
(Michalova et a. 2000; Murray et al. 1999; Slltmann et
al. 2000a), Fugu (Clark et a. 2000, 2001) and most re-
cently medaka (Matsuo et al. 2002) reveal a conserved
core of genes comprising the class la antigens, genes tra-
ditionally found within the human classical class Il re-
gion, but which are involved in class | antigen presenta-
tion (PSMB8, PSMB9, PSMB9-L, PSMB10, ABCB3B,

TAPBP) and a variety of genes which currently have no
known involvement in immunity [RXRB, COL11A2,
FABGL (KE6), BRD2 (RING3), DAXX, ZNF297
(BING1), KNSL2 and FLOTL]. The order of these is
highly conserved between the three fish species, which
represent widely separated orders of teleosts, indicating
the potential teleost-wide nature of this arrangement.

The class Il antigen genes are not linked to this core
piscine MHC region (Sato et a. 2000a), with evidence
from zebrafish suggesting that they are split between at
least three loci and at least two different chromosomes
(Bingulac-Popovic et a. 1997; Graser et a. 1998). Re-
search in fish has centered on the class | and 11 genes due
to their immediate association with disease resistance
and susceptibility. The class |11 region genes, in compari-
son, have been relatively neglected. A survey of class |
region genes in zebrafish has indicated that these genes
are also dispersed, but that there are two core regions
(KE4, SACM2L, RPSI8) and (PPT2, DSP1, BAT2,
CINK2B, K12 W, GTF2H4, G9A, PBX2, FLOTI1)
which are linked to the piscine core MHC (Sultmann et
al. 2000b).

Fugu has been promoted as a model vertebrate with a
minimal genome of only 400 Mb, one-eighth the size of
human. It has recently been the subject of a whole shot-
gun genome sequencing program (The Fugu Genome
Consortium 2002) and draft sequence data is publicly
available. Thisisin the form of unordered contigs (scaf-
folds) ranging in size from a few kb to 657 kb. The

Table 1 List of genes from the human MHC class | region used in this study with details of the Fugu scaffolds identified

Gene name Alternate names SPTR Scaffold Scaffold Number Human map data

size (bp) of genes of genes on Fugu

on scaffold  scaffolds

Telomere
HLA Q9GJE4 S002818 34344 3 1p35.2
HLA Q9GJIE4 S005787 11732 3 6p21.3
HCGIX-4 Q93065 NF
RAN TC4, RANBP1 P43487 S001096 77603 7 9p13.3; 11q; 12g24.11; 22
GNL1 HSR1 P36915 S000627 109693 8 2037.1; 3926.33; 12p13
ABCF1 ABC50, TSAP 014897 S003320 27893 2 6p21.3
PPP1R10 FB19 000405 S005653 11725 2 6p21.3
DDX16 DPB2, KIAA0577 060231 S000639 108398 4 1g23.3; 6p21.3; 19913.3; 21g22.13
KIAA0170 Q14676 NF
TUBB Q13885 S000755 99369 5 6p21.3
FLOT1 FSS S001569 58816 6 6p21.3; 17
FLOT1 (dup) FSS S000755 99369 5 6p21.3
IER3 IEX-1, PRG1 P46695 NF
DDR1 CAK, RTK6, TRKE Q08345 S000755 99369 5 6p21.3
GTF2H4 P52, TFIIH Q92759 S000146 198132 17 1; 5p15.3, 6p; 7p21.1, 10p13; 19913.11
Cé6orf15 STG Q9Y6W6  S000200 176920 12 1; 2p23.2; 6p21.1; 14g22.1
CDSN Corneodesmosin, S 043509 NF
Cé6orf16 SEEK1 Q9YBW5  NF
Cé6orfl7 SPR1 Q9yew4  NF
Cé6orf18 HCR Q9Yew2 NF
TCF19 C1 Q13176 S009360 4287 1 none: singleton
POUSF1 OTF3 P31359 NF
usP8P KIAAOO055-homologue  P40818 S002593 35969 2 18q
DHFRP2 DHFRP Q9UMIO NF
MICA PERBIL.1 Q96QC4  NF
MICB PERB11.2 Q96QC5 NF

ClasslI
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Table 2 List of genes from the human MHC class 11 region used in this study with details of the Fugu scaffolds identified

Gene name Alternate names SPTR Scaffold Scaffold  Number Human map data
size (bp) of genes of genes on Fugu
on scaffold  scaffolds

