Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 1243-1248, February 1996
Genetics

The chicken B:-microglobulin gene is located on a non-major
histocompatibility complex microchromosome: A small,
G+C-rich gene with X and Y boxes in the promoter

PATRICIA RIEGERT*, ROLF ANDERSENT#, NAT BUMSTEADS, CHRISTIAN DOHRING*, MARINA DOMINGUEZ-STEGLICHT,
JAN ENGBERGT, JAN SALOMONSENI, MICHAEL SCHMIDY, JOSEPH SCHWAGER**, KARSTEN SKI@DT1T,

AND JiM KAUFMAN*$%

*Basel Institute for Immunology, Basel, Switzerland; tBiochemical Institute B, Panum, University of Copenhagen, Copenhagen, Denmark; $Institute for Animal
Health, Compton Laboratories, Compton, United Kingdom; VInstitute for Human Genetics, University of Wiirzburg, Wiirzburg, Germany; lInstitute of Life
Sciences and Chemistry, University of Roskilde, Roskilde, Denmark; **Centre de Recherche sur la Nutrition Animale, Societe Roche S. A.

Village-Neuf, France; and tfInstitute of Medical Microbiology, University of Odense, Odense, Denmark

Communicated by D. Bernard Amos, Duke University Medical Center, Durham, NC, October 26, 1995

ABSTRACT B2-Microglobulin is an essential subunit of
major histocompatibility complex (Mhkc) class 1 molecules,
which present antigenic peptides to T lymphocytes. We se-
quenced a number of cDNAs and two genomic clones corre-
sponding to chicken pB,-microglobulin. The chicken f,-
microglobulin gene has a similar genomic organization but
smaller introns and higher G+C content than mammalian
PBz-microglobulin genes. The promotor region is particularly
G+C-rich and contains, in addition to interferon regulatory
elements, potential S/W, X, and Y boxes that were originally
described for mammalian class II but not class I a or
PB2-microglobulin genes. There is a single chicken f,-
microglobulin gene that has little polymorphism in the coding
region. Restriction fragment length polymorphisms from Mhc
homozygous lines, Mhc congenic lines, and backcross families,
as well as in situ hybridization, show that the 8;-microglobulin
gene is located on a microchromosome different from the one
that contains the chicken Mhc. We propose that the structural
similarities between the B,-microglobulin and Mkc genes in
the chicken are due to their presence on microchromosomes
and suggest that these features and the microchromosomes
appeared by deletion of DNA in the lineage leading to the
birds.

The avian genome is small and G+C-rich relative to typical
mammalian and amphibian genomes. In addition, most birds
have very similar karyotypes compared with mammals and
amphibians, with a few chromosomes near mammalian size
(so-called macrochromosomes) and around 30 smaller micro-
chromosomes. By cytological staining, many birds have similar
banding patterns on the macrochromosomes, indicating a
conserved pattern of G+C-rich and A+T-rich isochores, with
most microchromosomes staining G+C-rich. Variations in
karyotype among birds have been ascribed to chromosomal
fusions during evolution, as though all birds derived from an
ancestor with many microchromosomes (1-6).

The major histocompatibility complex (Mhc) of chickens (or
B complex) is a genetic region that is located on a microchro-
mosome (number 16 in size) (7). Overall, the chicken Mhc
appears to be smaller and simpler than the Mhc of mammals,
with the few polymorphic class I a and class II B genes being
closely spaced, compact, and G+C-rich (8-12).

We have suggested that the small introns, small intragenic
distances, and high G+C content of chicken Mhc genes are due
to the fact that they are located on a microchromosome. We
have further proposed that during evolution, some unknown
agent deleted DNA at random in the lineage that led to the
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birds, that some chromosomes were affected to the point of
becoming microchromosomes, and that this process effectively
ended in the genomes of the few survivors that actually gave
rise to the birds (12-14).

