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Abstract. Gene products encoded by the major histocom-
patibility complex often exhibit a high degree of polymor-
phism. In humans the HLA-DR polymorphism is due to
more than 50 alleles with varying exon 2 sequences. Each
group of DRB alleles contains a certain form of the basic
simple repeat motif (gt),(ga), in intron 2. Identical
alleles can be differentiated on the basis of the hyper-
variable repeat. In this study focused on cattle (Bos taurus)
we identified different Bota-DRB alleles in a limited
survey by amplification via polymerase chain reaction and
sequencing. In addition DRB exon 2 sequences were also
obtained from eight additional hoofed animal species
(seven horned artiodactyls and one pig) revealing ar-
tiodactyl-specific polymorphic and nonpolymorphic sub-
stitutions. In the genus Bos the intronic simple repeat
variability was compared with exonic DRB polymor-
phism. As in humans all Bota-DRB exons were always
associated with specifically organized basic simple repeat
structures. Yet the extent of simple repeat variability was
lower in cattle compared to humans. Selective breeding
in the process of domestication might be responsible for
the diminished intronic hypervariability. Nevertheless,
the hypermutable simple repeat sequences have been
preserved in the same position and with the same principal
structure for at least 70 X 10° years of evolution. Unex-
pectedly, the rate of intronic simple repeat and exonic
changes appear quite similar.

Introduction

The major histocompatibility complex (MHC) of
vertebrates encodes molecules which play a crucial role
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in antigen presentation to T lymphocytes (Zinkernagel and
Doherty 1979). MHC class I and class II molecules are
transmembrane glycoproteins expressed on the cell sur-
face (Klein 1986). Class II genes are among the most
polymorphic genes in humans (Bodmer et al. 1990). The
reasons for this high degree of polymorphism are not fully
understood, but may relate to differences in the ability of
the different molecules to bind different peptides
(Schwartz 1986). The explanation for this excessive
polymorphism remains of paramount importance for the
understanding of the interacting structures in the
trimolecular complex of MHC molecule, antigen, and T-
cell receptor (Tcr). Almost all of the variable residues in
the heterodimeric class II DR molecules are concentrated
in the 8 chain (Marsh and Bodmer 1990). These residues
have been proposed to be in close contact with either the
peptide or the Tcr (Peccoud et al. 1990). Recently the
three-dimensional structures of two MHC class I
molecules have been resolved (Bjorkman et al. 1987; Gar-
rett et al. 1989) and a model of the class II counterpart
has been proposed (Brown et al. 1988). In this model the
majority of the variable amino acids reside in a groove,
which has been proposed to represent the binding site for
peptides.

So far only the human and mouse MHC has been
studied in sufficient detail with respect to the extent of
polymorphism of the different loci (Marsh and Bodmer
1990; She et al. 1991). Recently, however, a number of
bovine MHC (Bota complex, Bota-DRB3*) sequences
have been described (Andersson et al. 1991).

We investigated DRB exon 2 sequences in a number
of artiodactyl species. In both, humans and cattle, intron
2 of the DRB genes contains simple repeat sequences with
the principal motif (gt),(ga),, (RieB et al. 1990; Groenen
et al. 1990). Normally such elements evolve rapidly
(Niirnberg et al. 1989; Nanda et al. 1990, Stallings et al.
1991; Epplen et al. 1991a), but the simple repeat in the
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DRB intron 2 seems to have been preserved for at least
70 million years. The origin as well as the functions, if
any, of simple repetitive elements are largely unknown
(Epplen et al. 1991b). In an earlier publication we com-
pared exonic polymorphism in HLA-DRB genes with the
intronic hypervariability of a mixed simple repetitive
(gt),(ga),, element (Rieff et al. 1990). Many additional
simple repeats from humans analyzed in the meantime
substantiate the two main conclusions drawn previously.
First, there is a group-specific organization of the simple
repetitive elements, so that for example, DRw52 exon 2
sequences can readily be identified by the basic structure
of their adjacent repeat. Second, the number of
dinucleotide units varies in the simple repeats associated
with the same exonic sequence from unrelated in-
dividuals. Here, we report on the existence of an
analogous situation in cattle.