Class|
BAT1 D6S81E Q13838 S002455 38865 3 17924
ATP6G2 NG38 075348 NF
NFKBIL1 IKBL Q14625 S000499 121955 12 2p; 4p; 6p21.3; 8p21; 11q12; 12q;
17p13; 22q12
LTA LT, TNFB, TNFSF1 P01374 NF
TNF cachectin, DIF, TNFA, P01375 S000795 96159 5 6p21.3; 6p25.3; 8921; 10p11
TNFSF2
LTB p33, TNFC, TNFSF3 Q06643 NF
LST1 B144, D6A9E Q13669 NF
1C7 D62570E, NKP30 014930/1/2 NF
AIF1 G1, IBAL, IRT-1 P55008 S000061 265888 12 1p33; 2932; 6p21.3; 7p
BAT2 G2, D651, D6SH1E PA8634 S003195 28805 2 6p21.3
BAT3 G3, D6B2E P46379 S006155 10373 2 7p21.1
G3A APOM, NG20 095445 NF
G4 D6SB3E, NG34 095873 NF
BAT4 G5, D6SBH4E 095872 S000150 194105 8 4922; 7; 16p13; 17q
CS\K2B CSK2B, G5A, phosvitin  P13862 S000061 265888 12 1p33; 2932; 6p21.3; 7p
CSNK2B (dup) S003195 28805 2 6p21.3
G5B Cé6orf19 Q9UKTO NF
G5C C6orf20, NG33 095871 NF
BAT5 D6SB2E, NG26 095870 S000755 99366 5 6p21.3
G6F Cé6orf21, NG32 095869 NF
G6E Cé6orf22 QOUMP8  NF
G6D Cé6orf23, NG25 095868 NF
G6C Cé6orf24, NG24 095867 NF
G6B C6orf25, NG31 095866 NF
DDAH2 DDAH, G6a, NG30 095865 S001433 62791 7 6p21.3; 7p14; 9934.1; 12913; 19q13.4
CLIC1 G6, NCC27 000299 S001052 78951 3 6p; 210922.1
CLIC1 (dup) S008599 5024 1 none: singleton
MSH5 G7, MutS 043196 S001065 77894 7 2g12; 7921.1; 10p14; 12p13
NG23 C6orf26 Q9Y 335 NF
G7C Cé6orf27, NG37 Q96QC8 S000537 118515 7 4q; 6p21; 11q; 17925.3
G7C (dup) S000951 84286 8 12924; 17
G7C (dup) S001291 69002 8 10g22.1; 17q
VARS2 G7A, Val-TRS P26640 S000553 118466 13 1; 4g21.2; 5g35; 6p21.3; 6q12; 18921
VARS2 (dup) S000755 99366 5 6p21.3
LSv2 G7B, snRNP Q9Y 333 S001541 60480 4 2q; 3927
HSPALL hum70t, HSP70-HOM  P34931 S001038 82082 6 6p21; 1p
HSPALA/ HSP70-1/HSP70-2 P08107 S002561 35253 6 16p; 17q
HSPA1B S006421 10015 3 16p13.3; 21g21.1
S007341 8129 2 6p21.3
S011760 2003 1 none: singleton
G8 D657 QOUBA6  NF
NEU1 G9, NEU, SAL1 Q99519 S005829 13098 1 none: singleton
NG22 CTL4, Cé6orf29, Q9Y 332 S005753 14665 2 8023.3
FLJ14491
NG36/G9a BAT8 Q96K Q7 S002594 35358 5 6p21.3
G10 D6SB9E, NG35 Q9Y 330 S002594 35358 5 6p21.3
Cc2 CO2 P06681 NF
BF CFAB, GBG, PBF2 PO0751 S000298 147440 21 1g23.1; 5g31; 6p21.3; 11q; 17q;
19013; 21g22.11
BF (dup) S004468 17379 4 7935; 11923
RDBP D635, NELF-E, RD, P18615 S002594 35358 5 6p21.3
RDP
XKIvaL DDX13, G11A, XI2, Q15477 S002594 35358 5 6p21.3
KIV2, XKI2W
DOM3z DOM3L, NG6 QONPK4 S000468 123413 10 1924.1; 6p21.3; 7p22; 16p; 22913.2
STK19 D6S60, G11, HLA-RP1,  P49842 S000468 123413 10 1g24.1; 6p21.3; 7p22; 16p; 22013.2
RD
C4B C4F, CO4 P01028 S000061 265888 12 1p33; 2932; 6p21.3; 7p
CYP21A2 CPsl, CYP21, CYP21B, Q16749 S000061 265888 12 1p33; 2932; 6p21.3; 7p
P450-C21B
TNXB HXBL, TENX, TNX, XB, P22105 S000061 265888 12 1p33; 2932; 6p21.3; 7p

XBS
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Table 2 Continued

Gene name Alternate names SPTR Scaffold Scaffold  Number Human map data

size (bp) of genes of genes on Fugu

on scaffold  scaffolds
CREBL1 CREB-RP, G13 Q13269 S000146 198071 17 1; 5p15.3; 6p21.3; 7p21; 10p13; 19
FKBPL DIR1, NG7 QoUIM3 S000128 206279 11 1; 6p21; 11p15.5; Xpll
Céorf31 NG5 Q99946 S002594 35358 5 6p21.3
PPT2 Gl4 Q9UMR5  S001433 62791 7 6p21.3; 7p14; 9g34.1; 12913; 19q13.4
PPT2 (dup) S007225 7537 1 none: singleton
NG3 Cé6orf8 Q99944 NF
AGPAT1 G15, LPAAT, LPAATA Q99943 NF
RNF5 G16, NG2, RING5 Q9UMQ2  S000021 345163 26 2q; 3q; 6916; 7¢; 12q; 17p13.3;
19913.3; 22q

AGER RAGE Q15109 NF
PBX2 G17, HOX12 P40425 S007803 3870 1 none: singleton
Céorf9 G18, NG1 P78548 NF
NOTCH4 000306 NF
ClasslI

Table 3 List of genes from the human MHC class || region used in this study with details of the Fugu scaffolds identified