Mhc class 1 molecules are composed of an Mhc-encoded
polymorphic class I a chain noncovalently associated with a
small nonpolymorphic protein called B,-microglobulin (8,m).
In mammals, the B,m gene is a relatively large gene with
moderate G+C content and is encoded on a non-Mhc chro-
mosome (15-18). We have reported the isolation of a chicken
B.m cDNA clone; as in chicken Mhc genes, the sequence was
highly G+ C-rich (11). Here we examine the chicken B,m gene
in order to determine which features are similar to and
different from mammalian B,m genes, in particular to deter-
mine whether the high G+C content found in B;m cDNA
correlates with short introns and microchromosomal loca-
tion.88

MATERIALS AND METHODS

¢DNA and Genomic Clones. A partial cDNA clone for
chicken B,m (pRAS5 from H.B19 spleen; ref. 11) was used to
isolate longer cDNA clones (JB1b, JB6a, and JB15b from
H.B19 intestine AZAP library and p34a from CB bursa AZAP-
Il library; chickens from the Basel Institute farm, Gipf-
Oberfrick, Switzerland) and genomic clones [RG5 and RG6
from H.B15 library using blood cell DNA partially digested
with Sau3A, size fractionated by sucrose-density gradient
centrifugation, and ligated in BamHI-digested EMBL3 vector
by standard techniques (19); chickens from Copenhagen].

Genomic Southern Blots. Genomic erythrocyte DNA was
isolated as described (20) from chickens at the Basel Institute
farm and from H.B21 and H.B15 backcrossed onto CB chick-
ens at the Danish State Serum Institute (kind gift of Claus
Koch). Restriction enzyme digestion, agarose gel electro-
phoresis, transfer in 0.4 M NaOH to nylon filters (Zeta-Probe,
Bio-Rad), hybridization, and detection using x-ray film were by
standard methods; the pRAS insert was twice isolated from
low-melting-point agarose and labeled by random priming
(19).

Abbreviations: 8om, Bz-microglobulin; RFLP, restriction fragment

length polymorphism; UT, untranslated region.
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$8The sequences reported in this paper have been deposited in the
GenBank data base [accession nos. Z48922 (genomic clone RGS5),
748931 (genomic clone RG6), and Z48921 (cDNA)].
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FiG. 1. Restriction enzyme maps of the genomic clones RG5 and RG6 and a subclone that represents the sequenced region. Sm* indicates a
Sma 1 site present in RG5 but not RG6. Boxes in the genomic clones indicate hybridizing fragments; boxes in the subclone indicate exons. Indicated
below for each region is length in nucleotides, % G+C nucleotides, and the number of CpG dinucleotides, with the values for the corresponding
regions in human B;m [ref. 17 and analysis of sequences in GenBank/European Molecular Biology Laboratory (EMBL) data base] in parentheses.

Subcloning and Sequencing. Restriction enzyme digestion
and Southern blot analysis of the genomic clones (Fig. 1) were
used to select subclones for further sequence analysis. RG5
and RG6 Sac I fragments were subcloned in Bluescript plasmid
(Stratagene) and sequenced as double-stranded DNA by
dideoxy chain termination using modified T7 DNA poly-
merase (Sequenase 2.0 kit, United States Biochemical),
dATP[?*S], and specific primers. The 5’ Sac I subclones were
further subcloned as Sma I fragments, single-stranded DNA
was produced by coinfection of XL-1 Blue with the helper
phage VCSM13 (Stratagene), and Taq polymerase, fluores-
cent dye terminators, a thermocycler, and a 373A DNA
sequencer (Applied Biosystems) were used for automatic
sequencing. The sequences were analyzed using the GCG
software (Genetics Computer Group, Madison, WI) and the
Transcription Factor Database (21) on a VAX cluster, and
SeqEd (Applied Biosystems) on a Macintosh Quadra 900.

In Situ Hybridization of Chromosomes. The genomic clone
RGS5 was biotin-labeled by nick-translation through incorpo-
ration of biotin-11 dUTP and separated from the unincorpo-
rated nucleotides using Sephadex G-50 spin columns in the
presence of 0.1% SDS. Primary fibroblast cultures were es-
tablished from the peritoneum and lung tissue of a young male
chicken and grown at 37°C in minimum essential medium
(GIBCO) supplemented with 16% fetal calf serum and anti-
biotics. Metaphase chromosome spreads were prepared by
standard procedures. The in situ hybridizations and the fluo-
rescent detection of the bound probe were performed basically
as described (22, 23). Microphotographs were taken on Kodak
Ektachrome 160 tungsten color slide film developed to en-
hance sensitivity to 320 ASA.