Materials and methods

Amplification of bovine DNA by polymerase chain reaction (PCR). DNA
was isolated from peripheral blood leukocytes (PBL) from a panel of
unrelated Simmental cattle (Arriens et al. 1991), Ndama, Zebu, Red
Pied, Holstein Friesian, Galloway, Dahome, and other artiodactyl
species according to Miller and co-workers (1988). All DNAs were
characterized by oligonucleotide fingerprinting (W. Schwaiger, un-
published data). The oligonucleotide primers for PCR were synthesized
on an Applied Biosystems synthesizer 381A (Applied Biosystems,
Foster City, CA). Primer 1 covers part of the exon 2/intron 2 boundary
as determined by Groenen and co-workers (1990); (5'-TCTCTGC-
AGCACATTTCCTGG-3"). Primer 2 (5-CAGTCGTACACACTCGA-
CCCA-3’) attaches in the intron 2 sequence. In addition, we designed
an internal sequencing primer complementary to the bovine 3 exonic
sequence: 5-CTCGCCGCTGCACAGTGAAAC-3’. Primers were
directly used after detritylation. PCR was carried out using Tag
polymerase according to the manufacturer’s instructions (Perkin Elmer
Cetus, Norwalk, CT) usually for 25 cycles at an annealing temperature
of 55 °C. Prior to amplification samples were treated with ultraviolet
(UV) light according to Sarkar and Sommer (1990) to avoid contamina-
tions.

Oligonucleotide hybridizations. The amplification products were
separated by electrophoresis on 2% agarose gels and after drying the
gels hybridized in situ with the **P-labeled internal oligonucleotide 5'-
GTCCTTCTGGCTGTTCCAGTA-3" in 5 X saline-sodium phosphate-
EDTA (SSPE), 5 X Denhardt’s solution, 0.1% sodium dodecyl sulfate
(SDS), 10 ng/ul Escherichia coli DNA at 59 °C for 1-2 h (For the
bovine-related species the hybridization temperature was occasionally
lowered by 5-10 °C in order to allow for 1-2 mismatches). The gels
were washed in 6 X standard sodium citrate (SSC) at room temperature
forabout 3 h, including a 1 min wash at 59 °C in 6 X SSC. Electroblotting
and blot hybridization were carried out according to RieB and co-workers
(1990).

Molecular cloning and sequence analysis. All routine molecular
biological techniques essentially followed the established protocols
(Sambrook et al. 1989). Amplification products in a relative mass range
of 450 base pairs (bp) were isolated using diethylaminoethanol (DEAE)
paper. The PCR products were blunted using T4 DNA polymerase and
phosphorylated using T4 polynucleotide kinase (New England Biolabs,
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Beverly, MA). The fragments were ligated overnight at 16 °C into the
Sma I-digested and dephosphorylated pUC19 vector. Following
transformation, recombinant clones were identified after transfer on Hy-
bond N (Amersham, Amersham, UK) filters by hybridization with the
*2p_Jabeled internal oligonucleotide. Both strands of positive clones
were sequenced using the Sequenase kit (US Biochemicals, Cleveland,
OH) and o*°S-dATP. In order to screen for any differences in the
clones obtained from each individual, all plasmids were Pst I-digested
and “‘A-tracked’’. For computational analyses of evolutionary relation-
ships the maximum parsimony method was used (PHYLIP-3.4; Felsen-
stein 1988). Alteration from an occupied site to a deletion or vice versa
was counted as one change. Since the currently available alignment pro-
grams do not meet the requirements necessitated by the completely dif-
ferent evolutionary mechanisms of simple repeat slippage (vs the con-
ventional insertions/deletions), a novel strategy for the alignment of
intron 2 simple repeats had to be devised. Since simple repeats expand
and contract very frequently, their alignment was achieved by introduc-
ing gaps between the perfect simple repeat stretches without penalties.
Alignments were optimized by sequentially calculating scores according
to the number of the perfectly matching simple repeat nucleotides (F.-W.
Schwaiger and H. Zucker, unpublished data). This evaluation was ac-
complished by using a universal data handling program (‘‘Autesp’’)
developed by H. Zucker (Max-Planck-Institute for Psychiatry,
Martinsried).