Gene name Alternate names SPTR Scaffold Scaffold  Number Human map data

size (bp) of genes of genes on Fugu
on scaffold  scaffolds

ClasslI

Cé6orf10 TSBP Q60665 NF

BTNL2 BTL-I 070355 NF

HLA-D* FSS S011611 2098 1 none: singleton

ABCB3 TAP2 Q9DERS S003776 22311 3 6p31.2

PSVIB8 LMP7 QIDES2 S007335 7216 2 6p21.3; 16022.1

ABCB2 TAP1 Q9PT31 S005235 13931 1 none: singleton

PSVIB9 LMP2 QI9DER9 S003776 22311 3 6p31.2

PPP1R2P IPP2 P41236 NF

BRD2 RING3 FSS S003776 22311 3 6p31.2

COL11A2 FSS S001220 72019 3 6p21.3

RXRB FSS S001220 72019 3 6p21.3

HKE4 RNF5, RING5 Q99942 NF

FABGL KE6, RING2 Q92506 S001220 72019 3 6p21.3

RING1 Q06587 NF

SACM2L ARE1 043764 S000146 198132 17 1; 5p13.3, 6p; 7p21.1, 10p13; 19913.11

RPS18 KE3 P25232 S000146 198132 17 1; 5p15.3, 6p; 7p21.1, 10p13; 19913.12

B3GALT4 096024 S000284 154134 6 1p32.1; 3; 6p21.3

Céorf1l BING4 015213 S000284 154134 6 1p32.1; 3; 6p21.3

HKE2 015212 S000817 95047 7 13914.3; X

RAB2L RGL2, KE1.5 Q92942 NF

TAPBP FSS S005787 11732 3 6p21.3

ZNF297 BING1 FSS S001569 58816 6 6p21.3; 17

DAXX FSS S005787 11732 3 6p21.3

LYPLA2L APT 095372 S004391 17820 2 1p36.11

KNSL2 FSS S001569 58816 6 6p21.3; 17

Centromere

availability of this data has presented a major opportuni-
ty to study the short-range linkage relationships of genes
orthologous to the human MHC. The aim of this study
was to discover if there were any ancient conserved link-
age groups, by comparison with the data from zebrafish,
or whether, with the exception of the piscine class | re-
gion, there are no constraints on gene rearrangement for
this particular gene set within the tel eosts.

Materials and methods

The Fugu draft sequence data is currently available on three web
sites at the Joint Genome Institute in the USA (http://www.jgi.gov/
fugu/index.htm), the UK HGMP-RC (http://fugu.hgmp.mrc.ac.uk)
and an ensemble pipeline in Singapore (http://www.fugu-sg.org/).
The analysis was carried out on the October 2001 freeze data set.
Analysis and annotation of the 4.6 Mb human MHC sequence
(The MHC Sequencing Consortium 1999) was performed using
the comprehensive suite of programs in NIX (http://www.hgmp.
mrc.ac.uk/NIX/) available at the UK HGMP-RC. An MHC data-
base of genomic sequence fragments and human gene annotations
was created using data from SwissProt (Bairoch and Apweiler
2000), various public NCBI databases (UniGene, LocusLink and



Refseq), NIX and the Sanger Centre's chromosome 6 website
(R. Horton, personal communication). The database analysis re-
sulted in 219 known mRNA transcripts from MHC classes |, I,
111, X1 (extended class I) and XII (extended class Il) being identi-
fied. The extended class | sequences were not used in the analysis.
These sequences were then filtered for any repetitive elements us-
ing RepeatMasker (Smit, AFA and Green, P http://ftp.genome.
washington.edu/RM/RepeatM asker.html). BLASTn (version 2.0.12;
Altschul et al. 1997) was then used to query each MHC transcript
against all the Fugu scaffolds. A number of genes were not identi-
fied using tBLASTn and these were re-screened for using
tBLASTX (see database accession numbers in Tables 1, 2 and 3).
In all cases, identified scaffolds were transferred to the NIX envi-
ronment to facilitate gene identification and determine gene order.

371

A number of potentially duplicated genes were identified. The
nuclectide sequences for these were isolated from the scaffolds
and the amino acid sequence was extracted using the EMBOSS
suite of programs (Rice et al. 2000). The predicted protein se-
quences were then aligned with other vertebrate gene family mem-
bers present in the SPTR database (Bairoch and Apweiler 2000),
identified via SRS (http://srs.hgmp.mrc.ac.uk/srs6/) using Clustal
X (Higgins et a. 1992). Phylogenetic analysis was carried out
from the Clustal X multiple alignment output using the neighbor
joining method (Saitou and Nei 1987) viathe PHYLO_WIN inter-
face v1.2 (Galtier et al. 1996). Multiple alignment parameters for
PHYLO_WIN were gap opening 15; gap extension 0.05; delay di-
vergent sequences 40%; DNA transition weight 0.50, with 1000
bootstrap replicates.
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Results

Mapping of human MHC class | region orthologues

Of the 24 genesidentified via SPTR within the class | re-
gion in human, 11 were not found (Table 1). Analysis of
the scaffolds found to contain the remaining 13 genes
and additionally the class la genes, confirmed previous
findings (Clark et al. 2001) of one main class | region in
Fugu (Fig. 1). This region contained a mixture of the
class la genes with genes involved in class | antigen pre-
sentation, found within the human classical class Il re-
gion, and four genes from the human extended class Il
region. This 300 kb region has been extensively de-
scribed elsewhere (Clark et al. 2000) and was represent-
ed across seven different scaffolds. However, even with
this limited data, the scaffolds did refine the mapping
within this region. In the previous analysis, asingle class
la gene was found between Col11A2 and RXR, based on
the analysis of one BAC. Data from the scaffolds indi-
cated that Col11A2 and RXR were in fact neighbors and
that this BAC was probably a co-ligation. Interestingly,
the scaffolds may have identified a further class lalocus.
002818 shows a region of BLAST homology with the
cyprinid nonclassical class | Z lineage sequences
(Q9MX31 and QIMX30) and also the marbled lungfish
class la sequence (Q9TPO4) (Sato et al. 2000b), cover-
ing the a1, a2 and a3 domains. Percentage identity of
the Fugu sequence approximated to 50% for both of the
cyprinid sequences and varied from 29% for the a2 and
a3 domains to 42% for the a1l domain when compared
to the lungfish sequence. Additional evidence for this se-
guence being a class | related molecule comes from the
conservation of the invariant cysteine residues in the a2
and a3 domains and an N-glycosylation site at the end of
the a1 domain. The latter is highly conserved in virtually
all vertebrate class | sequences. However, no further se-
guence similarity was detected outside of these domains,
indicating that if thisisindeed a new class lalocus, it is
highly derived.

