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Genomic Organization of the Chicken CD8 Locus Reveals
a Novel Family of Immunoreceptor Genes'

Hung-Jiun Liaw,* Wei-Ru Chen,* Yu-Chia Huang,* Chung-Wei Tsai,* King-Chan Chang,’

and Chia-Lam Kuo?*

The genomic organization of the chicken CD8« gene was investigated to determine the basis of its polymorphism. Contiguous to
the CD8« gene we identified multiple DNA blocks possessing sequences homologous to CD8«a. Gene conversions and recombi-
nation over evolutionary time among CD8« and these CD8a homologous genes seem to account for the observed polymorphism.
Furthermore, these CD8a-like DNAs encode a distinct multigene family of immunoreceptors that have a charged or polar residue
in place of the interspecies-conserved CD8« transmembrane proline residue and a short cytoplasmic tail nonhomologous to CD8c.
The identification of this novel multigene family with an organization reminiscent of human killer Ig-like receptors raises com-

pelling questions on their evolutionary relationship among immunoreceptors.

he membrane-bound glycoprotein CDS8 consists of

CD8aa homodimers or CD8«af3 heterodimers and is ex-

pressed primarily on thymocytes and CTLs (1). Both the
CDS8 «- and B-chains are composed of a single extracellular Ig
superfamily (IgSF)® variable (V) domain, a membrane-proximal
hinge (H) region, a transmembrane domain (TM), and a cytoplas-
mic tail (CY). Biochemical and structural studies have shown that
the Ig V domain of CD8¢, in conjunction with that of CD8, interacts
with MHC class I molecules, thereby allowing the CD8 molecule to
function as a coreceptor of the T cell Ag receptor (2-7).

The al and a2 domains of MHC class I molecules are respon-
sible for binding and presenting antigenic peptides to TCR. They
are polymorphic and, therefore, determine the nature of the peptide
repertoire presented to T cells in the vertebrate immune system. In
contrast, the Ig-like a3 domain of MHC class I molecules is rel-
atively nonpolymorphic, especially the CD loop that connects
strands C and D and constitutes part of the site contacted by the
CDR loops of the CD8« Ig V domain. The interaction between
CD8a and MHC class I molecules appeared conserved within a
given species and this is reflected by the conserved nature of the
CD8« Ig V domain in humans and mice. In marked contrast, the
chicken CD8« Ig V domain was reported to be polymorphic in its
CDR1 and CDR?2 loops (8). This raises questions on the reason for
this unusual polymorphism and on the mechanisms that generate it.
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To determine whether there is a direct relationship between the
genomic organization and the polymorphic nature of the chicken
CD8a gene, we investigated its genomic structure and in that process
discovered a novel multigene family of CD8«-like immunoreceptors.

Materials and Methods

Isolation and assembly of contiguous cosmids

Three semi-nested primer sets, CA1-ACA1 followed by CA2-ACA2 and
CA2-ACA3 (CAl, 5'-ATGGCCAGGTCTCCTGCACTG-3"; CA2, 5'-
CAGGAGGGACAGCGGCTGGAG-3"; ACAL, 5'-CACACAGGGTTTT
GCACCAGGC-3"; ACA2, 5'-CCAGATGAAAATCTCACAGTA-3'; and
ACA3, 5'-TCCCGAGCTGAAGTACAGCAT-3’), based on the CD8«
cDNA sequence (GenBank accession no. Z22726), were used in PCR using
a chicken spleen cDNA library (Clontech Laboratories) as template. The
final PCR product primed with CA2-ACA3 were labeled by random prim-
ing with [*P]dCTP and used as a probe for the colony hybridization
screening of a leghorn liver cosmid library (Clontech Laboratories) and the
Red Jungle Fowl (RJF) bacterial artificial chromosome library filter set
(provided by J. Dodgson at Michigan State University, East Lansing, MI).
Contiguous cosmids were assembled by BamHI, EcoRI, HindIIl, Notl,
Pstl, and Sall restriction mappings, by hybridizations with probes made of
various restriction fragments, and by nucleotide sequence determination.