Results

Our initial attempts to amplify Bota-DRB exon 2 and the
adjacent introns failed due to erroneous sequence data
(Groenen et al. 1990). After resequencing the original
clones (kindly supplied by M. A. M. Groenen) and cor-
recting the essential intronic primer attachment site for
amplification, we could also amend the sequence of the
simple repetitive element. The correct simple repeat
[(gt)o(ga), (ca(ga),), taga (caga),] showed less similarity
to the corresponding human sequence than reported
previously (Groenen et al. 1990). After having established
the optimal amplification conditions for Bota-DRB se-
quences, the PCR products from the genomes of different
cattle specimen were subcloned. Clones which hybridized
to the internal probe were characterized by sequence
analysis. We obtained amplification products from all
bovine DNA samples tested. In certain cases where many
amplification products were analyzed, up to four different
Bota-DRB sequences from one individual were identified.
So far we can not assign them to the respective DRBI,
—2, or —3 loci. Comparisons of several Bota-DRB se-
quences with the corresponding human exons revealed se-
quence similarities at the nucleotide level of up to 83%.
Amino acid replacements were limited to particular
residues. Comparison of the Bota-DRB exonic sequences
with a human consensus sequence (Fig. 1) revealed two
bovine-specific residues at positions 34 (G) and 44 (W).
Remarkably, only four of the 22 exon 2 sequences are
identical to those in the study of Andersson and co-
workers (1991): Bota-DRB0O! =DRB3*1A; Bota-DRBI3
=DRB3*5; Bota-DRB!7=DRB3*3; Bota-DRB20=
DRB3*13A.
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Amino acid 1 11 21 31 41 51 61 71 81 91 ind./breed
Bota-DRBOI ........ B yt-g-—-t--- ---w--f--- ——---g---- —---—-f--e k--e--rv-- ---- gm---- ---- 3/f.s,n
Bota-DRBOZ ........ -y —mmmme- R yt-g--t--- ——-w--f--= -=-v-q-=—= —-----f-- k--e--Tv-- --—- rm---- ---- 1/s
Bota-DRBO3 ........ -y h-ge-r==== —=-=-le--h ---g--f-r- -=-wd-f--- ------ar-q ------f--- k--e--rv-- ----gy---- ---= 1/r
Bota-DRBO4 ........ -y y-g------- ---— 1-=-h -=-g------ -~ L f--r k--g---v-- —--—-vy---- ———- /s
Bota-DRBO5 ........ -y C-Tommmmmm —me- 1o - g--r--- --- L §--q —----- fomm mmmmm e oo vomom oo 1/n
Bota-DRBO6 ........ 2 ALt by ¢ yt-g--t--- --- Wo—fomm e oo f--e ---e--rv-- ------mmom - 2/s
Bota-DRBO7 ...... B i B o e e e s B B R S Al 7
Bota-DRBO8 ........ -y at-=-=-=-= ==-=--=h-- -h-g-~f--= —--@--f--- ------a--q ~—--~-t--r e--y-----= ---- gu---= ---- 1/h
Bota-DRBO9 ........ -y mmmmemmm —mmmmmo- yt-g-—t--- —--w--f--- -----g---q -=---~t--r e--y------ --—- gv---= ---- * 1/s
Bota-DRB10O ........ -y —temmmmmmm - y---- - g------ -~ Dl k- ---m- i--d e--s5-=---- ymrmmmmmem —ees 1/g
Bota-DRB11 k- -----gi--T k--p------ ----- fomom oo 3/f,s
Bota-DRB12 k= -----ei--r k--n-----= --—- gv---- ---- /s
Bota-DRBI3 k- --=--ei--1 k--f----m- ---o- vommn oo 1/s
Bota-DRBI4 ... ... .-y ==--=---o= —m-ememems mmm@eMm-- coWemmom mmmmemos oo ei--e ---@--ry-- —-------o- oo 3/f.s
Bota-DRB15 ... .-y —==---momm oo -5 ---g--N--= —--Wmmeos mmmmssmmmo —ome- Bi-ge ---e--TV-= —-------om —-oo * /s
Bota-DRB16 ........ B i I B k- k--n - Ur
Bota-DRBI7 ........ =¥ Cmmmmmmmmm oo e-s ---g--f--- ——-w k- k--n - Ur
Bota-DRBIS ........ -y - e-s ---g W k- r k--n -d---v --* /s
Bota-DRB19 ........ -y h e-- g W k= —=---- LRl e e V1
Bota-DRB20 ........ -y 1 e-- ——-g W k- rk--n v - 1z
Bota-DRB21 ........ -y tokmmmmmmm mmmmeeeem - h-g--f--- --- Wommm e k- -=---- f--g kemgmmmmm mmmmmmmmes oes 8/s.d
Bota-DRB22 ........ R n-- -h-g-—f--- --- Wommmmm mmmmmmes oo @i=-T g--------- —moemmmoo oo 2/s.h
HLA-DRB Cons GDTRPRFLEQ SKSECHFFNG TERVRFLDRY FYNQEEYVRF DSDVGEYRAV TELGRPDAEY WNSQKDLLEQ RRAAVDTYCR HNYGVGESFT VQRR
Boga-DRBOI ........ -y h-g------= ====-1---h ---g--f--- -—-wd-f--- ------a--g ------f--- k-—e--rv-- ----gv---- ---- 1/-
Boja-DRBOI ........ -y G- oo e-s —--g--f--- - Wmmmmm - rvp-q 1----- §==T Kemmmmmmm mmmmmeeees os 1/-
Boja-DRBO2 .. ..... B i (- L e R te-r @mmy-----m —---- Vo-en oo /-
Bude-DRBOI ........ -y CePmmmm=ms —mmmmmoe ¢ -h-g--f--- ---w--f--= -=---pv--q ------f--e ---e--rv-- -----v--1- ---- 1/-
Bude-DRBO2 ........ -y -t-------= ======-h-- -h-g--f---= ——-W--f--- —=v----k- --g---i--r g----- sd-~ ----- Voo - 1/-
Bibi-DRBOI ........ -y -tg-----m —mmmmmmm- o h-g--f--- --- L rvggh ------ fom kemgmmmms e oo 1/~
Tran-DRBO1 ......_. -y c-t--r---= ----g----= ys-g--t1-- -—-w--f—1 --——q---df ----— fo-e ko-§-mmmom —mmmmm - 1/-
Caca-DRBOI ........ R e h-g--f--- --- Ll R I ymmmmmmm o 2/~
Oram-DRBOI ........ B A g-- yt-g--1--- --=w-=f-== a----r---h -=---~f--= k-----af-- —-opo---o- ---- /-
Oram-DRBO2 ........ Sy yemmoeemm mmmeee- g-- yt-g--1--= ---w--f--- @----r---h ------f-—- k-----af-- —--p-y---- -—-- /-
Susc-DRBOI ........ -y Cc-t--r---- a---q——--- ys-g--t1-= -=—W--f--] -———Q----= ----—- fog Kom§-mmmm mmmmmmomom o /-