Of the remaining class | region genes identified, most
were present either as singletons or pairs with other hu-
man MHC genes (Fig. 1). Thiswas true even if the genes
were present on large contigs containing in excess of six
different genes. Most significant of the short range link-
ages were scaffolds S000146 and S000755. The former
contained two class Il region genes (SACM2L and
RPS18) with a class | region sequence, GTF2H4 and a
further gene, MIR, which maps to human Chr 6p. The
latter contig contained two class |11 region genes (BAT5
and VARS?) with three class | region genes (TUBB,
FLOT1 and DDR1). FLOT1 or flotillin was also present
on the major 300 kb class | region contig. Phylogenetic
analysis shows that this is a duplicated gene and not two
different genes, FLOT1 and FLOT2 (Fig. 2). The situa-
tion with TUBB is more complex. A further TUBB gene
was identified on scaffold S000971 linked to a human 6p
gene (desmoplakin). Therefore they were both candi-
dates for the MHC TUBB orthologue and also potentially

13 species , 332 sites (global gap removal)
Neighbor Joining Method
Observed divergence

1000 bootstrap replicates

FLT1_Hsa
Q‘
FLT1_Rno
@ FLT1_Mmu
@ S001569
!‘ FLT1_Ola
S000755

FLT1_Cau

FLT1_Dme
@ FLT2_Rno

@) FLT2_Mmu

FLT2_Hsa

FLTL_Hsa

FLT2_Dme

Fig. 2 Phylogenetic analysis of the two Fugu flotillin genes
(8001569 and SD00755). Abbreviations and accession numbers:
FLT1 flotillin 1, Hsa human (Homo sapien) 075955, Rno rat (Rat-
tus novegicus) Q9ZIE1, Mmu mouse (Mus musculus) 008917, Ola
medaka (Oryzias latipes) BAB83856, Cau goldfish (Carassius
auratus) 013127, Dme fruit fly (Drosophila melanogaster)
061491, FLT2 flotillin 2; Hsa: Q14254, Rno: Q9Z2S9, Mmu:
Q60634, Dme: 061492, FLTL similar to flotillin 2 Hsa: Q9BTI6

duplicated genes. Both of the genes were very similar,
showing 96.2% and 94.7% amino acid identity (for scaf-
folds S000755 and 000971 respectively) to the human
MHC TUBB gene. However, phylogenetic analysis (re-
sults not shown) gave inconclusive results.

Mapping of human MHC class |11 region orthologues

Of the 58 genes identified in the human MHC class Il
region, 22 were not found in Fugu using BLAST se-
guence similarity searching (Table 2). Most are present
as either singletons or in groups of two or more MHC-
related genes (Fig. 3) across 33 different scaffolds. This
figure takes into account duplicated MHC class Il re-
gion genesin Fugu.

A total of 24 Fugu genes were found to be linked
with other genes located in the human MHC. The largest
contig comprised scaffold SO00061 with a cluster of five
class 111 region genes (CSNK2B, AlF1, CYP21A2, TNXB,
C4B) and an extended class Il region gene (RXRB: or
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gion genes, light blue human extended MHC class |1 region genes,
green human MHC class Il region genes, gray genes found on
human Chr 6, but not within the MHC region. Duplicated genesin
Fugu are marked by an asterisk. The symbol “P” refers to genes
that have been identified as paralogues, but not as orthologues to
the human class |11 region on 6p21.3. ZNRD1, RNF23 and NRM
have been mapped to the class | region using ensembl, but are not
in the official MHC annotation

RXRe, as this is a duplicated teleost gene). Scaffold
002594 also contained a group of five class Il region
genes (NG36/G9A, G10, RDBP, <KIV2L, Cé6orf3l).
Their relative gene order was equivalent to that found in
human, however there are many genes present in human,
which were missing in the Fugu contig. The only MHC
class 111 region gene flanked by both class | and |1 region
genes was CREBL1 found in scaffold S000146. This
scaffold contained 17 genes with four which mapped to
Chr 6p21.3, as well as several genes that mapped to
1p34-p36, 1921-9g23 and 19p13.1.

Approximately athird of the Fugu genes were identi-
fied as singletons [BAT1, BAT3, BAT4, CLIC1 (duplicat-
ed), MSH5, G7C (duplicated), LSM2, NEU1, NG22, BF
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(duplicated), PPT2 (duplicated) and PBX2]. With the ex-
ception of the larger scaffolds above 60 kb containing
BAT4, MSH5 and G7C, the number of genes per scaffold
was four or less and therefore analysis was limited. Four
scaffolds (S011760, S005829, 007225 and S007803)
that were analysed only harbored singletons. Associa
tions with human genes mapping to Chr 6, but not the
MHC were observed in relation to CLIC1, G7C, HSP70,
FKBPL and RNF5. Genes identified as pairs included
DOM3Z and STK19 that are found adjacent to each other
in the human genome. These were linked to genes map-
ping mainly to Chr 7p22 and 16p1l-p12. Scaffold
000499 contained the MHC genes NFKBIL1 and
RNF23 with an assortment of genes mapping to Chr 2, 3,
4, 8, 11, 12, 17 and 22. Scaffold S001433 contained
PPT2 and DDAH2, both human class Il region genes.
TNF was found in scaffold S000795 that also contained
GABBR1 and TXNL2, two human genes mapping to
6p21.3 and 6p25.3 respectively. Five previously charac-
terized HSP70 genes (Lim and Brenner 1999) were iden-
tified in scaffolds S002561, S006421, 007341, and
11760 with an additional member found in scaffold
001038. Human HSPA1A and HSPA2B genes encode
protein products that are 99% identical. These are 88%
identical with HSPAIL and hence their Fugu counterparts
could not be discriminated. Therefore, in the Fugu data,
these genes have al been collectively named HSP70.

