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Abstract. We carried out an analysis of partial se- intracellular pathogens to cytotoxic T lymphocytes and
quences from expressed major histocompatibility com-thus elicit an immune response. The MHC class | region
plex (MHC) class | genes isolated from a range of equidvaries in size and complexity between mammalian spe-
species and more distantly related members of the manties, most probably due to frequent expansions and con-
malian order Perissodactyla. Phylogenetic analysis retractions of that area of the genome (Delarbre et al. 1992;
vealed a minimum of six groups, five of which contained Vincek et al. 1987). In all examples studied to date
genes and alleles that are found in equid species and orfenostly primate and rodent), between one and three
group specific to the rhinoceros. Four of the groups congenes are expressed and have antigen presenting func-
tained only one, or very few sequences, indicating theion—the classical class I, or class la, genes. All other
presence of relatively nonpolymorphic loci, while an- genes in the region either are not expressed or have un-
other group contained the majority of the equid se-known or unrelated functions—the nonclassical class I,
quences identified. These data suggest that a diversificar class Ib, genes and pseudogenes (Trowsdale 1995).
tion of MHC genes took place after the split between the Classical MHC class | genes have common charac-
Equidae and the Rhinocerotidae yet before the speciatioteristics relating to their function including high levels of

events within the genugEquus. polymorphism and expression, the ability to present pep-
tides, and a conserved overall structure (Kaufman et al.
Key words: Major histocompatibility complex — 1994; Parham et al. 1995). The MHC is under evolution-
Perissodactyls — Rhinoceros — Phylogeny — Polymor-ary pressure to respond to pathogens which may them-
phism selves undergo relatively rapid changes due to immune

selection pressure (Hedrick 1994; Hughes and Nei 1988).
The genetic diversity which feeds this coevolutionary
process is generated by both point mutation and also
recombination, a process which may affect a few nucleo-
tides to whole exons (Bontrop et al. 1995; Parham 1992;
(farham and Ohta 1996). In humans there is little evi-
dence of interlocus exchange, whereas in mice this hap-
pens frequently and may account for the lack of locus-
specific characteristics in this case (Rada et al. 1990).
Recombination among classical and nonclassical class |
genes, as well as with pseudogenes, can also occur
Correspondence tddr. S.A. Ellis; e-mail: Shirley.Ellis@bbsrc.ac.uk  (Kaufman 1996).

Introduction

Major histocompatibility complex (MHC) class | mol-
ecules are highly polymorphic glycoproteins expresse
in all nucleated cells in most vertebrates. Their main
function is to present antigenic peptides derived from
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Alpha 1 Alpha 2 Alpha 3 TM  Cytoplasmic
Exon 1 2 3 4 5 6-8 3'UTR
peptide binding region
—> > <> -<

Approximate 15 6 22 4 5
primer position RHI6 RHI22
DNA amplified: 644 bp < >
Data set: 482 bp < >

Oligonucleotide primers

5 3'
15: TCCTGGACCGCTGCGGAC
5: GTGAACAAATCTCGCATC
6: CCTGCAGGGGACGGGACC
22: GTGCTGCACATGGCACGTG
RHI6: AGCTTGTGGAGACCAGG
RHI22: GTATCTCTGCTCCTCTC
4: CGTGCCGTGTGCAGCACG

Fig. 1. MHC Class | cDNA (coding region, approximately 1080 bp) showing the position of oligonucleotide primers used for PCR amplification
and sequencing and the primer sequences used.

