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Abstract A characteristic feature of the major histocomkingdom is their polymorphism, specifically the large
patibility complex Mhc) polymorphism in mammals is thegenetic distances between some of the alleles (Klein and
existence of allelic lineages shared by related species. Thigueroa 1986). The acquisition of over 30 nucleotide
trans-species polymorphism has thus far been documenditerences between alleles could theoretically be explained
only in primates, rodents, and artiodactyls. In this commeither by very fast substitution (mutation) rate or long
nication we provide evidence that it also exists in cyprinigersistence time of allelic lineages (J. Klein et al. 1993).
(bony) fishes at the class A andB loci coding for thea The available evidence fails to support the former but
andf3 polypeptide chains of the classdl: 3 heterodimers. strongly supports the latter explanation. The estimated
The study has focused on three species of the famdyerage nonsynonymous substitution rate for the peptide-
Cyprinidae, subfamily Rasborinae: the zebrafidbaifio binding region (PBR) of theMhc loci is 5.9 x 10-9
rerio), the giant danio . malabaricu$, and the pearl substitutions per nonsynonymous site per year (Satta et al.
danio Q. albolineatu3. The polymerase chain reactionl991). The average synonymous substitution rate of the
was used to amplify and then sequence intron 1 aithc class Il loci is 1.18x 10-9 substitutions per synon-
exon 2 of the class IB loci and exon 2 of the class A ymous site per year. Both estimates are within the range of
loci in these species. Phylogenetic analysis of the sequenttesse reported for noMhc loci (J. Klein et al. 1993). The
revealed the existence of allelic lineages whose divergeratiernative explanation requires allelic lineages to be much
predates the divergence of the three species at botl thelder than 2—4 million years (my), which is believed to be
and B loci. The lineages at th® locus in particular are the average life span of a species (Stanley 1975): it requires
separated by large genetic distances. The polymorphisnihie polymorphism to evolve trans-specifically (Klein 1980,
concentrated in the peptide-binding region sites and 1887).
apparently maintained by balancing selection. Sharing of The concept of trans-species evolution of tMhc
this uniqueMhc feature by both bony fishes and mammalpolymorphism was first formulated to explain the occur-
suggests that the main function of thliac (presentation of rence of serologically indistinguishable allelic products
peptides to T lymphocytes) has not changed during the léallomorphs) in geographically isolated populations and
400 million years of its evolution. subspecies of the house mouse (Klein 1980). The first
biochemical evidence for the concept was provided by
Arden and Klein (1982) who demonstrated that serologi-
cally identical H2 molecules fronMus musculus domes-
ticus, M. m. molossinygndM. m. castaneughree subspe-
é%es believed to have diverged more than 1 my ago, were
also indistinguishable by tryptic peptide mapping. Clear
evidence for the existence dihc class Il allelic lineages
C. OhUigin - J. Klein () which predated the divergence of mice and rats dated to
Max-Planck-Institut fu Biologie, Abteilung Immungenetik, more than 10 my ago was obtained by Figueroa and Klein
Corrensstr. 42, D-72076 Bingen, Germany (1987) and by Figueroa and co-workers (1988) from a
. combination of serological and molecular data. Molecular
R. Graser V. Vincek - J. Klein . S . -
Department of Microbiology and Immunology, ey|dence for the allelic lineages predatllng the divergence of
University of Miami School of Medicine, Miami, FL 33106, USA  different species oMus was also obtained by Wakeland
A Meyer and co-workers (1987) and McConnell and co-workers

Department of Ecology and Evolution, State University of New York1988). Shortly éjtft'erWa'I’dTS, U}JC|eOtide sequence anfilysis
at Stony Brook, Stony Brook, NY 11794-6246, USA demonstrated striking similarities between alleles in differ-

Introduction

The feature that sets the major histocompatibility compl
(Mho) loci apart from all other known loci of the animal




R. Graser et al.: Danio fishes trans-species polymorphism 37

ent species of primates at both class | (Mayer et al. 1988g stock used could no longer be established); they are

Lawlor et al. 1988, and others) and class Il (Fan et al. 198#hsent from the stocks maintained in our aquarium. Of the

Gyllensten and Erlich 1989; Gyllensten et al. 1991; Kent#iiree remaining lociDAB and DDB are closely linked,

et al. 1992; Mayer et al. 1992; Kupfermann et al. 199%yhereasDFB is located on a chromosome different from

Slierendregt et al. 1992, and others) loci. These studies hdlvat of these two loci (J. Bingulac-Popovic, F. Figueroa, J.

led to the conclusion that in primates, allelic lineages &wostlethwait, and J. Klein, unpublished data). OnlyD#eB

some of the polymarphic loci are probably more than 20 mgcus has thus far been found to be highly polymorphic and

old (Klein et al. 1990b; Klein and Takahata 1990). active (represented in a cDNA library). Four allelic lineages
In mammals, trans-species persistence of allelic lineadesve been identified at this locus, which will be referred to

at theMhc loci is therefore well documented. But for othehere asDare-DAB1*01through-DAB1*04. In the present

vertebrate classes the data on trans-species polymorphiudy, we have focused on ti¥AA, DBA and DAB loci.

are either fragmentary or not available. Only in the cichlid

fishes of the Great Lakes in East Africa (D. Klein et al.