(7T)
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Fig. 4 Diagrammatic compari-
son of the human MHC class 1
region and the different identi-
fied Fugu scaffolds. The order
of the scaffolds is not known.
Genes not present on 6p are not
shown. The total number of
genes on each scaffold is
shown by the number in brack-
ets at the side of each contig.
The main Fugu class | region
contig, which contains class |1
region genes, does not have
such afigure, asitisarepre-
sentation of previous data and
iscurrently split between sev-
eral scaffolds. Color code: red
class| region genes, red striped
MHC class la genes, dark blue
human classical MHC class 1
region genes, dark blue striped
human class Il antigen present-
ing genes, light blue human ex-
tended MHC class |1 region
genes, green human MHC class
I11 region genes, gray genes
found on human Chr 6, but not
within the MHC region, black
known Fugu pseudogenes, yel-
low geneinvolved in class | an-
tigen presentation, but not map-
ping with the human MHC re-
gion
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The Fugu HSP70 gene in scaffold S001038 showed link-
age to NFYA, a human gene mapping to 6p21.

Four of the identified MHC class Ill region genes
were found to have two copies in Fugu, namely
CS\K2B, CLIC1, VAR and PPT2. The duplicates of
CSNK2B, found in scaffolds SO00061 and S003195, were
both found to be linked to different class IIl region
genes. One association with BAT2 is also found in zebra-
fish. Both Fugu copies of VARS? were linked to class |
region genes (in scaffolds S000755 and S000553). The
smaller contig (S000755) contained the short-range link-
age between BAT5, VARS2, TUBB, FLOT1 and DDR1
(discussed in the class | section above). The second
VARS gene (in S000553) was flanked by PPPIR11 and
ZNRD1, two class Il region genes, a fragment of

\__

HUMAN

FUGL

T

CLASS M

orm
om
I
oI
omm
om

Coorl 10
BTNL2

Classla
Classla

Classla
PSMBS
PSMBI10
PSMBY-L
FsMBY
ABCBIB
FABGL
BRD2
COLIIAZ
RXEH-L.
[HERNNN] Classln
oI Classla
oo Classla
PFSMBEP

Classla

RINGI
~ Classla

TAPBP
DAXX
ZNF297
KNSL2
FLOTI

CENTROMERE

'

COL12A1 located in Chr 6g12-g13, and genes mapping
predominantly to Chr 1. A previously identified VARS2
gene (Lim and Brenner 1997) had highest sequence simi-
larity to the one found in scaffold S000755, although da-
ta regarding the surrounding genes was contradictory.
Unlike the complete sequencing data analysed here, Lim
and Brenner (1997) used random shotgun sequencing
which revealed VAR to be linked to genes resembling
tenascin X, the nuclear antigen A/Ro of Sjogren’'s syn-
drome and the Landsteiner-Weiner blood group glyco-
protein and not to class | genes. This contradiction be-
tween the shotgun sequencing and scaffold data is most
easily explained by a co-ligation of the cosmid used by
Lim and Brenner (1997). BF and G7C were the only
class Il region genes to be found in triplicate. Two cop-



ies of BF were found in scaffold S000298 (linked to
RPL23AP1) and one copy found in S004468. The desig-
nation of these genes as BF is a matter of conveniencein
Table 2, as analysis shows these genes to be intermediate
between BF and C2. Genes mapping mainly to human
Chr 17 in scaffolds S000951 and S001291 surrounded
G7C, dthough the third copy of G7C in scaffold
000537 a'so contained a gene mapping to 6p21.

Mapping of human MHC class || region orthologues

Of the 24 genesidentified from the human classical class
Il and extended class |1 regions, only six were not found
(Table 3). Most of the genes which were identified were
present in the 300 kb class | contig previously discussed
(Clark et al. 2001) (Fig. 4). The scaffolds did reverse the
order of the two class Il region genes, FABGL and
BRD2, though this result must still remain questionable.
The previous arrangement of these two genes was based
on comparison with zebrafish map data and most impor-
tantly long-range PCR on Fugu genomic DNA between
ABCB3B and both FABGL and BRD2. Only primers be-
tween ABCB3B and FAGBL gave a PCR product, which
was then sequence verified. Closer scrutiny of scaffold
001220 revealed a tract of inverted repeats between
Col11A2 and FABGL and this is probably the cause of
the incorrect assembly.

Of the remaining genes, the only conserved short-
range linkages were those between B3GALT4 and
Co6orfll and also SACM2L, RPS18, GTF2H4 and MIR
(discussed in the class | section above). The class |1 anti-
gen presenting genes (designated HLA-D* in Table 3)
were conspicuous by their absence in the scaffolds. Only
a single scaffold was identified (S011611) as containing
aclass Il g chain and this gene is present on a small
contig of 2098 bp with no other genes. Previous library
screenings (data unpublished) confirmed this with only
one class |I-containing cosmid identified (CO25F12).