Nonclassical class | genes have a similar structure t@ected to produce genealogies with much more recent
classical genes although they are often truncated at'the 8oalescent times (Hudson 1990), as can recent gene du-
end, by either alternative splicing or the presence of earlylication events (Cadavid et al. 1997).
termination codons, which results in a short or missing A previous study suggested that horses contain an
cytoplasmic region (Fig. 1). Although most of these unusually large number of apparently classical class |
genes have not been assigned a function, some (such ki (Ellis et al. 1995). Phylogenetic analysis revealed
HLA-G, Qa-2 have been shown to be capable of pre-that the majority of these sequences diverged within a
senting peptides (Shawar et al. 1994). Nonclassical clas®latively short time period from one another, such that
| genes also exhibit much lower levels of polymorphismthe division between different loci and alleles was not
and often have a very restricted tissue distribution comdetectable. To elucidate further the relationship among
pared to their classical counterparts (Stroynowski 1990)these genes and to place their evolution within a time
It is possible that some of these less polymorphic geneframe, we have identified homologues of the horse MHC
may encode MHC molecules with binding motifs for sequences in other members of the mammalian order
particular conserved antigens (Bouwer et al. 1994), sd?erissodactyla, including those from the distantly related
that they are not under selection pressure to increasBhinocerotidae family. In the case of genes subject to
genetic diversity (Cheroutre et al. 1995). such complex evolutionary processes as those in the

It is clearly important to understand the evolutionary MHC, examining the differing distributions of gene loci
processes which have shaped MHC genetic diversitamong species is perhaps the most profitable way to
when considering the immune response of a species tor@construct the time scale of evolutionary change.
range of pathogens. A fruitful way this can be achieved
is to study the phylogenetic relationships among MHC
genes (and alleles) within and among different species .
MHC alleles subject to some form of balancing selectionMate“als and Methods
survive for much longer periods of time than those which _ . . .

. . . . Animals.Peripheral blood was obtained from the following perissodac-
ar_e fixed by genetlcld”ft alone, ?‘nd may even be mam't | species: Przewalski's hors€&quus ferus przewalskji donkey
tained across species boundaries (Cooper et al. 1998 quus asinys Persian onageEQuus hemionus onadeiGrevy’s ze-
Figueroa et al. 1988; Takahata and Nei 1990). In conbra Equus grevyi Indian rhinocerosRhinocerus unicornys Suma-
trast, positive selection for amino acid change is ex-tran rhinocerosRicerorhinus sumatrensjsand Malayan tapirTapi-
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Table 1. Details of animals and sequences used in the study

Species/breed Name/No. Sequence (GenBank accession No.)
Thoroughbred horse Bear 8 anti(M95409), 1-29 (M9 5410)
Welsh pony TFY ARC(X71809), BP (X79890), BZ (X79891), B3 (X80018), B4 (X79892), C°(X79893), E£°(X79894)
Przewalski’s horse L2052 PH{AJ133666)
L1706 PH3 (AJ133667)
Donkey BD BDZF (AJ133663), BD2 (AJ133664), BDB (AJ133665)
WL D1P (AJ133668)
Onager L218 ON2(AJ133669), ONB(AJ133671), ONE(AJ133672)
Grevy’s zebra L1671 GZ1(AJ133673), GZB(AJ133674), GZB(AJ133675), GZB(AJ133676)
L242 GZ& (AJ133677), GZ'7(AJ133678)
Sumatran rhino SR SR1AJ133679), SR2(AJ133680)
Indian rhino Bardia IR7(AJ133681), IR2 (AJ133682), IRB (AJ133683), IR4 (AJ133684), IRB (AJ133670)
Malayan tapir TAP! (AJ133720)
Human HLA-A1 (U07161), HLA-A2 (M24042), HLA-B7 (U04245), HLA-B38 (L22028), HLA-Cw2 (M24030)
Cow BL3-7¢(M21043), BL3-6 (M21044), KN104 (M69204), A1G (M69206)
Sheep SHPMHCE (M34676)

2 Full-length sequence derived by cDNA cloning.
P Partial sequence obtained by PCR amplification.
¢ldentical sequence found in several individuals.