RESULTS

The Single B,m Gene of Chickens Has a Similar Genomic
Organization but Smaller Introns than Mammals. The se-
quence of the B,m gene was determined from subclones of two
complete genomic clones (Fig. 1) and compared to cDNA
clones in order to establish the intron—exon structure and the
encoded protein sequence (Fig. 2).

Four exons were found with an open reading frame of 342
nucleotides (114 amino acids) that give a mature protein

sequence that matched the cDNA and protein sequences
reported for chicken B,m (11, 24). The exons are roughly the
same length as in mammalian genes (Fig. 1 and data not
shown), but only exon II has significant sequence identity (43%
identity in 279 nt for human, 46-48% for different mouse
species, 36-38% for different fish species found in EMBL/
GenBank). Exon IV contains a single poly(A) site but is
otherwise not very similar in sequence to mammalian genes
(best match is 55% identity in 124 nt with human exon IV).

All three introns of the chicken gene are much shorter than
those in the mammalian B,m genes (Fig. 1 and other compar-
isons not shown). The chicken B,m introns contain the appro-
priate signals for splicing (in phase 1 like most Mhc genes) but
are otherwise virtually unrelated in sequence to the mamma-
lian B,m introns (best match is 67% identity in 48 nt with
human intron C).

The B.m Gene of Chickens Has a Much Higher G+C
Content than Mammals. In contrast to mammalian B,m
sequences, the cDNA of chicken ,m contains many more G
and C residues, with the 5'UT consisting of GGAGC repeats
and the wobble bases of the protein coding region being 97%
G+C (11). In the chicken B,m gene, there is a gradient from
high G+C content at the 5’ end to low at the 3’ end, but in all
parts of the gene there is a higher G+C content than mam-
malian 8,m genes (Fig. 1). The number of CpG dinucleotide
pairs was also very high at the 5’ end and low at the 3’ end,
particularly in comparison to mammalian B;m genes (Fig. 1).

The Chicken B,m Gene Has a G+C-Rich Promoter Region
Similar to Chicken Mhc Class II B Genes. Unlike mammalian
B>m and Mhc gene promoters (16-18, 25-30), the chicken 8>m
upstream region has no potential TATA box. Instead, an Spl
site and a potential intitiator site (Inr; ref. 31) were found just
upstream of the potential transcriptional start site(s). Of the
functionally defined elements of mammalian 8,m and class I
gene promoters [interferon response element (IRE), PAM
box, NF-«kB/rel box, and retinoic acid response element; refs.
16-18 and 25-28], only several tandem repeats of the IRE
were found in the chicken B,m upstream region (Fig. 2).

Unexpectedly, the 5’ flanking region of chicken B,m gene
picked out chicken class II B genes from the EMBL/GenBank
database, rather than mammalian B,m genes. These chicken
genes are all G+C-rich and share many sequence identities
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1 CCTCATCTTCCTCGGCCATCTCCTCCAGCAGAGGAGCATCCTCCACCAGCAGGTAGTCCTCAAGGATCTAAGGGGAGAAAGGGGCGGCAGCGGAGGCACC
101 GCTAGGCTTCAGAGCGAACGCAGCACGGACAGCGCCGAGGCGAGGCAGGGCGAGGCAGGGCGAGGcaGGGCACTCACCACGGGCTCACCGCCCTCCGCCA
201 TGACGCGGCCCCACCGCCCCGCCGCCCTCTACGGGGCCGCGCTGCCCCGCCCGCCGCCTTTTACGGTTTCCCGCGCTGCGGCTGCCGCGCACGCGCTGTG