1993; Ono et al. 1993a; E. Malaga and J. Klein, unpub- =

lished data) and in the Darwin’s finches on the (aigos Materials and methods

Islands (V. Vincek, Y. Satta, C. O’hUigin, P. T. Boag, P. RSOume and isolation of aenomic DNA

Grant, B. R. Grant, and J. Klein, unpublished data) is there 9

clear evidence for the interspecific sharingMhc alleles. specimens ob. albolineatusandD. malabaricuswere obtained from

But these species are of recent origin and they thereforetbi@e sources: local dealers in Miami and itbingen (Aquarium Rio,

not provide any information about long-term persistence Bgelsbach, Germany), as well as from the wild. Genomic DNA was

allelic lineages. In an attempt to obtain such informatio Oclﬁtr?jcijnas described previously (Ono et al. 1993b with modifications

. . . g to Laird et al. 1991).

we decided to compare the polymorphism of the zebraﬁsﬁ

(Danio rerio) with that of two related fish species, pearl

danio Q. albolineatu3 and giant daniod. malabaricuy.  Polymerase chain reaction (PCR)

The three species belong to the order Cypriniformes

T - . s : The class IIB intron 1/exon 2 region was amplified using primers
(carp-like fishes), family Cyprinidae and subfamily RasDased on previously reportdd. rerio sequences; the primers were

borinae, which is distributed over most of India, PakistaByovided by F. Figueroa of the Max-Planck-Instituitr f@iologie,
Bangladesh, Sri Lanka, Thailand, the Malay Peninsufajbingen. The forward (sense) primer Tu385'-T&SCTGTCGA-

Sumatra, and the Yunnan Province of China (Nelsdf/G)CATTTACTGGAAC-3) corresponded to the '3region of

1984). The taxonomy of the family has been revised sevegéjfge(lé ﬁ'}f{cfé‘ér?‘é A(fasr;ti-igﬂz(?po%ﬁr tg“ffg'gﬁggyg

times. Early onD. rerio was .aSS|g_ned to _a separate 9€NSon 2. PCR was performed in %0 of reaction mixture containing
and referred to aBrachydanio rerio(Hamilton-Buchanan 2 mm MgCl,, 200 uM dNTP, and 2.5 unitsTaq polymerase (Perkin
1822). Later, the genuBrachydaniowas fused with the Elmer, Norwalk, CT). The Tu385/Tu360 primer pair was used initially
genus Danio and the specie®. malabaricus rendered atan annealing temperature of 85 or at 53°C in some amplifica-

. g tions. Thermocycler conditions were as follows: an initial denaturation
synonymous wittD. aequipinnatugBarman 1991). These for 2 min at 94°C, then at 94C for 1 min, annealing at 55C for

fUSiO_nS are su_pported by molecular data obtained in a studin, and extension at 7Z for 2 min, 40 cycles. The final extension
of mitochondrial (mt) DNA (Meyer et al. 1993, 1995) andht 72°C was for 10 min. Exon 2 of class A genes was amplified
of the Mhc (this communication). The designatiddanio using the primer pair A20290 and A20291 based on kn@wmerio

; ol ; DNA and genomic sequences”(Buann et al. 1993). A20291 is a
rerio for the zebrafish is now used almost uniformly by " ¢ (sense) primer (83(C/MT(AC)ARAT)G(CTTG- (AT)(A/

developmental biologists. Hencg to avoid further COnfus'0@)CA(C/T)(A/G)(A/G)GGAT—3) corresponding to the 'Send of

here we introduce the designati@are for the Mhc of the exon 2; A20290 is a reverse (anti-sense) primet-T5(T/G)-

zebrafish to replace the former designati®me (Ono et al. CTCT(A/T)(A/ICYAIT)GG(AIT)GA(G/T)TTGTA(G/T)GCCTT-3).

1992, 1993 a, b; Stmann et al. 1993, 1994 a, b). We retainPCR was performed using the Opti-prime kit (Stratagene, La Jolla,

h ’ h P D labari ’f h L dani CA) to optimize buffer conditions. The reactions were as above with a
owever, the nam&. malabaricusfor the giant danio 10 x buffer consisting of 3.5 mM MgGJ 10 mM Tris-HCI, and 75 mM

because most recent studies (Meyer et al. 1995) suggast pH 8.8. The cycling parameters were @& for 3 min, 50°C for
that it might be a distinct species frob. aequipinnatus 2 min, and 72C for 1.5 min in the first cycle; then 30 cycles for 1 min
after all. at 50°C and at 72C for 1.5 min, followed by a final extension at
In our earlier studies (Ono et al. 1992} I®wann et al. 72°C for 10 min.
1993, 19944, b), we demonstrated the existence of four
class IIA and six class IB loci in the zebrafish. Of the four supcloning and sequencing
class Il A loci, Dare-DAA is linked to Dare-DAB, Dare-
DCA is linked to Dare-DCB and Dare-DEA is linked to The PCR products were resolved by electrophoresis on 1% agarose

. o . ; gels and the fragments of interest excised. The agarose blocks were
Dare-DEB (Sutmann et al. 1993, 19944, b; J. Blngulacminced and centrifuged through silanized glass wool columns at

Popovic, F. Figueroa, J. Postlethwait, and J. Klein, unpugsoo rpm for 20—25 min. The isolated DNA was subcloned into a
lished data); the location of thBare-DBA locus is not Smal-digested pUC19 vector using the SureClone ligation kit (Phar-
known. Three of the class B loci (Dare-DBB, -DCB and macia, Piscataway, NJ). After blunt-end ligation, the reactions were

-DEB) seem to be present only in some stocks or subspeéf%é&o”gﬁdLigtoag;rl'Eg’r?ta'}ﬂlﬁlzbagrfgii“ﬁz S(tggg"/"m)me;h_%dsl_a”d

of zebrafish (they were originally detected in a genomi& promo-4-chioro-3-indolyp-D-galactopyranoside), and IPTG (iso-
library provided by a commercial supplier and the origin gfropyl3-D-thiogalactopyranoside). Positive (white) colonies were
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picked and grown overnight in LBampicillin broth and minipreps Fig. 1 Nucleotide sequences of intron 1 frdvéhc class 11B genes of
were performed according to standard protocol (Maniatis et al. 199D. rerio (Dare), D. malabaricus(Damg, andD. albolineatus(Daal).