rus indicug.* Peripheral blood mononuclear cells were isolated and  Data CompositionBecause genetic diversity in the MHC is known
stored as pellets at —=70°C until required. to be maintained by natural selection (Hughes and Nei 1988; Takahata
Polymerase Chain Reaction (PCR) and SequencMgssenger et al. 1992), we decided to avoid thel and 2 domains of the class |
RNA (mRNA) was isolated from fresh or frozen lymphocyte pellets genes, as this contains the peptide binding region where selection pres-
using a Dynal mRNA Direct kit (Dynal, Oslo, Norway), and first-strand sure is strongest (Fig. 1). The relatively conserved@tion ( 3 to the
cDNA was produced with a BRL cDNA synthesis system (BRL, Gaith- 3’ UTR, exons 4 to 8) was therefore chosen as the most appropriate
ersberg, MD, USA). Oligonucleotide primers were designed based oftegion to study the long-term evolution of the perissodactyl MHC. This
known horse MHC class | sequences (Ellis et al. 1995; Barbis et alregion has previously been shown to be a good phylogenetic marker in
1994), with the aim of amplifying the'3nalf (644 bp) of all class I studies of MHC loci from New World primates (Cadavid et al. 1997).
sequences present. Figure 1 shows the position and details of the prim- A total of 41 MHC class | sequences of aligned length 488 bp was
ers (5 and 15). PCR amplification was performed using a Programyseq in the initial phylogenetic analysis. Of these, 31 came from peris-
mable Thermal Controller (MJ Research, Boston, MA, USA) and wasggqactyls (horse, Przewalski's horse, donkey, onager, zebra and two
carried out in 10Qul reactions with 5 M MgCl, a 0.5 mM concen-  ghecies of rhinoceros), 5 were from artiodactyls (cow and sheep), and
tration of each dNTP, a mmol concentration of each primer, and 2.5 5 t.om humans. Twenty-two of the perissodactyl sequences were ob-
U of Taq DNA polymerase in 1x buffer (Promega, Southampton, UK). yaineq by PCR as described, and nine by cDNA cloning (sequences
An annealing temperature of 50°C was used, followed by 30 cycles, o o5ty published by Barbis et al. 1994; Eliis et al. 1995). The

ulr\dgr the _f%HOV\I"ng condltlgns: 940(,: @ m';‘;’ogofoc (1]6m|_n), 2nd |7f2°§ artiodactyl and human sequences were extracted from the GenBank
(1 min), with a last extension reaction at or 19 min. Amplled yoahase. A full list of the sequences used is given in Table 1 and

0 i ; ; :
DNA was eluted from 1.5% low-melting point agarose, kinased, andalignments are available from the authors on request. To obtain a more

blunt end ligated intdSmd.-digested, phosphatased M13mp18. Com- . . . . . i .
. . : . . precise estimate of the evolutionary relationships within the perisso-
plete sequencing of multiple clones was carried out using the chaer

termination method (Sanger et al. 1977) with a Sequenase 2.0 kit (U.SdaCtyI MHC, phylogenetic trees were also constructed on the 31 se-

Biochemicals, Cleveland, OH, USA). Sequence was obtained using thguﬁnces (allggec: Iepgth,dzllsz ?ﬁ)zf(r)zng these species in |ts)to|_at|c;n% Fi-
M13 primer, followed by internal primers 6 and 22 (depending on nally, a very short (aligned length, P) sequence was obtained from

orientation of the insert), or rhino-specific RHI 6 and RHI 22 (Fig. 1). a;]Maliyan t_aplraTmslwas included ina thlrcé phyl;)gen;tlc ag\}?lyas with
These primers and conditions were also used to amplify DNA fromt e 31 perissodactyl sequences (trimmed to 206 bp). sequence

horses carrying previously sequenced class | genes, to ensure that gRllgnments were constructed by eye.

incidence of PCR-related artifacts was kept to a minimum. Tapir cDNA  Seduence AnalysisIHC evolution is characterized by recombina-
did not amplify with primers 5 and 15 and, in this case, a smaller regiont'on between allelic and nonallelic sequences (Rada et al. 1990; Parham
(206 bp) was amplified using primers 4 and 5. and Ohta 1996), so that it is incorrect to assume that genes always

All sequences generated in this study have been submitted to Gervolve in a strict tree-like manner. Consequently, an extensive search