Fig. 1. Translated exon 2 sequences of Bofa-DRB genes compared with human consensus HLA-DRB. Usually several clones were investigated from
the number of individuals and the breeds given in the right hand columns. The sequences of Bota-DRB09, 16, and 18 were identified only once.
DRBI14 represents a possible PCR artifact since the simple repeats are completely identical with DRBI3. d=Dahome; f=German Simmental;
g=Galloway; r=Red Pied; s=Swiss Simmental; h=Holstein Friesian; n=Ndama; z=Zebu.

Comparisons of HLA-DRB and Bota-DRB sequences with
regard to highly polymorphic residues. Comparison of the
Bota-DRB sequences indicates that several amino acid
positions varied considerably among the sequences of the
individuals investigated: 11, 12, 13, 26, 28, 30, 31, 32,
37, 47, 57, 58, 60, 67, 70, 71, 74, 77, 78, 81, 85, and
86 (positions with four variant residues are in bold face,
those with even more variants are in addition underlined).
These positions correspond to the polymorphic amino acid
positions in humans (Marsh and Bodmer 1990) and those
from cattle published recently (Andersson et al. 1991).
In addition, other polymorphic residues in Bota-DRB exon

2 are apparently invariant in HLA-DRB, i. e., the positions
24, 56, and 66. None of the Bota-DRB alleles showed a
significantly higher similarity to any of the known HLA-
DRB sequences. This is in contrast to the results deduced
from two cDNA sequences from the miniature swine
(Gustafsson et al. 1990). Quite analogous to this study,
in artiodactyl DRB exon 2 the silent nucleotide substitu-
tions are about five times more abundant in the inter-
species vs the intra-species comparison (Fig. 2).