IRE
301 CCGCACGGCACCGCCCGCCGACGCAGTGCGCCTGCGCATCCCG *CCCCCCCCCCAACACGE TAGGCSACGCCCACCTTCTTTTGGGAAACAGAAAGAGAAA

S/W box rimidine/X/X2 bo:
401 GCGAAAGCGGTGCTCCAGCAGTTCGCAGGCCCTGTGGGCCACCTCGTTCCGGCTCTGTAACCTCTACA A A %
Y box Spl initiator -> ->
501 GGGCTTACCGCGCCGCCATTGECCGCGCTCCAGGCGGGTGTAAGCGAGCTGCGTGCGEECEGCCGGGECCACTCCCC *gaggagegcGGAGCGGAGCGGAG

M G KA AAV VL VTLVALTLGTLAQ QA ATD intronA
601 CGGAGCGGACAGCGGAGCCATGGGGAAGGCGGCGGCGGTGGTGCTGGTGACCCTGGTGGCGCTGCTCGGGCTGGCGCAGGCCGACC GTGAGTACTGGGGC

spl LT PKUV
701 CGGGCGGGEGCGCGGGETGCTGAGCCGTCCTTTGGGGTCTCTCCCCGgGTGGGCCTCCCCCCGCTCAGCACCCCTCCGTCCCCGCAG TGACGCCCAAGGT

VY SRVFUPASAGTI KNV VLNTCTFAAGTFHTPZPIEKTISTITTLM
801 GCAGGTGTACTCCCGCTTCCCCGCCTCTGCGGGCACCAAGAACGTCCTCAACTGCTTCGCGGCCGGCTTCCACCCACCCAAGATCTCCATCACGCTGATG

K DGV PMETGA AO QYSDMST FNDUDWTTFOQRULVHADTFTPS
901 AAGGACGGCGTGCCCATGGAGGGTGCGCAGTACTCCGACATGTCCTTCAACGACGACTGGACGTTCCAGCGCCTGGTGCACGCCGACTTCACGCCCAGCA

S G S TYACI KV VEUHETTLI KETPIQUV Y KW intronB
1001 GCGGTTCCACCTACGCGTGCAAGGTGGAGCACGAGACCCTGAAGGAGCCGCAGGTCTACAAGTGGG GTA 'CTCCTCCCCGCGGCGCTGCCC
D P E F
1101 TTCCTGCGCTGCTGAGCGCCCGCGGCCCTGAGCCGCCGCCTTCCGGGCACTGACGTTGCTTCTTTCTCTCCGCAG ATCCCGAGTTCIGAGCTGTGCCCGG

intron C
1201 GATGAGCACG MMWWMWMATAWAQWWMA&MCMMMW

1901 GATGTAGAAGGATCAGAGTGCTTCATCTGCTACTGTTTTCCAAAATACTTTCAAGCTCTTCCTGCAAAGGCTGGGA
2001 AGAAAAAAGGGGTGAGGTGAGCAGAGGAGGAAAAGGGTACTCTTAATTAGCAGCACAAAAGCCCGTAATACTGAGGGGTGGGAAAGGCTCGAAAGCTAGA

exon IV
2101 MMWWMTAWWTAMAMWMMGC&MM@MWWW GTCTGAA
2201 GAATTCTOCAWCCAAGTPGAMTGAGCTPQAGC’”C'PGTCMCTTTGCATCGCACP'I‘CTGGGTATGACGGCAAAGAGCMGCATC’NCATCATGM
2301 ﬂ'CC'l'l‘C'ImAGGATGCl‘CTCCCCTAGGGTK‘AGCAGCAGTGCTCTGAACTcTGTGTPCﬂGAmCTTCAcTGTGGMﬂAMGCTCTGAGGGATTM
2401 GATATGAGGAAAAGCTTGCT ggaggAAGGGGC‘l‘TGCAGCC'H‘TAGGAGTGTGGCAGATGTT’H‘GCAAATACAGAGATGCTGTTGA
2501 AGATCCCCTGCAGGGATGCAGGGAGATGCAAAGCAAGTTGATTGGGATTGGAATTGTGAAAATCTGTAATGCARATTCGTGCCTTCGAAAGTTGTGCATA
2601 ACTATCCCCCAGGAAAGGTACGTAATTAATAGTGATAAATCAGTAAACCCTACTCTGTAACAGCTGTCCTCCATAAACAATTGCTGGAGCTTGTGTTAAA
2701 ATATCM‘TGACPTGMGCAGTMTCCCACCTCGGC'”ATTTGAGCACGTAGC'PCTCAGTATCTGCACTGCCAA’I'PAGATCTGTTGGAWGCTGGT