Bank and assigned accession numbers AJ133663 to AJ133684 arf@r possible recombinant events was undertaken prior to phylogenetic
AJ133720. analysis. This was achieved first by reconstructing the evolutionary

relationships between sequences using split decomposition (Bandelt
and Dress 1992; Dopazo et al. 1992), a method which determines
whether sequences are linked by multiple pathways (networks), as
Blood samples were taken from animals for medical diagnostic pur-expected if recombination has taken place [program SplitsTree, version
poses in all cases, and excess (<10%) was used for experimentatio@.4 (Huson 1998)] and then using a maximum-likelihood approach to
Sources as follows: Donkeys—TBA Equine Fertility Unit, Newmarket, detect regions with different evolutionary histories as might be pro-
Suffolk, UK; Sumatran rhinoceros and tapir—Howletts Zoo, Port duced under recombination. The latter analysis was performed with the
Lympne, Kent, UK; and Onager, Grevy'’s zebra, Indian rhinoceros, andPLATO program, version 2.0 (Grassly and Holmes 1997).

Przewalski's horse—Whipsnade Wild Animal Park, Dunstable, Bed-  Phylogenetic trees between sequences were reconstructed using the
fordshire, UK. maximum-likelihood method implemented in the 4.64d test version of
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PAUP* kindly provided by David L. Swofford. The HKY85 model of  distinct, possibility reflecting the divergent position of
DNA substitution was used with the transition:transversion ratio (Ts/{ha family Tapiridae (tree not shown, available from the

Tv) and shape parametex)(of a discrete approximation to a gamma authors on request). However, given the very short
distribution (with eight categories) of rate variation among sites esti- u qu ’ Wever, giv very

mated from the empirical data during tree reconstruction. The values of€Ngth of the tapir sequence it is difficult to assign its
these parameters were 1.911 (Ts/Tv) and 0.635q the 41-sequence  phylogenetic position with any certainty.

set, 2.024 (Ts/Tv) and 0.454 for the 31-sequence set, and 1.683  The remaining four group A sequences all have a high
(Ts/Tv) and 0.838¢) for the analysis of the 31 sequences plus the shortlevel of sequence similarity to Al—from 93.4 to

tapir sequence. To assess the robustness of the groupings obtained, a o L .
bootstrap analysis (1000 replications) was performed using the neigh97-7 %o—but none have the early termination codon, in-

bor-joining method (with the same DNA substitution model as used indicating that this mutation was acquired only recently in

the maximum-likelihood analysis), again using the PAUP* package. Al. All three zebra sequences also have a three nucleo-
tide deletion in exon 5, resulting in a predicted TM
length of 39 amino acids, and sequences GZ4 and GZ5

Results were found in the same individual so that they may rep-
resent alleles of a single gene.

. . . ~ The largest group, designated B, contains 15 se-
Using both split decomposition (Bandelt and Dress 19920065 from all 5 equid species available for analysis

Dopazo et al. 1992; Huson 1998) and a Iikelihood-basequg. 3). Aside from phylogenetic placing, all group B

?“d'r:jg wmd%w anally5|s (Grats)gly :.:md.HorI]mes ,1997d)' we equences have a TM length of 35 amino acids. The
'\3:'2: no evidence for recto:jn hmauog Tt etperr:sso aCty%quences in this group appear to be encoded by at least
bl fseqtjtﬁncesﬂp])resen € eret( za no ts ol\évr:j, avag o genes since there are two sets of three sequences
avle from the authors on reques )- Any networ €0 EVO,htained from single animals (TFY and L218; see Table
lution observed was caused by scattered nucleotide sub-
I : : ), and sequences 1-29 and 8-9 were cloned from a
stitutions, and all anomalously evolving regions (ashomoz ous animal
detected by PLATO) were small in length, probably re- Y9 ! :
: o . . . In contrast, the C and E groups each contain only a
flecting rate variation among sites. An analysis of nine . le h C1 and E1 fivel hich
full-length class | horse MHC sequences previously de>N9'e NOISE Sequence, an » respectively, whic

termined by us (Ellis et al. 1995) likewise provided no have no clear phylogenetic relationship to any of the
evidence of recombination other perissodactyl sequences (as identified by the low