One of the problems during the course of this work
has been the determination of orthology. A prime exam-
ple of this was the RINGL (ring finger protein 1) genein
the human class 11 region. BLAST analysis of the human
sequence against the Fugu scaffolds revealed strong se-
guence similarity to a single scaffold, S002396. This
scaffold showed highest sequence similarity to the zebra-
fish RING1B gene fragment and also the human DING
gene (described as either RNF2, ring finger protein 2 or
similar to RING1, and mapping to human Chr 1g25.1).
Siltmann and co-workers (2000b) placed the zebrafish
RING1B gene within the MHC. However phylogenetic
analysis (Fig. 5) using the limited numbers of sequences
within the database, clearly placed both the Fugu gene
002396 and zebrafish RING1B with the human and
mouse RING2 sequences, indicating that both of these
genes are orthologous to the human sequence on Chr
1g25.1, and not the MHC paral ogue.
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Fig. 5 Phylogenetic analysis of the Fugu ring finger protein gene
(S002396). Abbreviations and accession numbers. RNF1 ring fin-
ger protein 1, Hsa human (Homo sapien) Q06587, Mmu mouse
(Mus musculus) Q92178, RNF2 ring finger protein 2; Hsa
Q99496, Mmu: Q9CQM4, Dre zebrafish (Danio rerio) (RING1B)
Q9PTH4; outgroup: RNF ring finger protein, Dme fruit fly (Dro-
sophila melanogaster) Q9VBO8

Discussion

Excluding the class la and class Il antigen presenting
genes, 108 genes from the human MHC region in 6p21.3
were searched for BLAST sequence similarity against
the Fugu draft genome database. Of these, 36% were not
identified. There are a number of explanations for this,
primarily that the whole genome has not been complete-
ly sequenced to reference standard. Fugu has 22 pairs of
chromosomes (Miyaki et al. 1995) and, therefore, if the
genome had been completely sequenced, 22 giant scaf-
folds would be expected. However, at present there are
12,403 scaffolds in the current data set release
(http://www.fugu.hgmp.mrc.ac.uk) and clearly gaps ex-
ist. Certainly, the lack of coverage in some cases could
be due to the presence of retroelements, which are prob-
lematical when attempting to obtain universal coverage
of genomic clones. Also to optimize the accuracy of the
automated assembly, the Consortium masked out any re-
peat elements which could not be spanned by a single
read (Fugu Genome Consortium 2002). Such elements
have been found in high numbers associated with the
Fugu MHC class | region (Clark et al. 2001) and are also
present on the only class |1 locus identified.
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One of the main difficulties in identification is associ-
ated with levels of homology shared between ortholog-
ous Fugu and human proteins. For example, the Fugu
B3Galt4 was identified as sharing approximately 33%
sequence identity with the human orthologue. If this
gene had been on a scaffold on its own, it would proba-
bly have been overlooked, but identification was aided
by its association with C6orf1l (BING4), which is the
neighboring gene in the human class Il region. Genes,
such as G7C and BAT4 which were not associated with
other MHC or Chr 6 genes, were facilitated in their iden-
tification by using the Genscan protein predictions. G7C,
found in scaffolds S000537, S000951 and S001291,
yielded poor BLAST scores showing similarity to only
half of the human gene, although the predicted Fugu pro-
tein sequence confirmed its homology. Unfortunately,
the human G7C gene contains no obvious functional mo-
tifs or homologues in the database (Snoek et a. 2000) to
establish itsidentification.

There is increasing evidence that certain gene fami-
lies, particularly those involved in the immune response,
such as the cytokine receptors and Ig families, are more
rapidly evolving than others (Fugu Genome Consortium
2002). This rapid evolution could explain some of the
problems in identifying all the genes. Certainly when
listing the MHC genes not found in Fugu and then com-
paring the human and mouse orthologues, it is those
which are involved in immune responses which differ
the most in percentage identity. For example, many novel
genes found in the human class Il region are members
of the immunoglobulin (Ig) or Ly6 super families (G5B,
GbC, G6F, G6E, G6D, G6C, G6B, 1C7) and percentage
identities between mouse and human vary between 53%
and 83%. Additional genes not found in Fugu which
map within the human MHC class Il region include
DHFRP2 which belongs to the carcinoembryonic anti-
gen family and BTNL2, a member of the immunoglobu-
lin super family, both of which share only 31-44% iden-
tity between human and mouse. Therefore, by extrapola-
tion, it can be seen that percentage identities of these
genes between human and Fugu will be even lower and
consequently more difficult to detect, particularly at the
genomic level, where weak BLAST matches to protein
domains may be the only sites of sequence similarity de-
tected. Other unidentified genes, such as SPR1 and HCR
have no known function and, therefore, it is difficult to
hypothesize as to their conserved homology between
Fugu and human. They both share a maximum of 74%
identity between human and mouse and, whilst their ab-
sence in Fugu could be due to their divergent nature,
perhaps because of some immune-related function, it is
more likely that they are simply not in the assemblies.

Thereis also the situation of species independent evo-
lution, as occurred with the class la genes (Klein et al.
1993; Nei and Hughes 1992; Nei et al. 1997). Therefore,
genes such as MICA and MICB which are stress induc-
ible class | homologues would also be expected to show
a similar type of evolution and consequently reduced
levels of protein similarity to their human orthologues.

Certainly, these two genes only share a maximum of
43% identity between human and mouse. A further ex-
ample of thisis TNF. Phylogenetic analysis on the Japa-
nese flounder TNF gene (Hirono et al. 2000) suggested
teleosts possess one ancestral TNF as the mammalian
lymphotoxin-o. and TNF-a genes duplicated and evolved
after mammals diverged from teleosts. This would ex-
plain the identification of TNF in Fugu but not of LTA or
LTB. In mammals, BF and C2, located in tandem in the
human class |11 region, share extensive amino acid simi-
larity. They are thought to have arisen by gene duplica-
tion from an ancestral gene. Both zebrafish (Seeger et al.
1996) and medaka (Kuroda et al. 1996) possess genes
equally similar to both BF and C2, even though in zebra-
fish there are two copies of this putative BF/C2 ancestral
gene (Gongora et al. 1998). Protein sequences derived
from scaffolds S000298 (where the Fugu gene is dupli-
cated) and 004468 in Fugu demonstrated an overall
amino acid identity ranging from 32% to 34% with the
human BF and C2 segquences making the definition of
orthology difficult. This adds further evidence to the hy-
pothesis that teleosts possess an ancestral BF/C2 gene,
which could potentially be involved in both the classical
and alternative pathways of innate immunity.