Southern blotting and RT-PCR

Genomic DNA isolation and blotting protocols have been described else-
where (9). Membranes were hybridized overnight in 50% formamide (v/v),
5X SSC (0.15 M NaCl and 0.015 M sodium citrate for 1X SSC (pH 7.0)),
0.02 M sodium phosphate (pH 6.7), 100 wg/ml denatured salmon sperm
DNA, 1% SDS, 0.5% nonfat dry milk, and 10% dextran sulfate at 35°C.
Following hybridization, membranes were washed twice in 2X SSC with
0.1% SDS at room temperature and twice in 2X SSC with 0.1% SDS at
45°C as a low stringency wash condition. After exposure to x-ray film at
—70°C, the wet membranes were then washed twice in 1 X SSC with 0.1%
SDS followed by twice in 0.2X SSC with 0.1% SDS at 62°C as a high
stringency wash condition. Because no difference was observed, results
with the high stringency wash conditions were shown. Primer sets for
21384/A21990 and 22958/ACD8a993 (21384, 5'-CCGAGTGCTGAG
GGAACAGGA-3'; A21990, 5'-GTGGTAAACTGCAGCCTGCAA-3';
22958, 5'-AGTGAGCTGAGCAGGAGGATG-3"; ACD8a993, 5'-GGTG
TTTGCATCAGGACCGCT-3") were used by PCR to amplify genomic
DNA fragments for probing the genomic structure of the CD8a CY1 and
CY2 exons, respectively. Total RNA was extracted from chicken tissues
with the TRIzol reagent (Invitrogen Life Technologies) based on the gua-
nidinium thiocyanate method. First-strand ¢cDNA was primed with
oligo(dT) and a random hexamer and amplified by PCR using the nested
primer sets CA1 and A15845 (5'-AGAGGAGGAGCAGCCAAAT-3") fol-
lowed by exCD8AF-3 (5'-AGCACCCCCARGARGGRCAGC-3', where
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FIGURE 1. Genomic complexity of CD8« V-like sequences in chick-
ens. A set of DNA from RBC of a New Hampshire Brown chicken (lanes
1), a locally bred Broil chicken (lanes 2), a locally bred Leghorn chicken
(lanes 3), and a GB2 strain (lanes 4) were digested with BamHI, EcoRI,
and HindIll, blotted, and hybridized with probes of 268-bp PCR products
with a sequence located within the CD8a V region (A) or 607-bp genomic
PCR products composed of CD8a CY1 and a flanking intron sequence (B).
Arrows emphasize certain positions showing differences in hybridization
intensity between different strains. Size standards in kilobases are indicated
on the left side of each panel.

R = A or G) and ChX3 (5'-TTGAGGAGGACGCCTGTGT-3"). The prim-
ers 5'-TACCACAATGTACCCTGGC-3" and 5'-CTCGTCTTGTTTTAT
GCGC-3' were used for actin-generated fragments.

Sequence determination and analyses

Clones of cDNA, genomic restriction fragments, and PCR products were
sequenced by dideoxy chain termination chemistry using universal and
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gene-specific infrared primers (LI-COR) in conjunction with the SequiTherm
Long-Read cycle sequencing kits (Epicentre Biotechnologies). Sequences
were processed via an automated sequencer (LI-COR 4000L). Putative signal
peptides and TM and cytoplasmic regions were based on a trout CD8c anal-
ysis (10) and the crystal structure of human CD8« (3). Homology searches,
alignments, phylogenies, and sequence diversity analyses were conducted
using BLAST (www.ncbi.nlm.nih.gov/blast), ClustalW (www.ebi.ac.
uk/clustalw), or EKE software (Electronic Knowledge Era).