Intronic hypervariability versus exonic polymorphism.
The analysis of intron 2 showed hypervariability of the
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1 10 20 30 40 50 60 70 80 90 100 110 120 130
Bota-DRBO1 primer------ agtattctaagagcgagtgtcatttcttcaacgggaccgagcgggtycggttectggacagatactacactaatggagaagagaccgtgegettegacagegactggggegagttecgage
Bota-DRBOI' e
Bota-DRBO2 -g-----
Bota-DRBO3 - ca----g g c---t-ta tt a
Bota-DRBO4 ammmagee- - g c---t-ta ta
Bota-DRB05 g 2 g t-ta cg
Bota-DRBO6 ca .
Bota-DRBO7 g a g--t-ca tt
Bota-DRBOS - g---¢ c- t-ca tt
Bota-DRB09
Bota-DRBI0 - R RRREEELEEE t-ta ta=~mmmmmmmmmoe oo
Bota-DRB11 - -t a t-t-ta----- ta ~g------
Bota-DRB12 - ca------ t tt a t-ta ta a------
Bota-DRB1Z - ca L et R PR tt a t-ta T
Bota-DRBI4 e g----c--t-ta a a------
Bota-DRB15 g----c--t-ta a a------
Bota-DRBI6 e G a t-ca B a------
Bota-DRB17 g ---- g----c--t-ta tt a------
Bota-DRB18 - g----c--t-ta ta a------
Bota-DRB19 - ca------ t g--r---= t-ta ta a------
Bota-DRB20 - ct------ g------- t-ta ta a------
Bota-DRB21 ~  ----a- L e il t-ca----=------o- tt---mmmmm - t----mm - a------
Bota-DRB2Z2 ~  -----a- c----aa--- ---- a--------- t-ca---- tt -- a------
Boga-DRBOI ~  -i--- T g -c---t-ta ot s am---mmmmmoe-
Boja-DRBO1  eee- gr oo o g----c--t-ta 2 a------
Boja-DRB02 SGmm e a t-ca----- tt -- a
Bibi-DRBOI g T — S
Bude-DRBOI  eee- g------ @mmm e ----g—-t-ca --tt --
Bude-DRBOZ2 - Cmmmtmmmmm oo ammmmmmmmmomm oo Cmm-mm - R fhmmmm oo
Tran-DRBO] - g----- Ca-—~-—-~ g--=mm-m- t--mm @-m-mmmmmm oo tommmmm e Cm==mmmmmmme to----
Caca-pDRBOI - ac----- @-----mmmmommmoooo L it b bttt t-ca-----------o- L
Oram-DRBOI - 8C=-=mmmmmmmmmmmmo oo trmm e tog-mmmm oo tham == oo
Susc-DRBOI  e-e- g----- ca------- g----t-------- g gmmmmmmmmmmm oo fommmmmm oo G R

Bota-DRB-associated (gt),(ga),, elements (Fig. 3) similar
to that observed in humans (Rief§ et al. 1990): Identical
HLA-DRB exon 2 sequences from unrelated individuals
were associated with length variation in the repetitive
elements of intron 2. However, this association is con-
siderably less pronounced in cattle than in humans (e. g.,
Bota-DRB21, where eight individuals from two breeds
were analyzed). Interestingly, in different cattle breeds
the same exonic sequence also occurs with the same sim-
ple repeat stretch. In both species, humans and cattle, the
simple repetitive elements are inherited according to
Mendelian principles as revealed by electroblot hybridiza-
tion (RieB et al. 1990, and data not shown). The same
cattle exon 2 sequence was associated with only slight
variation of the (gt), and (ga),, repeats. With only one
exception the simple repetitive element always started
strictly 34 bases after the exon/intron boundary, in-
variably with the conserved sequence ccagtgtggagca.
In cattle the simple repetitive elements are generally
less perfectly repeated compared to humans, as indicated
for example by ‘‘degenerate’’ simple repetitive parts like
gcgtge and ([ca(ga),],; Fig. 3). In analogy to humans,

however, a group-specific organization of the bovine sim-
ple repeat stretches was also evident. Approximately 2%
difference in the single copy spacer region between exon
2 and the intronic simple repeat was observed (22 se-
quences per 34 bp). Surprisingly, the grouping of the
alleles according to the basic structure of intronic simple
repeats (Fig. 3) resulted in a nearly identical classification
as that obtained by using the exonic and deduced amino
acid sequences. Even more important was the fact that
after suitable alignment according to the criteria described
in Materials and methods, the PHYLIP 3.4 programs
yielded very similar (unrooted) trees for the translated ex-
on 2 and simple repeat sequences (Fig. 4).