An additional point to make is that the scaffolds have
been assembled automatically and athough, in general,
the standard of assembly is high (as judged using aready
mapped regions), occasionally the assembly may not be
100% accurate. One example of misassembly concerning
the gene order of FABGL and BRD2 has already been cit-
ed. Another example of thisis exemplified by the assem-
bly of IPP2 (protein phosphatase inhibitor 2), found in
the human class Il region. Only one match for this pro-
tein was found using tBLASTX to scaffold S000868, but
close analysis indicated that amino acids 4175 were du-
plicated. Dotter analysis indicates that this was due to a
missassembly.

Sometimes, orthology within this study was difficult
to ascribe, as the MHC contains numerous examples of
paralogous loci. This may be resolved either using phy-
logenetic analysis (Figs. 2 and 5) or by examination of
closely linked genes. Using the latter approach, paral-
ogues for RalGDS (Bouchireb et al. 2001), ATP6G2,
AGPAT1 and NOTCH4 were identified in Fugu, but not
the MHC orthologous sequences. Neither the ortho-
logues for AGPAT1 nor NOTCH4 were identified in ze-
brafish using a variety of approaches including degener-
ate PCR, PCR using known zebrafish EST sequences,
and heterologous hybridization using fish/amphibian
cDNAs, although the paralogue for ATP6G2 was found
(Sultmann et a. 2000b). Family gene members found as
singletons in the scaffold data, such as PBX, were sub-
jected to phylogenetic analysis to establish orthology
(data not shown). This approach was also taken with
NG22 and CLIC1 where mapping data of flanking genes
was limited. The identification of MHC paralogous loci
does indicate that in fish similar gene duplication events
have taken place in this region compared to human.
Whether thisis due to block duplication (Kasahara 2000)



or independent duplication events (Hughes 1998, 1999)
is open to debate and will require a more in-depth analy-
sis. The identification of conserved paralogous blocks
will certainly be more difficult in fish, due to the numer-
ous rearrangements that have occurred compared to hu-
man (Postlethwait et al. 2000). Whilst syntenic paral og-
ous loci can be identified, short range conservation of
gene order and position compared to human is uncom-
mon (Bouchireb et al. 2001; data unpublished). This is
not a phenomenon restricted to fish, as there is increas-
ing evidence to show that numerous changes in gene or-
der do occur between even closely related species (Carver
and Stubbs 1997; Johansson et al. 1995; Nanda et al.
1999; Puech et al. 1997; Rattink et a. 2001; Schibler et
al. 1998).

Overall, the results from the genome screen indicate
that most of the human MHC orthologues are present in
Fugu. What is becoming clear from this screen, along
with the work on zebrafish, medaka, trout and Fugu
(Clark et a. 2001; Hansen et al. 1999; Matsuo et al.
2002; Michalova et al. 2000), is that there is only one
major MHC locus in fish. This contains the class la
genes and additionally some of those in the human clas-
sical class |l and extended class Il regions, some genes
of which, are involved in class | antigen presentation.
The close linkage between class | and the class | antigen
processing genes would appear to be logical in terms of a
shared functional pathway, and regulation by o interfer-
on, and this may have perpetuated this linkage across
widely divergent teleost species.

From the data available in Fugu, zebrafish and med-
aka, the conserved linkage of the class | region appears
to extend between RXRB (which is actually duplicated in
teleosts and this locus is in fact RXRS (Gongora et al.
1998) and flotillin (Clark et al. 2001; Matsuo et al. 2002;
Michalova et al. 2000). The conservation of gene order
starts to break down around the flotillin locus; in med-
aka, this gene is surrounded by CIZ and TUBB (Matsuo
et al. 2002). On Fugu scaffold S001569, there is a zinc
finger protein between KNSL2 and FLOT1. The exact
definition of this gene is difficult, but it is not the ortho-
logue of the medaka ClIZ gene (tBLASTx analysis of this
gene against the Fugu scaffolds indicates this is most
likely to reside in scaffold S000627). The putative Fugu
orthologue of TUBB has been localized to a separate
contig of class| and class Il genes (including a duplicat-
ed flotillin gene) and cannot be contiguous with flotillin,
as previous mapping data indicated an evolutionary
breakpoint with Chr 17 (Clark et al. 2001).

The scaffold data also indicates the presence of a di-
vergent or non-classical class lalocus. Non-classical is a
term used to describe genes with a typical class | struc-
ture that do not have the function or distribution of clas-
sical class | genes and they are not necessarily encoded
in the MHC (Hedrick 1992; Klein and O’hUigin 1994).
Although there is no functional data on this gene in
Fugu, the structure is sufficiently different, with
sequence similarity matches to both the cyprinid non-
classical class | Z lineage sequences and the marbled
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lungfish, rather than the Fugu and closely related teleost
class lagenesin the database. This finding is substantiat-
ed by the identification of such a locus in salmonids
(Shum et al. 1999) and sharks (Ohta et al. 2002). Inter-
estingly, in medaka there is an additional class la locus
which appears to stand alone on linkage group 22 (Naruse
et a. 2000), although this has not been subjected to phy-
logenetic analysis.