The insert size was then checked by double digestion B&tRl and The Dare sequences are from Ono and co-workers (1992, 1993b).
Hin dlll. The inserts were sequenced using the dideoxy nucleotidasheg-) indicate identity with the simple-majority consensus at the
chain termination method (Sanger et al. 1977) and the Sequenase %@p) dots (.) unavailability of sequence information; amagterisks(*)

kit (Amersham Buchler, Braunschweig, Germany). Sequencing reagdels introduced to achieve optimal sequence alignment

tions were electrophoresed on 5% polyacrylamide gels made from 50%

Long Ranger gel concentrate (AT Biochem, Malvern, PA) for 4 h and

2 h. Gels were then dried and exposed to X-ray film. . . - . .
P y ique sequences were obtained and their identity confirmed

by sequencing multiple clones in both directions. The
Construction of dendrograms primers were such that they directed the amplification of
intron 1 and exon 2 of th@ chain-encoding B) class I
The nucleotide sequences and inferred protein sequences were aliggedes. The length of the amplified products (sequences)
using the GCG computer program (Genetic Computer Group, Madispanged from 466 to 520 base pairs (bp), the length variation
WI) and the CLUSTAL V program (Higgins et al. 1992). Nucleic aci ing effected by the presence of insertions/deletions (in-
distances were measured using the two-parameter method (Kim Pc{ g, . Yy : p . :
1980) for noncoding regions. For coding regions, nonsynonymo@€ls) in intron 1 — different ones in the various sequence
substitutional differences were corrected using the Jukes and Camgooups. The sequences are designabahl for Danio
mletthOd Cr’]f_ the 'V'EGtﬁ paCka'élle gKg”gaftit al. 1_933)- The_eVO“IJt'Or_‘t%@tlbolineatusand Dama for Danio malabaricusin accor-
relationsnips were en evaluate y the neignbor-joining algori : H
(Saitou and Nei 1987). Five-hundred bootstrap replications W%nce with the proposed nomenclature (Klein et al. 199(.) a).
performed to determine the reliability of the branching order. e Daal and Dama nucleotide sequences, together with
the Dare (Danio rerio) sequences previously reported (Ono
et al. 1992; Sitmann et al. 1994 a, b) are given in Figures 1
(intron 1) and 2 (exon 2); the translated amino acid

Results and Discussion sequences of the exon 2-encod&d domain are given in
Figure 3. A phylogenetic tree of intron 1 sequences is
Class Il B polymorphism shown in Figure 4. A tree of exon sequences from the