DRB exon 2 sequences of other artiodactyls. The same
PCR procedure as developed for Bota-DRB sequences
was also successfully applied to amplify DRB exonic and
intronic repeats from the gaur (Bos gaurus), the banteng
(Bos javanicus), the bison (Bison bison), nyala
(Tragelaphus angasi), and from the species that supposed-
ly retained most morphological characteristics of the
probable evolutionary forerunner of Bovinae, the anoa
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140 150 160 170 180 190 200 210 220 230 240 250 260 270
Bota-DRBOI ggtgaccgagctagggcggcaggacgecgagtactggaacagecagaaggact tectggaggagaagegggccgaggtggacagggtgtgcagacacaactacgggagtatggagagtticactgtgcageggegag
Bota-DRBOI tommmenn
BOta-DRBOZ oo mennnmonnenomen s erer e annnes o
Bota-DRBO3 ~ -----—-mmmeeeoeeee c--c-cgg---c-g c g
Bota-DRB0O4 ¢ ---- cg----- c tog
Bota-DRB0OS - c-te -g c---g c tag---- tcg
Bota-DRBO6 ---a c- g--- teagt ——-
Bota-DRBO7 = -----------—- a------- R €-gmm-mmmmmmmmmmmmmo—memsmmsooees g tcg
Bota-DRBOS  -----——--moom c--c-cgg---c-g ac -cg-g- t-t c-tac cg
Bota-DRBO9 - c-g tac cg-g -t-t c-tac cg
Bota-DRB10  -------- G a a cg ttc ~tag------ t teggt
Bota-DRBII ~ ---—---- c- a ga cg a-t -tac tet-t -
Bota-DRBIZ c a 9a cg a-t c-tac g-t
Bota-DRBI3 a ga cg a-t c-tac tog-t
Bota-DRB14 a ga g -tcggt
Bota-DRB15  ---m-r--ome- a------- g----== ga g----- g tcggt -
Bota-DRB16 a c a g c a-t c-tac teggt
Bota-DRB17 -a c a g---=-- c a-t c-tac teggt
Bota-DRB18 -- a c a -- g cg a-t c-tac g tcg
Bota-DRB19 - c----- fgmmm oo oo cg ---a-t c-tac g tcg
Bota-DRB20 -------Gmmmmems a -g cg a-t c-tac tcg
Bota-DRB21 a c a----- - c-tag-------- toggt----------mmmmmmm e
Bota-DRB22 a com-mm- ga cg-gge c c-tag--- teggt--rm-mmmmmmmmmmmm oo
Boga-DRBOI ———————————————————— C--C-==m--= Cmg-=====---msmomsonososmosoos c i g----- a-----
Boja-DRBOI ---------=--g--~-=--g--t-c-g---c-g-t---- a-t c-tac ----tecggt
Boja-DRBOZ2 ~ ---—-------- a------- g--t-c-g---c-g-t-----=mmmmommoo- ag------- cg-g--=====- t-t c-tac teg-t- --
Bibi-DRBO1 ~ --mommmmmmmeee- g--t--g-c--¢ ----¢ ----c-tac B L
Bude-DRBO1 ~ ------meem- g------- gc-t------- C-g-=r-mmmmmmmosoommooooe- teg- ---
Bude-DRBOZ2 ~ -—--rmmmememee - C------- a------ teg-t---------mmmmmmm oo
Tran-DRBO1 ittt a--Ca-----=--" S e 2 L 2t 11ttt t----teggt-------------- @------mm--
Caca-DRBO! dmmmmmmmmmmm e mmmmm e 3g0-g-a--a---C--------c~tac------ R tcggt---
Oram-DRBO1 —-omgmemmmmomoeo c-g---------- G o cG------ QC-t-g--=mmm-- t---a---tcggt
Susc-DRBO1 “Cmmmmmmmmm e a-coa---------- R tea------- c-tag------- ----tcggt

Fig. 2. Nucleotide sequences of Bota-DRB exons 2. Both strands were sequenced in all cases.

(Bubalus depressicornis). In all cases we obtained
characteristic amplification products containing exon and
intron sequences in the range of 450 bp. In addition, using
two exonic primers we obtained amplification products
from goat (Capra capra), mountain goat (Oreamnus
americanus), and a wild boar (Sus scrofa). As in cattle,
the amino acids G and W appear in these artiodactyl
species at positions 34 and 44. Unexpectedly, the derived
Susc-DRB sequence differs considerably from that
described for the miniature swine (Gustafsson et al. 1990).

The other species of the genus Bovidae share the ar-
tiodactyl-specific residues at positions 34 and 44 and the
Y at position 10. Since it was not possible to obtain
unrelated individuals from the gaur, banteng, anoa, bison,
or nyala no conclusions could be drawn on the DRB
variability of these species. All exon 2 sequences were
found highly similar to those of cattle, although they con-
tained several residues or combinations not found in Bota-
DRB alleles. Again, specific compositions of the adjacent
simple repeat elements were observed, each being slightly
more similar to cattle than to humans.