poly A 3'flank
2801 GTGAATTGTACATGAGTTTTACCTAAATAAAACCAGAAAAGATTAAA TGCTGGTTTTCAGGGCACACAGGCTCAGAGCTGGGCCGAGGGGAGGTGTGGGG
2901 CGTCAGCTGCTTTCACCTCC t CTTCCATGAGCTGCCTTGGGAGGCGTTACCGAACAGAGGCGGCAGTGCTGCACA
3001 *CAGCTGTACCTGGGGGGTGC TTTA GTGCTTTCATGGATGAAG
3101 ATTGGCCTGCTCGAGGTTGATGCA AGACTGCTCTGTTATATGTGCGCTGTCTGTGCTGAGCAATGAGATGTATGCAAACCTCT
3201 CMAM&&&MM@WWCMGANMTAMGCAG
3301 GCTCTGGTCTGAACATTCCTGGCA CCCCTCAGCATTTCCCGC
3401 GGCCTTCCCCGCCGCCATGTTTAAGGGCTGCCAGGCCTGGTTCTCCCACAGCGTCCAGC
3501 CcGGCCCCCGGCAGCTGTGGGGTGAGCCCTGGCGCTGCAGEGGGGTTCA! GACACGCTGGGGT

FiG. 2. Nucleotide sequence of chicken B2m gene as deduced from the subclones of the genomic clone RGS. The 5’ and 3’ flanking regions
as well as introns are in italics; exons are in normal script with the deduced amino acid sequence above the nucleotide sequence. In the 5’ region,
sequence elements that may be important for transcriptional control are underlined and labeled (unlabeled elements are a putative S box at nt
33-37 and Sp1 boxes at nt 82-87, 188-193, 214-219, 311-16, and 341-346). Transcription may start within the potential initiator site; the first arrow
indicates the beginning of the longest cDNA clone and the second arrow indicates the beginning of sequence identity with the pPRAS cDNA clone.
The codons for the initiator methionine and for the translational stop, the invariant nucleotides at the intron/exon boundaries, and the poly(A)
site in the 3’ untranslated region (3'UT) are all underlined. Positions with sequence polymorphism are indicated by lowercase letters for point
differences or deletions and by an extra asterisk in the sequence for insertions. Compared are two genomic clones RG5 and RG6 from H.B15
erythrocytes, cDNA clone pRAS from H.B19 bone marrow cells, cDNA clones JB1b, JB6a, and JB15b from H.B19 cecal tonsil cells, cDNA clone
p34a from CB spleen cells, and exon II fragments amplified by PCR from genomic DNA from CB, CC, H.B15, and H.B21 erythrocytes. All sequences
are identical to RG5 except as indicated. The 5’ flank: G162 is deleted, C166-A167 are GC, after G343 is an insertion of CCC, T359 is C, S366
is also either G or C, C441 is G in RG6. Exon I: after C577 is an insertion of GCGGA in RG6; nt 578-592 are replaced by GCGGGGAGT in
pRAS. Intron I/II: G748 is C in RG6. Exon II: A875 is G in p34a and in CB and CC PCR fragments. Intron III/IV: C1250is G, A1258 is G, T1325
is C, T1425 is C, A1459 is G, A1625 is G, T1855 is C, C1924 is T, C2089 is T, G2158 is A in RG6. Exon IV: G2231 is A, C2352 is T, and C2373
is G in JB1b and JB6a; nt 24362440 are GGAGG in RGS5 as written and in p34a but are replaced by AAG in RG6, GGG in JB1b, and G in JB6a.
The 3' flank: G2921 is A, T2933 is C, A2968 is G, after C3028 is a 20-nt insertion of ACATTGTCCTGCTGGGTC, G3049 is A, C3058 is G, C3502
is T, T3541 is G in RG6. Single-letter symbols for amino acids are used.