various Danio species, together with homologous se-
Genomic DNA was isolated from 28 individuals &. quences of other bony fish, is presented in Figure 5.
albolineatusand D. malabaricus(14 from each species), The exon codons that specify the residues of the PBR are
amplified by PCR using the primer pair Tu385/Tu360, angubject to balancing selection (Hughes and Nei 1988,
the amplification products were sequenced. Thirty-six uA989). These codons are major contributors to the observed
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Consensus
Dare-DAB1*0101
Daal-DAB1*0201
Dare-DAB1*0201
Dare-DAB1*0202
Dare-DAB1*0203
Dare-DAB1*0204
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CONSENSUS == GADGYYNYTK AECVYSTSDY SDMVFLDSYS FNRVVDIQFN STVGKFVGYT EQGVKFAENF NKDPAELQQE KAEVDTFCRH NAEISD
Dare-DAB1l*0101~ .----- Q--M L--I------ ---- L-E-G- ------ V-¥- -==--- Y¥---- ----I--R-- --NQ-Y---R -~~-ES~---- --Q---
Daal-DAB1%0201 .----- D-VM T--I----=— ~—-—-- Q--- -==--- V-¥~ -S-—-—----= - -==Q-I~m== == Y---*--- --A-L-
Dare-DAB1*0201 ..--=-D--= Y=-I----mn —w-w-- Q--~- ---I--VKC- -QEV-C---=- -=----c---- ---Q-I---L ----F-
Dare-DAB1*0202 .----- D--- F--I----- F ----Y-V-L~ ---F---KC- --EV-C---- ———--—--—-- ---Q-I--DL ----F-
Dare-DAB1*0203- .------- L- G--I---~-= —-==- YIV-L- ---F--VRC- --EV-C--F- —==-- C---- ---Q-V--NL --8---L--N ------
Dare-DAB1*0204 .----- D--- V--I-----= -=---- E-F- ---F---KRC- -QEV-C--L- ------ TD-L ---K-F--NL --S---%--- -—----
Dare-DAB1*0205 .-~~-- H-M- Y--I------ ---- Y-K-F- ---F--VRC- --EV-C--F- K--------- --NQ-L~-DL ==8=-====m= =—==--=-=
Dare-DAB1*0301 .......... ceee==8--=- —=--L-I--- --==--- T--- -8--=--=---= ----- 8---- --NQ-Y---L --Q---
Dare-DAB1*0302 .------- M- Q--F--8--- ----L-F--- ---D--T--=- =8-----ccc ccwaua- D-- --NQ-Y---L --Q-L-
Dare-DAB1*0303 .,----- CDMN ---F------ ---- L-A-~~ ---AL-T--- -8----A--- ——-—-—---- ~=--Q-Y---W --Q-W-
Dare-DAB1*0304 .------- GN Q--F--8--- ---—--- L--- -=-A------ o it --NQ-Y¥---L ----GQ*-TN --Q---
Daal-DAB1%0401 .----- D-M- T--------- ——---~ Y-L--- —------m-= -8§--E--=== —=—--———-- -=--R-YV--Q --8--I%--- --G---
Daal-DAB1*0402 .----- D-M- I--------- --—-- Y-L--- Cr====m=mm -S--E-=-== —-cemcwoa- ~~=R=¥YV--Q --S--I*~-=- --G---
Daal-DAB1*0404 .----- D-M- I------ N-- ---- Y-L--- ---=--———— -S--E-—--= —----————— -—=R-Y¥YV--Q --8--I*--- --G---
Daal-DAB1*%0405 .----- D-M~- I--------= ~-—=-- Y-L-~- -==--=----= ~S==E---~= —-—m—————— -—-R-¥YV--Q --S--I%--= --G---
Daal-DAB1%*0406 .--E-~-D-M- I~----=--== —==- Y-L--- -=--mm-m-— ~S--E-==== ~----————— ---R-Y¥YV--Q --8--I*--- --G---
Dare~DAB1*0403 .----- D-I- QQ-F------ ---- Y-A--- ------ T-~=- =-S-—=--———-= ---LI----- ---Q-Y-H-L --Q---~-~-- --Q-W-
Dare-DAB1*0404 .----- D--- N--F------ ---- Y-L--- ------ T--- -S~-=~==--- ==~L--===- ~-~NQ-V--~-V =-N-~-R-=~== -=Q---
Dama-DAB*0102 «--—--H-NIL -A-I-NK--- ---- Y-V-L- ----LI---- --------- N --------- I --NK-FV--Q -SL--~H--A -CRS-N
Dama-DAB*0104 .==~-H-NIL -A-I-NK--- ---- Y-V-LF ----LI~--~= ~=-=------ N ---=------ I --NK-FV--Q -SL---H--A -CRS-.
Dama-DAB*0107 +----H-NIL -A-I-NRK--- ---- Y-V-L- ----LI-~-= —-—-——----- N -----=-==- I --NK-FV-RQ -SL---H--A -CRS-.
Dama-DAB*0109 .----H-NIL -A-I-NK--- ---- Y-v-L- --~--LI---- ----E----N --------- I --NK-FV--Q -SL---H--A -CRS-.
Dama-DAB*0110 «V---H-NIL -A-I-N---- ---- Y-V-L- -==-LI-*%\ —ceee---- N =-=======- I --NK-FV--Q -SL---H--A -CRS-.
Dama-DAB*0111 .==-=~H-NIL -A-I-NK-\- -~---¥-V-L- --=-LI---- ——---—-——-- N --—---——- I --NK-FV--Q -SL---H--A -CRS-.
Daal-DAB*0201 pmm——— F~--M F----~-- G- ------ A-F- --QI~-EL--- —-~-—-——---— --A--Q--H- ---Q-LI--T --8----- IN --K---
Daal-DAB*0202 m———- F--M F------- G- ——-—-~ A-F- --QI-EL=-= -==-=------- --A--R--H- ---Q-LI--T --8----- IN --K---
Daal-DAB*0203 emm——— F--M F--~-~~- G- ~===-- A-F- --QI-EL--- -----=-—--- ~~-A--Q--H- ---Q-LI--T --S----- IN --K---
Daal-DAB*0204 emm——— F--M F------- G- ——---- A-F- --QI-EL--- -=------- ¢~ --A--Q--H- ---Q-LI--T --S----- IN --K---
Dama-DAB*0301 o——=—= YHV- N--F---mrm= —c=- Y¥-I-8- ---L-EY-Y¥- ----- C---- -A-----——~ ---Q-IM--W --A------- ----T-
Dama-DAB*0302 === YHV- N--F------ ---- Y¥-I-8- ---L-EY-Y¥- ----NC---- -A~---—----- ---Q-IM--W --A------- ----T-
Dama-DAB*0303 o——=—= Y-L- ¥YD-F------ ------ I-8- ---L-EY-Y~ -=--~-NC---- -A----- DY- ---Q-IM--W --C------- --=--W-
Dama-DAB*0304 emm——= Y-L- ¥YD-F------ ------ I-8S- ---L-EY-Y- -~--NC---- -A----- DY- ---Q-IM--W --Y------- -—==W-
Dama-DAB*0305 om———- EE-M S---—---=~ -~=-= ¥Y-I-L- ----- HL--- --=~D-~E--- K--=-¥---L ---QTL~E~L --D-~R---- --Q-L-
Dama-DAB*0307 om———— EE-M S--------- ---- Y-I-L~- ----~ HL--- ---D--E--- K----¥---L ---QTL-E-L --D--R---- --Q-L-
Dama-DAB*0308 o——=== EE-M S--------- ---- Y-I-L- ----- HL--- -—==-- E--- K----¥---L ---QTL-E-L --D--R---- --Q-L-
Dare-DFB T emmmm SS-W SQ-I--YP-F R--E-IVG-Y ---WM----- —---c----n —-mmmmmmom ---Q-L---M -S---8I--- ----YE
Cyca-DEB*01 A-N---HSWW TK-IH-SR-F ----YI-N-I ---D-Y¥---- ----EY---- AL--YN--R- ----NI---- R-Q-ERY-K- ---LYQ
Cyca-DEB*02 A-N---RSRW NK-IH-SR-F ----- V-N-I ---D-H---- ----E--~--~ AL-~HN-~LW ~-~TTG-~-~ R-Q--S--K- --Q-RQ
Dare-DEB em———— HSRL TK-IFQLQ-L --IGVH-N-I ---D-Y-R-- =~L-Y~=~--- -H--YN-QLW KQRYQL~E-- R-HE-R--KY ----DY
Sasa-cl44 ~T-~--FYHMM TQ-R--SK-L QGIELIT--V --QAEN-R-- ---------- -H---N--AW --G-*--AG- LGVLERY-KF --P-DY
Sasa-cl57 ~T---FEQVV RQ-R--SK-L QGIE-I---V ---AEY-R-- ---------- -L---N--AW -S-A-V-AV- RG-LERY-K- --DLHY
Sasa~-c22 -T---FEQVV RQ-R--SK-L QGIE-I---V ---AEYVR~~- ~--~- Y---- -L---N--AW --G-*--AV- LG-LER--K- --DLHY
Sasa-DBLl5 = L. .iiiiee ceieeaeens L QGIE-I---V ---AEY-R-- ----- Y¥---- -¥Y---N--AW --G-*--AG- LG-LERV-K- --P-DY
Sasa-DB05 csecesssas esseenne .L QGIE-I~--V ---AEYVR-- ----- Y¥---- -L---N--AW --G-*--AV- LG-LER--K- --DLHY
Sasa-DB03 teessseess sesssssesl QGIE-I---V ---AEYVR-- =---------- -L-~-N--AL --@G-*--AV- LG-LERY-KL TLLSTT
Sasa-DB06 = .....iiiee ceeienennn L QGIE-IH--V --QAEN-R-- ----- Y---- -L---N--AW --G-*--AG- LG-LER--K- --DLHY
Sasa-DBl1l ceesessecee svsesseeslh QGIE-I---V ---AEY-R-- ----- ¥---- -¥---N--AW --G-*--AV- LG-LER--K- --A-YY
Sasa-DB10 = .......... ceesanaan L QGIE-I---V ---AEYVR-- ----- ¥---- -L---N--AW --G-*--AV- LG-LER--K- --A-YY
Sasa-DB09 ceesescess sesssseesli QGIE-TH--V --QAEYVR-- ----- Y¥---- -L---N--AW --G-*--AV- LG-LER--K- --A-YY
Sasa-DB08 . .......0h cieeeeens L QGIE-IH--V --QAEN-R-- =-=--- Y---- -L---N--AW --G-*--AV- LG-LERY-K- --D-DY
Sasa-DB12 teesevsess sesssssssl QGIE-I-~--V ---AEY-R-- ----- Y---- -Y---N--AW --G-*--ARA LG~LERV-K- --P-YY
Sasa-DB02 = ...... ceee seeesesssl QEGIE-I---V --QAEY-R-= -=-=--—--- -L---N--AL --G-*-~AV- LG-LERY-KL ......
Sasa-DBl4 ceessrsess sesosssesl QGIE-I---V ---AEYVR-- =-w-=-- Y-www ~Y---N--AW --G-*--AG~- LG-LERV-K- --P-DY
Sasa-DB1l3 = ... .ieeie seeseeens L QGIE-I---V ---AEYVR-- ----- Y---~ ~¥-~-N--AW --G-*--ARA LG-LERV-K- --P-YY
Sasa-DB07 = ...i.iicieiie ciieenans L QGIE-IE--V --QAEN-R-- ----- ¥---- -L---N--AW --G-*--AV- LG-LER--K- --D-DY
Mosa-C-1 .G--FL--AV NR--FNST-P RNIEYIY-HY Y--LEIAR-S -S--EY---- -F---Q-KYW -S--S--ARR S-QKE-V-Q- -IN-DY
Mosa-C-2 .---FL--AV GR--FNST-P KNIEYIY-EY Y--LEIAR-S -S~-E----- -Y-L-Q-KYW -S--S--A-M R-AKERY-Q- -IN-DY
Mosa-C-22 .---FL--AV GR--FNST-P KNIEYIY-EY Y--LEIAR-S -S--E----- -¥-L-Q-KYW -S--S--A-M R-AKERYSQ- -IN-DY
Mosa-R-41 .=---FRYFET DR--FNST-L K-IKYIR-EY Y--LEXIAR-S -S--E----- -L-LRW-KYW -NN-SY-A-M RG-KERY-Q- -IGNWY
Mosa-S-1 +==--FRYFWT DR--FNST-P RNIEYIN--Y Y--LEYAR-S -SE-E----- -L---N--R- ----SY-A-R R--KERY-LT -IN-DY
Mosa-8-2 .—---FLS-DI NR--FNST-P KNIEYIF--Y Y--LEFLR-S -SE-E----- -L=-=-=-N-~-R~- ----TY-A~R R--KERY-LT -IN-DY
Pore-4-28 .FREFAVFAV DR--F-SPEL K-IQ-IR--C Y--LEF-R-D -NL--Y---- -L---N--RW ---TSLIAAM --QRE-Y-LN -VGNDY
Pore-18-1 .FRE-EV-EV DR--F-SPEL K-IEYIR-NY Y--LEIAR-D »SL-R----- -F---Q-NYW ---TSFIAAL N-QREAV-LT TVG-DY
Pore-W3-2R seessessss DR--FNSTEL K-IQYIY-AF Y--LEYAR-D -NL--Y---- -F---Q-NYW -SN-S-IARR --QREGY-LN HVTA..
Pore-wl-1 = ........ .. DR--FNSTEL K-IQ-IR-IY Y--LEI-R-T -SL-R----- -Y--MN--RW ---TSIIGAM A-QREGY-MN -IG-..
Pore-w2-2 «eseesess. TR--FNS-EL K-IQ-IR--C ¥Y--LEF-R-D -N-------- -L---N--IW -SN-SQIAS- R-LRE-Y-L- -VG-..
Pore-w4-1 eeseeses.s SR--FNSTEL K-IE-IR-NY Y--LEIAR-D -NL------- -F---Q-NYW ---TSYYSAL --QKEAV-LT -VG-..
Dare-DBB .-H-H-GFVQ FT-H*MLGSL QNVEVTY-IY -DTTELLR-- --EN-A-A-- -YAM-W-NDL --Q-KW-HEQ VEKNIAD-KL FG-TYF
Dare-DCB .VC-N-G-LQ SQ-R*VL-ST KKVELIF-FI ---IEY-RY- --DQ-I---- -F-E--V--Y *-NNTFVLVL AEFGIYN-KK I-KALI