Discussion

In this report the variation in DRB genes has been analyzed
by sequencing PCR-amplified DNA from different ar-
tiodactyl species, cattle breeds, and unrelated Simmental
individuals. A comparison of the translated protein se-
quences with the human consensus sequence showed that
high variability was concentrated to the same positions in
cattle and humans. At a given position several of the
highly variable Bota-DRB amino acid residues occur also
in HLA-DRB proteins. Other substitutions are species-
specific, suggesting the existence of different DRB gene
pools with which the species initiated their evolution or
reflecting the different pathogens relevant for the species.
All artiodactyl 8 chains have a Y at position 10 as do
human w52 group chains. None of our bovine alleles
showed a significant higher similarity to any of the human
alleles. This finding stands in stark contrast to a recent
report on a limited number of porcine (Susc-DRB) cDNA
sequences (Gustafsson et al. 1990): Higher homologies
in the transspecies comparison (humans vs minipig) has
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Alleles Simple repeat motifs

Bota-DRBO1 (gt)og (ga)q [calga)plgtaga  (caga);

Bota-DRBOI’ (at)pg-p1  (galg [ca(ga);]gtaga  (caga),

Bota-DRBO2 (gt)ig (ga)gq [ca(ga)plqtaga  (caga),

Bota-DRB0O3 (at)yy (ga)s [ca(ga)p]staga (caga),

Bota-DRB04 (gt)ys (ga)g gtaglga)g [calga),] (caga)y

Bota-DRBOS (gt)5 (ga)g gtgg(ga)g [ca(ga)sy] (caga)s

Bota-DRBO6 (gt)1; (ga)g [ca(ga);]s (cagals

Bota-DRBO7 . (gt)yy (ga)1g [ca(ga)sls (caga)s

Bota-DRB0O8 (gt)pgcgtttgtgt galgt)ip (ga)q3 gtgg(ga)g aa(ga)a(caga)z

Bota-DRB09Y (gt)pgcgtttgtgt galgt)ig (ga)yp gtgg(galg aa(ga)a(caga)z

Bota-DRBIO  (at)ygc {gt)11gagt  (ga)q gt gtag(ga)g [calga)s] (caga)s

Bota-DRB11  (gt),qc (gt)1; (ga)y) gt(ga)zgtag(ga)y [ca(ga);laa(ga)q(caga),

Bota-DRBI2  (gt),gcgtec (gt)ip-13  (ga)p gt(ga)zgtgg(ga), [caggga Jaa(ga)z(caga),

Bota-DRBI3  (gt)yqcatac (at)13 (9a)1g gt(ga)agtaglga)y [ca(ga)ylaalga)z(caga),*

Bota-DRB14  (gt)yqc (at)ig (ga)g-1g  gt(ga)sgtgglgaly [ca(ga);]aa(ga)s(caga),

Bota-DRBI5  (gt)ygc (gt)g (ga)1g gt(ga)zgtag(ga)y [ca(ga)ylaalga)z(caga),

Bota-DRBI6  (gt)pac {9t)10 (ga)y at(ga)agtgglga), [ca(ga)plaalga)z(caga),

Bota-DRB17  (gt)yac (at)1g {ga)1y at{ga)agtag(ga)y [calga)plaalga)z(cagal,

Bota-DRBI8  (gt),ac (gt)7 (ga)1q gg(ga);glcalga)ylaalgalz(caga)y

Bota-DRB19 (gt)pgc (gt); (ga)1q4 gg(ga)i4[ca(ga),]aa(ga)z(caga)y

Bota-DRB20  (at)pac (gt)7 (ga)iy g99(ga) 4lca(ga),]aalga)z(caga)y

Bota-DRB21 (gt)pge ttgtgett (gtlg_q gaaa(ga)ig ggga 99(ga)5 [calga);laa(ga)y(caga);

Bota-DRB22  (gt)pgc tt (ot)g  gaaalga)pg-pp 9992 gglga)s [ca(ga)plaa(ga)s(caga);

Boga-DRBO1 (9t)15 (ga)s [ca{ga)y]ytaga (caga)y

Boja-DRBOI (gt)3 (ga)yq gt(ga)3atag(ga)y [calga)ylaalga)z(cagal;

Boja-DRBO2 (gt)1p(9a)gaglga)z0a(ga)gat(aa)zataaloal, [calga)ylaalga)zlcagal,

Bude-DRBO1 (gt)1y (gal1g [caga)yls (caga)s

Bude-DRB0O2 (gt)13 ttgt (galyy aa(ga), aa(ga)3(caga)3
Fig. 3. Intron 2 simple repeats of the Bota-

Bibi-DRBOI {at)s (galg ctgglga)g [calga)y] {caga)y DRB genes. Adjacent to the DRBI3 exon a
second different simple repeat was obtained

Tran-DRBO1 (gt)1g aa(ga)y gtog(ga)y (caga)y probably due to a PCR artifact.

been taken as evidence in favor of the trans-species theory
of MHC gene evolution. Nevertheless we found strong
support for the latter theory in the Bota-DRB03 and Boga-
DRBO0] alleles as well as in Bota-DRB07 and Bude-DRB01
(Fig. 1 and 2).