so-called enhancer B element, so these sequences may all be
functional in some as yet undetermined context. Alternatively,

over roughly 250 nt (starting 100 nt upstream of the presumed
transcriptional start site and ending in intron A of the chicken

B.m gene). Particularly striking are the clusters of identities
(Fig. 3) which correspond to so-called S/W, X, and Y boxes in
the chicken class II B gene (9). Such boxes have also been
reported for a chicken class I promoter region (10).

The S/W, X, and Y boxes were defined by functional studies
in mammalian class II « and B genes (29, 30) and are known
to have some variation of sequence and spacing. Such boxes
have never been reported for mammalian B.m and class I
promoters (16-18, 25-28), but in fact these promoters contain
three clusters of nucleotides that have similar levels of se-
quence identity and spacing as the S/W, X, and Y boxes
reported for chicken class II and class I genes (Fig. 3). The
potential Y box in mammalian class I promoters overlaps the

they may represent evolutionary relicts of important sites in
Mhc and B;m genes of the ancestors of birds and mammals.

The region from 460 to 220 nt upstream of the presumed
transcriptional start site of chicken B;m gene may also be
important, based on the level of sequence similarity with the
5' flanking regions of several chicken genes as well as intron
A of the chicken class II 8 gene (data not shown).

The Single Chicken 8,m Gene Is Moderately Polymorphic
Outside of the Protein Coding Region. The coding regions of
a number of chicken strains were compared using the se-
quences from genomic clones, cDNA clones (see Fig. 2 and
legend), and PCR products amplified from cDNA (data not
shown). There was only a single silent substitution found in the
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TGASTCA (TRE-like) (enhancer B) matches with
TGACGTCA (CRE-like) Y box consensus
...................... CTGATTGGYY s X Y

HLA-DQ B tgaGaACCTTcacaaaaaaaaaaTCTgCCCAGAGACAGATGAGGTCct tcaagetcag tg CTGATTIGGTTcctt 6 14 10
HLA-DR B aaaGGACCTTcatacagca TCTCTgaCCAGCGACLGATGAtGCtattgta ctcagatg CTIGATIGGTTctcc 7 12 10
HLA-DR A  cctGGACCcTttgcaagaa CCCTTCCCCTAGCAACAGATGCGTCAtctcaaaatattttt CTGATTGGCCaaag 6 14 10
B-L BII gaaGGAgCcCcgeggegcagaaCTCTgCCTgGAGACGGYTGACGCCgeccggegecgecgecgCTCATTGGCCetee 5 11 9
chick B2M ctgtaACCTCtacactgc CgCTCTgCCCgGAGACtGgTGACGCggegggcttacegegee gecATTGGCCgege 5 11 7
mouse B2M ttgtaACCTagtt cagca TTaaCagCtagGAGACtGgTGACGaCctccggatctgagtc CgGATTGGCTgtga 4 9 9
human B2M ctctaACCTgg cactgcg TCgCTggCtTgGAGACAGgTGAGGTCctgegggecttgte CTGATTGGCTgggc 4 11 10
B-F IV tcacaACCTgagGGAgGCgC aTTCTgCCTgGCGCCCcGATGACGTCAcataaaactccaact accATTGGCggaga 4-5 11 6
H-2 Kb acctaACCTgggtcagg tcCTTCTgtCCgGACACtGLTGACGCgcagte agctcttace CcocATTGGATaacy 4 9 7
HLA-A2 tcccaACCTatgtaggg tcCTTCTTCCTgGAtACtcAcGACGCggacccagttctcact CccATTGGgTgtcg 4 9 7