Fig. 3 Amino acid sequences translated from nucleotide sequences in
Figure 2. Abackslash)) indicates a frameshift mutation. Symbols are
explained in Figure 1. The amino acid residues are given in the
Fig. 2 Nucleotide sequences of exon 2 fravihc class 1IB genes of internationalsingle-letter code. Cycés the carp (Ono et al. 1993c),
D. rerio (Dare), D. malabaricus(Damg, andD. albolineatus(Daal). Mosathe striped bass (Walker and McConnell 19%3sathe Atlantic
The numbering follows Ono and co-workers (1992). For symbsallmon (Grimholt et al. 1994), arfdore the guppy (Sato et al. 1996)
explanations, see Figure 1
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Fig. 4 Phylogenetic tree based Daal-DABI*0401
on genetic distances between 99| paal-DaBI%0402
intron 1 nucleotide sequences in 66 Daal-Dap1+0405
Figure 2. Genetic distances were 41 Dare-DABI*0403
determined from the number of 93 99[ Dare-DABI*0404
substitutions between sequences 77 b DABljDZOS
(Kimura 1980) and the dendro- o5 D%re‘—a-g%g%;g%[z)g:”
gram was constructed using the 4zl are Bt
neighbor-joining method of the o 1*030417”6'17“ 0202
MEGA package (Kumar etal.  —| = are DAL 030 e DAB1%0302
1993). Numbers on branches are 88 Dare-DAB1*0303
bootstrap values Dagl-DAB1%*0203
| ogalioaniiests,
To0 223227 BAs1 %0504
Dare-
b MR
Daal-DAB*0204
57 FDaal DAB*0201
100|..E Daal-DaBr020¢
al-DaB*0207
D l DAB*0202
23 Daal-DAB*0205
99 100I-— Dama-DAB*0301
Dama —DAB*03 02
| [ Dama-DAB*030
73 100l Dama-DAB*0304
Dama-DAB*0308
Dama ~. *0305
Dama - DAB 0306
100L Dama-DAB*0307
Dama-DAB*0110
Dama-DAB*0107
99 Dama-DAB*0109
Dama-DAB*0101
Dama—DAB*Olg.?
Dama-DAB*010
91 Dama-DAB*0104
98 Dama-DAB*0108
Dgma-DaB*0111
Dama-DAB*(0105
Dama-DAB*0106
0.0 0.03 0.06 0.09