The high degree of polymorphism observed in class
IT genes across species barriers appears to be the result
of positive selection for variability in the antigen binding
region (Hughes and Nei 1988, 1989). Indeed, most of the
polymorphic residues we found in Bota-DRB sequences
code for amino acids of the antigen binding region in the
model of Brown and co-workers (1988). These residues
are probably either relevant for binding of the antigenic
peptide or for the interaction with the Ter (Peccoud et al.
1990). The presence of identical amino acid replacements
among the alleles of different species might be the result
of convergent evolution.

It has been hypothesized that some of the expressed
polymorphisms in present-day mammals developed very
early during mammalian evolution (Klein and Takahata
1990). We identified several novel amino acid
replacements which have not been reported in either ar-
tiodactyls (Andersson et al. 1991; Gustafsson et al. 1991)
or in canine DRB sequences (Sarmiento et al. 1990). It
is therefore not yet possible to determine whether selec-
tion pressure provided by antigens derived from common
pathogens might be responsible for the appearance of
similar functional amino acid residues in MHC class II
molecules. As our approach covers potentially both genes
and pseudogenes, we are currently investigating mRNA
expression by northern blot hybridizations, reverse
transcription (RT), and PCR. The PCR approach revealed
that the genes of the reported genomic Bota-DRB exons
are transcribed in the B-cells of one cow (H. Ammer and
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Fig. 4A, B. ““Unrooted trees’” of the Bora-DRB exon 2-encoded protein (A; DRBxxp) and the adjacent simple repetitive sequences (B; DRBxxr).
Sequences were aligned (for description of the simple sequence alignment see Materials and methods) and analyzed by using the maximum parsimony
method (PHYLIP 3.4, Felsenstein 1988). In A 1 of 2, in B 1 of 6 equivalent trees are depicted. Distances are not drawn to any scale of evolutionary

time spans.

C. Epplen, unpublished data). Having established the
PCR conditions for MHC genes in farm animals it will
be possible to test the hypothesis that disease susceptibility
is associated with defined alleles in these species (Giphart
et al. 1990).

We analyzed also simple repetitive elements in the
Bota-DRB intron 2. These elements share the hyper-
variable character with the corresponding sequences at the
same position in the HLA complex. Intra-experimental
variability due to slippage of the Tag polymerase was
observed (by electroblotting of the amplified exons and
internal  oligonucleotide  hybridization).  Sequence
analyses revealed the presence of amplification products
differing in the number of their simple repeat units - a
well known phenomenon with simple repeat motifs of 2-4
bases (RieB et al. 1990). Only the longest stretch is
reported here since it reflects the original template as
revealed from PCR experiments of cloned DNA.

As in humans, identical or very similar Bota-DRB
alleles from different individuals possess identical (or
very similar) simple repetitive elements. This finding sug-
gests that whenever a certain type of simple repetitive ele-
ment is associated with a certain Bora-DRB allele, then
both elements do not appear to evolve independently. The
degree of ‘‘hypervariability’’ in the bovine simple repeat
stretches adjacent to the same exon was considerably less
in comparison to humans (also in animals from different
breeds). This could be the result of a high inbreeding coef-
ficient, although the grandparents of most of our Simmen-
tal cattle were unrelated according to the breeder’s
records.

It has been assumed that little purifying selection is
operating on the vast bulk of simple repetitive elements
[for discussion see Stallings and co-workers (1991);
Epplen and co-workers (1991b)]. This contention is also
substantiated in part by the extensive repeat differences
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in the genus Bos. The common denominator of the simple
repeat structure in cattle is an abrupt transition of alter-
nating purine (pu) and pyrimidine residues to pure
poly(pu). Multiple expansions and contractions of simple
di-, tetra-, and hexanucleotide motifs occur, apparently
without any effect on their bearers. The abrupt transition
is also present in other species like human, baboon (Rief
et al. 1990), and goat (F.-W. Schwaiger, unpublished
data), but it has been modified in the mouse H-2Eb intron
to (gt (pu), ... (caga); (Braunstein and Germain
1986).

Within one species, however, coding and noncoding
DNA appear to change in their overall structure with com-
parable speed as evidenced by the concordant
phylogenetic trees from exon deduced protein and simple
repeat sequences (Fig. 4). Hence the preservation of this
simple repetitive element in mammals prompts questions
on the functional meaning of this elusive structure. Initial
protein binding assays resulted in band shifts for the MHC-
DRB intron 2 simple repetitive elements indicating
specific interaction with yet unidentified nuclear proteins
(W. Maueler, unpublished results).
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