FiG. 3. Comparison of the 5’ region of Bm, Mhc class I , and class II genes from chickens and mammals. Blanks indicate gaps introduced
to maximize alignment. Sequence elements demonstrated to bind factors or to be functionally important are underlined, with consensus sequences
(29) indicated above. Alignments of upstream regions indicate possible transcription factor binding elements; the residues that are identical to a
consensus sequence are in uppercase letters. Sequences are class II of humans (HLA-DQ and DR; refs. 29 and 30) and chicken (B-L BII; ref. 9),
B2m of mouse and human (17, 26), and class I of chicken (B-F IV; ref. 10), mouse (H-2 Kb; ref. 26), and human (HLA-AZ2; ref. 27). Nucleotide
ambiguity symbols are Y, Cor T; R, Aor G; W,AorT; S, Cor G; M, A or C.

coding region (CCA/pro in most strains versus CCG/pro in
CB and CC strains, nt 855-857). However, some differences
(roughly 1%) were found outside of the coding region, most
appearing to be point mutations. There were a few deletions
and insertions, of which the most interesting was near the
transcription start site, with one GGAGC repeat absent in one
of the genomic clones (after nt 577). The expansion and
contraction of these repeats in different alleles may be respon-
sible for sequence differences found at the 5’ ends of different
cDNAs (data not shown). Another site of sequence variation
was after a long string of Gs in the 3'UT, with five patterns
represented among the genomic and cDNA clones (nt 2436-
2440).

There are some differences between the restriction maps of
the two genomic clones isolated from the H.B15 chicken in
Copenhagen (Fig. 1). DNA preparations from chicken strains
at the Basel Institute for Immunology were digested with a
number of restriction enzymes and probed with the pRAS

A

B21 B19 B15

FIG. 4. Southern blots of genomic DNA probed with the pRAS
cDNA. (4) DNA from five chickens each of strains H.B21b,
H.B19ov*, and H.B15b were digested with Sac I (Upper) (bands of
roughly 3 and 1.4 kb) and with Sma I (Lower) (band of roughly 0.5 kb).
(B) Individual chickens from strains H.B15, H.B21, CB, CC, and the
xxth backcross of CC.B15 X CB and CC.B21 X CB; DNA digested with
restriction enzyme Sau96A (polymorphic upper bands are roughly 3
and 3.5 kb, lower bands are between 1.5 and 2.5 kb). CB and CC are
Mhc congenic strains.

cDNA, 5’ flanking sequences, and 3’ flanking sequences (Fig.
4 and data not shown). In most strains, two or three different
patterns (corresponding to two alleles and the heterozygote at
a single locus) were found for each enzyme. All of the data are
consistent with a single 8,m gene with only moderate restric-
tion fragment length polymorphism (RFLP).

The Chicken B,m Gene Is Located on a Microchromosome
Different from the One That Encodes the Chicken Mhc. We
examined RFLPs of different chicken strains to determine
whether the chicken B,m gene is located in the chicken Mhc.
Most Mhc-homozygous partially inbred chicken strains had
more than one B,m RFLP pattern (Fig. 44 and data not
shown). In contrast, Mhc congenic strains (different at the Mhc
but bred to be genetically identical elsewhere) had the same
B.m RFLP pattern (Fig. 4B).

We also examined the segregation of B,m RFLP in a large
backcross family that has been used to construct a linkage map
of the chicken genome (32). We found that the B,m gene failed
to segregate with markers defining the chicken Mhc; instead it
segregated with a single marker (the random cDNA COM101)
that defined a new linkage group (data not shown).

Finally, the B,m genomic clone RGS was used for in situ
hybridization of chromosome spreads from chicken lympho-
cytes (Fig. 5). In several experiments, the clones hybridized to
a large microchromosome, apparently number 10 or 11 in size.
The Mhc microchromosome is much smaller (7).

DISCUSSION

Like mammalian and zebrafish B,m genes (17, 18, 33), the
chicken B,m gene has four exons: exon I encodes a short 5'UT
and signal sequence, exon II encodes the bulk of the mature
B.m protein, exon III encodes the last 4 amino acids of the
protein and 20 nt of the 3'UT, and exon IV encodes the rest
of the 3'UT. As in mammals (but unknown for other vertebrate
groups), there is a single B,m gene in chickens that is neither
highly polymorphic nor located on the same chromosome as
the Mhc. It has been suggested that the B,m escaped from the
Mhc in order to avoid cycles of expansion and contraction of
multigene families (33, 34). We favor the idea that the Mhc
represents a region enriched in polymorphic genes and that the
B.m gene was lost from the Mhc because there was no
advantage to it being polymorphic (12).