Given that the sequences appeared to be evolving in gootstrap values and '0”9 bra_n_ch Igngths). These genes
tree-like manner, we were then able to reconstruct theif @€ subsequently been identified in a number of unre-
phylogenetic relationships. Six groups of perissodactyfated horses and appear to be nonpolymorphic (S.A. El-
MHC sequences, designated A to F, can be tentativell S, unpubllshgd results). C1 has a predicted TM Iength o.f
identified in both the 41 and the 31 sequence data set3® @mino acids as well as a truncated cytoplasmic tail
(Figs. 2 and 3, respectively). These groups are defined fue to glternatlve splicing and hgnce Ia_cks exon 7. E1 has
those which have strong bootstrap support (>70%) and Predicted TM length of 38 amino acids. The D group
are separated by long branches. Five of these groups (BONtains just two sequences (from horse and Grevy's
to E) were previously found in horses (Ellis et al. 1995)z€bra), but unlike C and E, these genes have not been
and here we put their evolutionary history within an ap-identified in other individuals.
proximate time frame by examining their presence (or The final group, designated F, represents those se-
absence) in other perissodactyl species. guences isolated from rhinos and has six or seven mem-

Group A contains five sequences from three equidoers, depending on the precise placement of sequence
species (Fig. 3). One of these sequences, Al from horse§R1 from a Sumatran rhinoceros. Although SR1 clusters
appears to represent a nonpolymorphic gene since thaith the other rhino sequences in the majority (59%) of
full-length sequence has been found in a number of unthe bootstrap replicates and has the same TM length, in
related individuals from different breeds which carry dif- does not fall in group F in either maximum-likelihood
ferent serologically defined MHC class | haplotypestree (Figs. 2 and 3). However, a (41 taxa) phylogeny in
(data not shown). This gene also has a number of unusuathich SR1 is placed as a member of group F is not
features, including an early termination codon, resultingsignificantly different from the maximum-likelihood tree
in a truncated cytoplasmic region of eight amino acids,under the Kishino—Hasegawa test [difference in log like-
and a number of amino acid substitutions at positiondihood = 1.658,p = 0.899 (Kishino and Hasegawa
generally conserved in classical class | genes (Ellis et al1989)] so that the position of this sequence is unclear.
1995). The predicted transmembrane (TM) length of theOther, well supported, clusters of sequences are found
Al gene is 40 amino acids. Interestingly, the only tapirwithin group F and sequences IR1 to IR5 were all found
class | sequence which amplified successfully (TAP1)in a single animal, suggesting that there are at least three
also has a TM length of 40 amino acids, although a closdoci present which encode transcribed class | products.
relationship with group A was not confirmed in the phy-  While the six groups of class | sequences are clear-
logenetic analysis, where the tapir sequence appeareziit, the relationships among them are less certain, with
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Fig. 2. Maximume-likelihood tree for 41 MHC sequences of artiodactyls, perissodactyls, and primates (humans). Numbers of supporting bootstrap
replications (>70%), constructed using a neighbor-joining analysis with the maximum-likelihood substitution model, are shown next to the
appropriate branches. All branch lengths drawn to scale.

all intergroup branch lengths short and only low levels oflationships at this level. However, a lack of resolution
bootstrap support. Such a topology implies that theseems unlikely given that a monophyletic origin of all
groups diverged within a relatively short time period and,perissodactyl MHC genes likewise received poor support
because this occurs near the base of the tree, that this a previous analysis of full-length class | genes (Ellis et
happened relatively early on in the evolutionary historyal. 1995).

of the perissodactyls. Interestingly, the monophyly of the

perissodactyl sequences as a whole also does not receive

particularly strong bootstrap support, meaning that thes®iscussion

MHC genes either diverged shortly after the origin of the

order, were polymorphic at the speciation event, or con-The MHC sequence data presented here show that the
tain insufficient information to resolve phylogenetic re- class | sequences from the Perissodactyla can be divided
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(horse)

E 1

B3

D

(horse, Grevy's Zebra)

GZ3

(thino)
BD3

IR3

IR1 (horse, donkey,

Grevy's zebra)