L ] | |
GENETIC DISTANCE

convergences betwedvihc alleles in primates (O’hUigin (and to a lesser degree with thoseldmg. We conclude
1995; Klein and O’hUigin 1995) and their influence tendthat these are allelic products of tBaal-DAB1locus (and

to reduce apparent evolutionary distances between distpassiblyDama-DABJ). A cluster of sixDaal-DAB1lalleles
alleles which happen to share PBR motifs, an influence ttedtows a higher degree of similarity are-DAB1*04than

is most obvious when short exons are used to meastoe other lineages. We designated these allelzal-
distances. Although the PBR region is not yet defined DAB1*0401 through Daal-DAB1*0406 A second group
fish, the most polymorphic codons are implicated in itsf Daal alleles clusters close to thgare-DAB1*02lineage
construction. We constructed trees in which all codons amad these are namebaal-DAB1*0201 through Daal-
included (not shown) and others in which the ten moBtAB*0204 The Dare-DAB1*0101allele is the most dis-
polymorphic codons were removed. The trees resultitigctive of theDare-DAB1lalleles, clustering at the base of
from the latter approach were more conservative withe DAB1 tree. Although severdDaal (Fig. 4) andDama
respect to the extent of transspecies polymorphisms giag. 5) alleles cluster with th®are-DAB*0101sequence,
these were therefore used in this manuscript. The madis¢ clades are not robust and we prefer leaving the locus
polymorphic codons assessed by the method of Wu agielsignation indeterminate in these cases. Among the re-
Kabat (1970) for thex chains are those at positions 12, 14naining alleles we distinguish three groups corresponding
25, 32, 53, 55, 58, 61, 62, and 68. For fhehains, codons to the Daal-DAB*02, Dama-DAB*03 and Dama-DAB*01

9, 11, 13, 29, 31, 39, 68, 72, 75, and 85 are excluded. lineages/loci. The closer similarity dDare- and Daal-

In an earlier study (Ono et al. 1992), tlizgare-DAB DABL1 alleles to each other rather than Bama alleles
sequences could be divided into clusters, originally desisgpports the sister group relationship Dare and Daal
nated DABL1 through DAB4. At that stage it could not be proposed by Meyer and co-workers (1993, 1995).
decided whether the four clusters constituted allelic No Dama or Daal genes corresponding to tHeare-
lineages at a single locus or alleles at separate loci. Md@&B, -DCB, -DDB, -DEB and -DFB genes were found,
recent results from linkage and segregation analysis possibly because the primers were originally chosen to
haploids (J. Bingulac-Popovic, F. Figueroa, and J. Kleiamplify preferentially theDAB genes. While no exon 2
unpublished data) indicate that the sequences represmguences were obtained ODB, as seen in Figure 5, the
alleles at a single locus which we design&@lare-DAB1,  other four genes are quite distinct from tB&B genes. On
the lineages bein®AB1*01 throughDAB1*04. the other handDAB is apparently the main, if not the only,

In Figures 4 and 5, the cluster of alleles in tbare- functional class IIB family of Danio rerio. The facts that
DABL1 lineages is interspersed with sequences fidaal lead us to this conclusion are first, thBXAB genes are
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found in all individuals tested, while some of the other lodig. 5 Phylogenetic tree based on nonsynonymous genetic distances
may be absent in some stocks or speciedtifBnn et al. between sequences in Figure 3, as well as other bony fish exon 2
1994 a, b). Second)ABLis thus far the onlyDare class II sequences. Genetic distances were determined from the number of

. ) nonsynonymous substitutions between sequences following exclusion
B locus for which transcripts (CDNA) could '_Oe found (On%f the ten most polymorphic residues. The dendrogram was constructed
et al. 1992, Simann et al. 19944, b). Third, thBare-

using the neighbor-joining method of the MEGA package (Kumar et al.
DAB1 gene does not contain any apparent defect whi¢R93). Numbers on branches are bootstrap values. Species designations
could interfere with its functionality (Ono et al. 1992). Ancfe diven in Fl'ggges 2 and IIB./Iosa,I MA“’JO”? ngf‘t"'is_tgp?dhbﬁsst?
fourth, the DAB locus is polymorphic in all three speciesal‘_"lrlg&f)e al fasa, salmo salagAtlantic Salmon; Grimholt e
tested, while the other loci are either mono- or oligo-
morphic (Ono et al. 1992; "8mann et al. 19944, b; and
the present study). fishes. Had the polymorphism not evolved trans-specifi-
The intermingling ofDAB1 allelic lineages from differ- cally, one would expect th®are, Daal and Dama se-
ent species in Figures 4 and 5 constitutes evidence of traggences to form three separate clades. An alternative
species evolution of class B polymorphism in cyprinid explanation — that the relatedness of allelic lineages in the
different species is the result of convergent evolution
(similar mutations being selected for independently in the
Sthee species) — is not supported by the data. This type of
rélationship could not have occurred at intron 1 sequences
of the DABL1 locus, yet the sequences (Fig. 1) and the

Table 1 The number of synonymous {Kand nonsynonymous €K
substitutions per site for PBR and non-PBR codons of all pairwi
comparisons of 1®are andDaal DAB1alleles*