In contrast to mammalian B,m genes, the chicken B,m gene
has smaller introns, a very high G+C content, and a very
G+C-rich promoter with apparent S/W, X, and Y boxes. All
of these features are shared with chicken but not mammalian
Mhc class I « and class II B genes. These structural features at
the genomic level have consequences at other levels of orga-
nization, such as structure and function of protein and pro-
moter. Therefore, the origin and maintenance of these features
are of interest.
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FI1G. 5. In situ hybridization of genomic clone RGS to chicken metaphase spreads. Identical metaphase spreads under light microscopy to show
counterstaining with 4',6-diamidino-2-phenylindole (a—) and under fluorescent microscopy to show propidium iodide counterstaining and
fluorescein fluorescence representing hybridization (a’—c’). The hybridization signals are clearly distinguishable on a larger pair of microchro-
mosomes (white arrows), tightly linked to the primary constriction (see ¢ and ¢').

The high G+C content in coding regions correlates with a
very biased codon usage and a shift to those amino acids with
G+C-rich codons. For Mhc molecules and B,m, this appears
to be related to the rate of divergence between chickens and
mammals, since there is an inverse correlation between G+C
richness and percentage amino acid identity (11). This diver-
gence affects the structure but also allows some functionally
important features to be recognized as highly conserved. The
surface residues of the G+C-rich B,m and class I a3 domain
are nearly completely diverged, with a3 coevolving to bind the
coreceptor CD8 (11, 35). However, some surface features that
are important for structure and/or function are conserved,
including contact sites with other domains and two residues in
a3 that interact with CD8. On this basis, there is an exposed
patch in B,m which might be functionally significant (11,
36-38).

A similar situation is found for the structure and function of
the promoters. On one hand, the TATA boxes in the mam-
malian genes are replaced with G+C-rich Spl and Initiator
sites in the chicken genes. On the other hand, the IRE, S/W,
X, and Y boxes in the highly G+C-rich chicken genes show up
as conserved blocks when compared with the less G+C-rich
mammalian homologs. The level of sequence identity for the
S/W, X, and Y boxes in all of the chicken and mammalian
homologs implies that they are functional, but there is no
evidence outside of mammalian class II genes. It would be
interesting if the chicken B,m and class I a genes were
regulated differently than their mammalian homologs.

The chicken karyotype is composed of a few macrochro-
mosomes with alternating G and R bands, as well as many
microchromosomes, most of which stain as G+C-rich (1-6).
Macrochromosomes bear both large A+T-rich genes like
ovalbumin and small G+C-rich genes like £ and p globin (39),
which presumably are located in G and R bands, respectively,
as in mammals (40). Microchromosomes also bear large genes
without G+C bias like ovomucoid and nerve growth factor as
well as small genes with high G+C bias like o and P globins,
Bom, and Mhc class I and class II molecules (7-11, 22, 39);
perhaps these genes are located on microchromosomes that
stain like, and originated from, G and R bands, respectively.

The chicken genome is overall smaller and more G+C-rich
than mammals, and it is tempting to speculate that this is due
to the presence of many microchromosomes. Holmquist (4)
envisions a dynamic equilibrium of transposons that keeps

certain avian chromosomes small. We have proposed that the
lineage leading to birds was afflicted with an unknown agent
that led to the random deletion of DNA over evolutionary
time, which left only a few survivors bearing the relatively
stable avian karyotype consisting mostly of G+C-rich micro-
chromosomes (12-14). While the available data may be con-
sidered too fragmentary or at too low a resolution to choose
between the various possibilities, the chicken B;m and Mhc
genes certainly provide evidence that changes at the level of
the genome can have important evolutionary consequences at
other levels of the organism.
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