PH3
ON4
GZ1
B1
BD2

D1

BD1

B

(horse, Przewalski's horse, donkey,
onager, Grevy's zebra)

Fig. 3. Maximum-likelihood tree for the 31 MHC sequences from the perissodactyls. Numbers of supporting bootstrap replications (>70%),
constructed using a neighbor-joining analysis with the maximum-likelihood substitution model, are shown next to the appropriate branches. All
branch lengths drawn to scale.

into a number of distinct phylogenetic groups, some ofdomain length, and these generally correspond to the
which contain sequences found in a variety of equidgroupings reported here. Group A sequences have 40 or
species, but with one group specific to the rhinoceros39 amino acid TM domains, group B sequences have 35
Since all genes included in the study were detectable imesidue TM domains, as does group D, while groups C
cDNA, it may be that most, if not all, are expressed andand E (with only one sequence each) have TM domain
hence functional. lengths of 36 and 38 amino acids, respectively, and
A previous study on a small number of horse class Igroup F sequences all have 38-amino acid-long TM do-
sequences (Ellis et al. 1995) tentatively assigned them tmains. However, because some of the groups have
at least four loci on the basis of transmembrane (TM)equivalent TM lengths (groups B and D), and there is
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some intragroup variation (group A) it is clear that this been detected in other equid species, but in each case
trait is not necessarily a good phylogenetic marker. Smalthere were problems in obtaining sufficient sequence so
variations in MHC class | gene TM length have beenthat they could not be included in the analysis presented
observed in other species, and it has been suggested thare. C1 is also divergent throughout its coding region,
this area represents a hotspot for recombination and so i8ith many amino acid substitutions appearing to be
particularly susceptible to tandem duplications and deleunique to this sequence. This implies that it has a long
tions (Crew et al. 1991), although we found no evidencehistory of independent evolution, as also appears to be
of these processes here. the case for E1. The small amount of data available fur-
The most ubiquitous genes in equids are those belongher suggest that C1 and E1 may be nonpolymorphic or
ing to group B, with all individual animals studied con- exhibit only limited polymorphism.
taining two or more sequences from this group. Detailed The Al gene of horses (group A) also appears to be
analysis of both homozygous and heterozygous individunonpolymorphic and this feature, along with a truncated
als reveals that the products of at least two loci are repeytoplasmic tail, suggests that it may be a nonclassical
resented by this group (see Results), and it seems likelgene. However, because Al is transcribed at unusually
that these genes encode the functional, antigen presertiigh levels in lymphocytes (Ellis et al. 1995), and syn-
ing class | molecules. This is also supported by the obthesis of protein has been demonstrated (although no
servation that alloreactive T cells recognize the productslata are available regarding surface expression levels), it
of the 8-9 and 1-29 genes (D.F. Antczak, personal comappears to be a gene of functional importance. Indeed,
munication), and that a peptide binding motif has beerboth A1 and C1 cDNAs have been transfected and
identified for the gene B2 (data not shown), and becausshown to encode stable surface expressed molecules
of the high levels of amino acid polymorphism seen inwhich bind peptide (data not shown). Furthermore, al-
the peptide binding region of this group, indicative of though A1 and C1 are nonpolymorphic both these genes,
immune-driven selection pressure (Ellis et al. 1995). along with E1, B3 (from group D), and five group B
Despite their presumed functional importance, there isequences (B2, B3, B4, 8 and 9, 1-29) were previously
little phylogenetic structure within the group B se- shown to have higher rates of nonsynonymous than syn-
quences so that different loci and alleles at these loconymous substitution in the peptide binding region, in-
cannot be easily distinguished. There are a number aflicating that they may all function to present peptide to
possible explanations for this. It may be that a singleT cells (Ellis et al. 1995). Finally, while both A1 and C1
functional gene has only recently duplicated, a procestiave the threonine-to-serine amino acid replacement at
which has been used to explain the low levels of seposition 143 in thex 2 domain, thought to be a marker of
quence variation observed in Callitrichid monkeys (Ca-nonclassical class | genes, this change is also present in
david et al. 1997). Because group B sequences are fourainumber of classical class | sequences from cattle (Ellis
in all the five equid species studied here, such duplicaet al. 1996) and so may not be diagnostic of gene func-
tion events must have occurred prior to the origin of thetion or origin in all species. The status of A1 and C1 are
extant members of this family={genus) beginning 2—4 therefore ambiguous, apparently being both nonpolymor-
million years ago (MYA) (Ishida et al. 1995; Oakenfull phic yet with classical class | features and, so, do not
and Clegg 1998). This may also apply, although to aappear to fulfill the standard criteria for either class la or
lesser extent, to groups A and D, which likewise containclass Ib genes (Hughes et al. 1999).
sequences from a variety of equid species, and always Perhaps most interesting of all are the group F se-
horse and zebra, and which therefore must have divergeguences from the rhinoceros which show no clear rela-
before this speciation event. tionship to any of the equid sequences. Since five of this
Another possibility is that two (or more) much older group were obtained from a single animal, at least three
genes are involved, whose alleles have become homodeci must be represented, although more extensive analy-
enized over time by recombination events. Howeversis of individual rhinos is necessary to confirm the num-
both split decomposition and a maximum-likelihood ber of genes present and/or transcribed. Moreover, the
analysis failed to detect any evidence for recombinatiorfinding that the rhino sequences, with the possible ex-
either in the partial MHC class | sequences presentedeption of SR1, form a single phylogenetic group sug-
here or in the full-length sequences determined previgests that the divergence of these genes coincides with
ously. Whatever the explanation, it is clear that thethe separation of the Equidae and the Rhinocerotidae at
Equidae contain a number of distinct groups of MHC approximately 50 MYA (Prothero and Schoch 1989), but
sequences which must have existed for at least severakfore the separation of the Indian and Sumatran rhinoc-
million years. eros species. Although such an inference is supported by
In contrast to the diversity seen in group B, groups Cthe early divergence of the F group in the tree presented
and E each contain only one sequence, and only twdin Fig. 2, the precise position of the F group is uncertain
sequences are found in group D. C1 is distinctive inso that it is formally possible that genes found in extant
lacking exon 7 and similarly truncated sequences havequids were also present in the rhinoceros (and vice
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versa) but were later deleted or replaced in gene convePopazo J, Dress A, von Haeseler A (1993) Split decomposition: A