PBR Non-PBR  phylogenetic tree based on them (Fig. 4) reveal both similar
No. of codons 16 69 clustering and similar affinities among the clusters at the
Ka 0.397 0.078 exon 2 1 domain) sequence. The same is also true for the
Ks 0.556 0.169 exon 2 synonymous sites (data not shown). Nonsynon-

Average g = 1.64
* The location of the PBR sites in fisMhc genes is uncertain. The

ymous PBR sites, the primary target of convergent evolu-
tion in the Mhc, are largely omitted in exon 2 trees by the

Brown (1988) model of the PBR in mammals is preferred to the Browiamoval of the ten most polymorphic sites. We conclude

(1993) model because it more fully predicts the most polymorph _ f f
codons in fish.y is the ratio of PBR nonsynonymous substitutiorﬂaerefOre that the trans-species mode of evolutioMat

frequency (per site) to the overall synonymous substitution frequgncy?@lymorphism is not limited to mammals, but occurs also in
values greater than 1.0 are indicative of positive selection bony fishes.
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Fig. 6A, B Pairwise comparison A DRB1
of differences betweeA the 250 —
Dare (Daal)-DAB1 exon 2 se-
guences in Figure 2 d8 87
primateDRB1exon 2 sequences
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ape, and human sequences). The 200
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are plotted on thg andx axes,
respectively 150 +

Freq.

100 +

50+

# Diffs

B DAB1

Freq 6+

0 5 10 15 20 25 30 35 40 45 50 55

# Diffs

In mammals,Mhc polymorphism is maintained oversequence motifs at the sites specifying the PBR (Klein and
long periods of time by positive (balancing) selection @’hUigin 1995; O’hUigin 1995). Sequence motifs are also
the nonsynonymous sites specifying the PBR of the Mipcesent in theDare/Daal/Damalineages (Fig. 3) at posi-
molecule. Evidence for the effect of balancing selection i®ns presumably constituting the PBR. None of the fish
provided by the observation that at the PBR sites (but notimotifs, however, resembles any of the primate class Il
the remainder of the gene), the rate of nonsynonymommtifs, suggesting that the fish and primate PBRs deal
substitutions Ka) significantly exceeds that of synonymousvith different sets of peptides. (In primates, similar motifs
substitutions s, Hughes and Nei 1988, 1989). Table hpparently arise independently by convergent evolution in
indicates that at thé&©AB1 locus, too, theKa/Ks ratio is distantly related genes; see O’hUigin 1995 and Klein and
greater than 1, as would be expected if the locus we@ehUigin 1995).
evolving under balancing selection. In comparison with primate class B allelic lineages,

The allelic lineages at the primatRB1 and certain the Dare/Daal/Damalineages appear to encompass large
other class Il loci are characterized by the presence s#quence differences. In pairwise comparisons of all the
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Dare sequences and numbering are froit®ann and co-workers
(1993). An explanation of the symbols is given in Figure 1

DAB1genes (Fig. 6 A), the distribution is multimodal with
large gaps between the modes. This distribution contrasts
with that at, for example, the prima2RB1locus (Fig. 6 B),

Dare-DBA*(0104 . . . .
Dare-DBA*0105 which is unimodal and even. Moreover, the distances
Daal-DBAY0302 between the genes most widely apart are much greater in
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the fish than in the primate comparisons (Fig. 6). We
interpret both multimodality and large distances as an

Fig. 8 Amino acid sequences 11 21 31 41 51 61
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Fig. 9 Phylogenetic tree k_)asgd oy T4 Dare-DAA*0101
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tances between sequences in 66|l pare-paac0104
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indication that the fish genes studied here are more digain supports the sister grouping Dare and Daal as

verged from each other than the corresponding ape and ®ldjgested by Meyer and co-workers (1993, 1995).

World monkey genes. A large divergence time will result in

species-specific lineages and multimodality in pairwise

comparisons. This does not automatically imply that th@lass Il A polymorphism

three fish species themselves are very old; on the contrary,

the shallow topology of each clade suggests a relativelising the primer pair A20290 and A20291, we were able to

recent origin. The three species may have diverged fronamplify a 202 bp exon 2 fragment and obtain 13 unique

common ancestor a long time ago (but after the divergersequences from 12 specimens DBf malabaricus and

of the main allelic lineages) and there may have subssother 12 specimens &@. albolineatus The nucleotide

qguently been several divergences in each species lineage] the translated amino acid sequences of the amplifica-

but the latest occurred relatively recently. The commaion products are given in Figures 7 and 8, respectively,

ancestor of the three species contained alleles ancestraiotpether with previously published and unpublishBd

the main extant lineages and during the long separatimtio sequences. A phylogenetic tree of these and relevant

time the lineages diverged from one another consideraldyher sequences appears in Figure 9. The assignment of

But each species had a much shorter time for its lineagestiese sequences to loci remains ambiguous. The majority of

diversify because of its relatively recent origin. the sequences appear to belong to @A locus; no
There is no good estimate of the evolutionary rate of tiequences belonging to timre-DCAand Dare-DEA loci

fish Mhc. The rate estimated for primate clasPRBgenes have been found. Two sequences lie betweerDid and

at synonymous sites is 12 10-° per site per year (Satta etthe DAA/DBA clades and are therefore designateaial-

al. 1993) but this is probably too slow to apply to fish, sincBXA*0101 and Dama-DXA*0101 (“X” for “locus un-

primates have a slow molecular clock for nuclear genes akabwn”). Four sequences appear to be related totBA

the DRB genes are among the slowest evolving sequendesus, but it could not be decided with certainty whether

at synonymous sites. We consider the average mammalipay are an allelic lineage at this locus or alleles at another,

synonymous rate (4.% 10-° per site per year; Li et al. closely-related locus. Another possibility is that all the

1985) to be more appropriate. For exon sequencesseguences, in fact, belong to a single locus. Linkage data

minimum value of 0.12 synonymous substitutions per sifer the putativeDBA locus are not available and the locus

is observed betweebaal- and Dare-DAB1 alleles. This assignments were made on the basis of genetic distance and

suggests that the most recently shared ancestor of these differences in the 3untranslated regions {(8mann et al.