Previous studies on the MHC of fish, particularly
studying the locations of the class | and class |l genes,
have indicated that the genes in fish orthologous to the
human MHC are dispersed onto severa different chro-
mosomes (Bingulac-Popovic 1997; Graser et al. 1998;
Nonaka et al. 2001; Sato et al. 2000a; Slltmann et al.
2000b). A more detailed analysis of eight zebrafish class
Il region loci, of which six were not class Il antigen pre-
senting genes, revealed that these are dispersed over six
linkage groups (Sultmann et al. 2000b). This would ap-
pear to be the case in Fugu, as apart from the main
grouping of the class |1 region genes linked in the main
Fugu MHC region, the remainder are dispersed across
several different scaffolds. Figure 4 is simplified in
terms of the gene content on each scaffold and the class
Il region genes are truly dispersed. For example,
B3Galt4 and C6orfll are surrounded by four other
genes, which map to either human Chr 3 or 1p. Similar-
ly, HKE2 which is present as a singleton is actually sur-
rounded by seven genes, most of which map to the hu-
man Chr X. The lack of success in identifying the class
Il antigen presenting genes is disappointing. However,
fish appear to have very few of these loci, with an aver-
age of one to two class lla. and 1-2 class Il genes
(reviewed in McConnell et al. 1998). A similar number
can be expected in Fugu, but these genes are very small
(250 amino acids) and may be associated with retrotrans-
posable elements, which prove recalcitrant to cloning.
Also, since the main Fugu MHC region containing the
class la sequences is bounded by two breakpoints and
class| and class Il genes are linked in shark, it would ap-
pear that the class Il sequences in fish have been translo-
cated away from the main MHC region. These transloca-
tions would appear to involve other chromosomes, as is
the case with zebrafish (Sato et al. 2000a) and they may
be random, unrelated to any potential block duplication
of the MHC into paralogous regions, as preliminary
analysis of 6p21.3 paralogous sequences (J. Sambrook,
personal communication; Bouchireb et al. 2001) has not
revealed any further class |1 genes.

Investigation into the MHC class 111 region genes in
fish has been relatively limited so far, centering on the
cloning of the BF/C2 gene (Kuroda et a. 1996; Nakao et
al. 1998; Seeger et a. 1996; Sunyer et a. 1998). Thisis
presumably due to the greater interest in the class | and
Il regions which are more closely associated with the
immune response. An exception to the above example is
the mapping of zebrafish class Il orthologues by
Stltmann and co-workers (2000b), in which 17 class |11
region genes were mapped using a radiation hybrid panel.
These genes were dispersed over nine different linkage
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Fig. 6 A comparison of the cluster of genes in zebrafish mapped
to LG19, the same chromosome which harbors the main MHC
class| region (Sultmann et al. 2000b), to Fugu scaffold data

groups, with a cluster of genes mapped to LG19, the
same chromosome which harbors the main MHC class |
region (Stltmann et a. 2000b). They hypothesized that
these additiona human MHC orthologues (HKE4,
SACM2L, RPS18, PPT2, BAT2, CSNK2B, SKIV2L,
GTF2H4, EDN1, GY9A and PBX2) formed two main
blocks of conserved synteny with the human MHC class
I11 region. These blocks potentially represented the ves-
tiges of the vertebrate MHC; an ancient synteny group
that existed before the divergence of the bony fish and
tetrapod lineages more than 400 million years ago. Al-
though the zebrafish data was in the form of radiation
hybrid mapping and the Fugu data, as full sequence in
scaffold format, the latter does confirm some of these
short-range linkages, although there is a rearrangement
involving GTF2H4 (Fig. 6). As there is no physical lo-
calization of these scaffolds in Fugu, it is entirely possi-
ble that they map to the same chromosome as the class |
region, confirming the status of these ancient conserved
MHC blocks. Because of the dispersed nature of the
genes in fish orthologous to those in the human MHC,
this situation would benefit from further clarification in
elasmobranchs, where it is known that the class | and
class Il genes are linked (Ohta et a. 2000, 2002). These
organisms represent what is presumed to be the ancestral
arrangement and in which there may also be continued
linkage to an ancient class |11 region.

Of the remaining MHC class 11 region genes found in
Fugu, there are two other major gene clusters. Scaffold
000755 contained a mix of BAT5 and a duplicated
VARS2 from the class Il region linked with TUBB,
FLOT1 and DDR1 from the class | region. Scaffold
000061 contained one class Il region gene RXRB/d and
four class 111 region genes, C4B, TNXB, CYP21A2, AIF1
and a duplicated CSNK2B. Characterization of these

genes does not reveal a common functionality, which
could explain their continued linkage in Fugu. These
scaffolds may also represent traces of an ancient MHC
synteny group. Correlation of this data with other fish
may provide more evidence to this effect. However, it
should be noted that in the latter scaffold RXRB/d maps
to LG16 and AIF1 to LG5 in zebrafish.

Although the fish may indicate remnants of an ances-
tral MHC, it would appear to have been considerably re-
arranged over a long evolutionary time scale, indicating
that it is not essential for these genes to be in immediate
proximity for their immune function (certainly as regards
fish species). Teleost fish present the opportunity to ex-
amine vestiges of an ancestral MHC, despite the dis-
persed nature of the genes when compared to human.
With reference to more applied aspects of this research;
the MHC is the only fish genomic region to be subjected
to full depth sequencing in a range of different species
and there is great interest among fish geneticists in ex-
amining conserved synteny within fish species. This has
obvious implicationsin the transfer of sequence informa-
tion from model to commercial species where analysis of
the immune system is vital for continued and successful
production. The data from Fugu, Tetraodon and zebra-
fish will significantly aid our understanding of gene evo-
[ution, both within teleosts and vertebrates and also im-
munology within fish species.
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