sion events. This is clearly an area for future investiga- technique to analyse viral evolution. Proc Natl Acad Sci USA 90:
tion 10320-10324

To conclude. our study reveals that the period follow- Ellis SA, Martin AJ, Holmes EC, Morrison WI (1995) At least four
. . ' . . . MHC class | genes are transcribed in the horse. Eur J Immunogenet
ing the d|vergence.of' the EqwdaeT qnd Rhinocerotidae, 99240260
but before the speciation events within the geBqgsius,

. ) e . - Ellis SA, Staines KA, Morrison WI (1996) cDNA sequence of cattle
saw a genetic diversification within the MHC, such that MHC class | genes transcribed in serologically defined haplotypes

a number of distinct groups of genes and alleles (which  a1g and A31. Immunogenetics 43:156-159
e_lre transcnbed/eXpressed) were prOduced' Since th“—ﬁgueroa F, Gather E, Klein J (1988) MHC polymorphism pre-dating
time some of these groups, most notably C, D, and E, ~speciation. Nature 355:265-267

have acquired little allelic variation, suggesting that theYgassly NC, Holmes EC (1997) A likelihood method for the detection
may represent nonclassical loci and/or have a specific of selection and recombination using nucleotide sequences. Mol
function, whereas others, especially B, have accumulated Biol Evol 14:239-247

a great deal of intragroup diversity, which presumablyHedrick PW (1994) Evolutionary genetics of the major histcompatibil-
has a functional significance. Overall such a complex ity complex. Am Nat 143:945-964

evolutionary history has left the equids rich in MHC Hudson RR (1990) Gene genealogies and the coalescent process. In:
class | genetic diversity. Futuyma D, Antonovics J (edspxford surveys in evolutionary
biology, Vol 7. Oxford University Press, New York, pp 1-44
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