species lived some 13 million years ago. The minimud@93, 1994 a, b). If we take the most conservative stand and

synonymous distances betweeamaandDare or Daal are consider only the sequences that belong clearly to either the

greater by a factor of 2 than tH#2aal-Dare distances. This DAA locus group or to thédBA group, we find unambig-
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uous evidence of trans-species polymorphism. T#A Brown, J. H., Jardetzky, T. S., Gorga, J. C., Stern, L. J., Urban, R. G.,

IOCUS Sequences fa” Into three IlneageS, here deS|gnate(§tr0m|nger, J. L, and W|Iey, D. C. Three-dimensional structure of

. . . . e the human class Il histocompatibility antigen HLA-DRature
DAA*01 through*03. Trans-species polymorphism is in-  357. 33 39 “1993

dicated by the intermingling of the lineages from the threen w., Kasahara, M., Gutknecht, J., Klein, D., Mayer, W. E., Jonker,
species (i.e., the lack of segregation into three clustersM., and Klein, J. Shared class Mhc polymorphisms between
according to the species) and the presence of sequence?grnggn':ag?] (jcmll’gﬁ]agzeodgum (')ngnoéﬁg%%;;ﬁlé1389David
from dlﬁe.rem Species in the same allelic lineage. Thus tﬁ@ (ed.):’H-Z Antigené, Gengs, Molecuples%/, Fugction. Series A: Life
DAA*02 lineage contains sequences frém malabaricus, Sciences 144pp. 6176, Plenum Publishing Corporation, 1987
D. albolineatusandD. rerio. TheDBA*03lineage contains Figueroa, F., Guther, E., and Klein, J. MHC polymorphism pre-dating
sequences from both. malabaricusand D. albolineatus speciation Nature 335:265-267, 1988

; ; in i ; inholt, U., Olsaker, |., De Vries Linstroem, C., and Lie, @. A study
The interspecies genetic distances of the alleles in eacth'SHECT)‘f variability in the MHC class IIp1 and the MHC class b2

these two lineages are very small. In general, the branchyomain exons of Atlantic salmorS&imo salay. Anim Genet 25:
lengths of the class IIA sequences are shorter and the 147-153, 1994

segregation into lineages less distinct than those of t@glensten, U., Sundvall, M., Ezcurra, 1., and Erlich, H. A. Genetic
class Il B sequences (compare Figures 5 and 9). This gg’ggia’ﬁ%cfg&” DRB loci of primate Mhcl Immunol 146:
Obser\./atlon may be an mdlca?“.on of a mf’re Cor_]servat%?/llensten, u. B and Erlich, H. A. Ancient roots for polymorphism at
evolution of the class IlA loci in comparison with the ~the HLA-DQu locus in primatesProc Natl Acad Sci USA 86:
class II B loci. Such a tendency has also been noted for 9986-9990, 1989

mammalian class Il loci, its extreme example being prd)-lamilton-Buchanan, FAn Account of the Fishes Found in the River

. s . . Ganges and its Branchegrchibald Constable, Edinburgh 1822
vided by theDR gene family in which theDRB loci are Hardee, J. J., Godwin, U., Benedetto, R., and McConnell, T. J. Major

highly polymorphic, while theDRA locus is virtually histocompatibility complex class W gene polymorphism in the

monomorphic (reviewed in Klein 1986). Either th®AA, striped bassimmunogenetics 41229238, 1995 _
the DBA or both (assuming they represent one locus) appé#ggins, D. G., Bleasby, A. J., and Fuchs, R. CLUSTAL V: improved
to be the main functional class A loci of the Danio fish software for multiple sequences alignme@@abios 8:189-191,

. 992
group (transcripts have thus far been found only for thegggnes A. L. and Nei, M. Pattern of nucleotide substitution at major
genes; Slimann et al. 1993, 1994 a, b). It may, therefore, be histocompatibility complex class | loci reveals overdominant
presumed that one or both of their products associate withselection.Nature 355:167-170, 1988

those of theDAB locus to form functionala:p hetero- Hughes, A. L. and Nei, M. Nucleotide substitution at major histocom-
. S ’ patibility complex class 1l loci: evidence for overdominant

dimers. Both theDAA andDBA loci, like DAB, are under e ion proc Natl Acad Sci USA 8658962, 1989

positive selection as indicated by the relqtlvg prevalence@dnter, M., Otting, N., Anholts, J., Jonker, M., Schipper, R., and

nonsynonymous over synonymous substitutions at the PBRBontrop, R. EMhc-DRBdiversity of the chimpanzeémmunoge-

sites, and the polymorphism is concentrated in the putative netics 37:1-11, 1992 o _

PBR (data not shown) Kimura, M. A simple method for estimating evolutionary rates of base

. 7 . . substitutions through comparative studies of nucleotide sequences.
In conclusion, we find strong evidence for trans-species j ol Evol 16:111-120, 1980
evolution of class Il gene polymorphism at both thendB  Kiein, D., Ono, H., O'hUigin, C., Vincek, V., Goldschmidt, T., and
loci in cyprinid fishes. The polymorphism is restricted to Klein, J. Extensive MHC variability in cichlid fishes of Lake

: [P ; Malawi. Nature 364:330-334, 1993
appa_rently funCtlonal. IOC_I, It Is focused_ on the P.BR SlteI?Iein, J. Generation of diversity at MHC loci: implications for T-cell
and is apparently maintained by balancing selection. Thesereceptor repertoiresin M. Fougereau and J. Dausset (eds.):

observations suggest that tidhc carries out the same  |mmunology 80pp. 239-253, Academic Press, London, 1980
function in bony fishes as it does in mammals and that thigin, J. Natural History of the Major Histocompatibility Complex,

function relies on the complexing of peptides with the Mhg_John Wiley, New York, 1986 .
Klein, J. Origin of major histocompatibility complex polymorphism:

molecules. the trans-species hypothesitum Immunol 19155-162, 1987
Klein, J. and Figueroa, F. Evolution of the major histocompatibility
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