Results
Cosmids with chicken CD8« gene

By using primers designed according to the published chicken
CD8a cDNA sequence (11), we amplified bona fide chicken CD8«
cDNA from a chicken spleen cDNA library. After confirming its
sequence, we used it as a probe for screening a Leghorn liver DNA
cosmid library and for Southern blot analyses of genomic DNA
isolated from tissues originating from different chicken strains.
Unexpectedly, many bands were observed in each strain when the
Southern blot was probed with cDNA within the V region of the
CD8a gene, indicating the presence of multiple copies of homol-
ogous DNA (Fig. 14). Moreover, the banding pattern varied be-
tween different strains. Consistent with genomic DNA blots, nearly
20 cosmid clones were obtained when the cosmid library was
screened with the CD8a cDNA. Among them, DNAs from three
clones (denoted 7-1, 26-1, and 43-1) displayed strong hybridiza-
tion signals and were further analyzed. Restriction enzyme map-
ping indicated that clone 43-1 overlapped with clone 7-1, whereas
clone 26-1 appeared to be unlinked to either of them. We then
sequenced clone 7-1 because it displayed the strongest hybridizing
signal. Its 24-kb sequence contains a CD8« sequence organized
into exons coding for the leader (L)%, V, H, TM, and CY (Fig. 2).
This exon-intron organization is similar to the one originally re-
ported for the human CD8« gene. Furthermore, similar to other
genes encoding members of IgSF, each of the chicken CD8« in-
trons splits codons between the first and second nucleotide with the
exception of the fifth intron, which splits the codon of exons 5 and
6 between the second and the third nucleotide.

Chicken CD8a locus contains multiple duplicated CD8«-like
DNA blocks

In addition to the expected chicken CD8a sequence present in
cosmid 7-1, two DNA blocks lying upstream of the CD8« gene in
tandem that showed sequence homology to CD8« L, V, H, and TM
and the corresponding intervening introns were noted. Southern
blot results support the presence of multiple copies of DNA ho-
mologous to the CD8« L and its 5’ untranslated region (UTR)
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FIGURE 2. Chicken CD8a locus. Chicken CD8« and CD8p bracket a region that contains CD8a-like sequences that are arbitrarily numbered with
respect to the proximity to the CD8« gene. Their relative chromosomal locations are indicated on the top line according to the RJF genomic sequence
(GenBank locus NW_060360) and arrows indicate their orientations with respect to the CD8« gene. In the case of the CD8a-like genes, VD and LVD
indicate deletion of the V exon or of both the L and V exons, respectively. Sequences homologous to genes 6, 3, 2, 1, and CD8a of the RJF strain can
be found in two overlapping cosmids (7-1 and 43-1) made from the Leghorn strain, whereas homologues to genes 5, SVD, and 4 (shaded area) of the RJF
were absent in the corresponding location of the Leghorn genome. The scale for the cosmid clones is shown to the right, above cosmid 7-1. In the case
of the 35.5-kb stretch of Leghorn sequences, exons homologous to the L, V, H, and TM of the CD8« gene are specified and regions homologous to that
of CD8« gene are marked by the rectangle. The sequences 3’ to the CD8a-like TM exons in the CD8a-like blocks contain one or two exons (denoted as
CYa and CYD) that possess in-frame stop codons and have no homology to the corresponding sequence in CD8« gene (exons of CY1 and CY?2) containing
the p56'* binding motif.
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(data not shown). Furthermore, the lack of sequences homologous
to the region containing the CY exons led us to determine whether
the CD8« CY exons were also duplicated. By using probes specific
to the CY exons, Southern blot analysis showed that CD8a CY
exons were not duplicated (Fig. 1B). Therefore, our sequencing
data confirm the presence of multiple duplicated CD8« L, V, and
TM-like sequences in the chicken genome (Fig. 1A and data not
shown).

To further explore the organization of the DNA sequences
flanking the CD8« gene, we analyzed cosmid 43 and obtained
additional information by sequencing a stretch of 11.5 kb that lies
immediately upstream of the 24-kb region sequenced from cosmid
7-1 (Fig. 2). Two similar CD8« L, V, and TM-like DNA blocks
were further identified. Thus a 35.5-kb stretch of Leghorn chicken
DNA revealed a genomic organization that contains the CD8«
gene and four duplicated DNA blocks displaying homology to the
CD8a gene (Fig. 2). Moreover, cosmid walking and Southern blot-
ting predicted that the CD8« locus likely comprises additional
copies of these CD8a-like DNA blocks.

Considering that in human and mouse the CD8« gene is sepa-
rated from the CD8f gene by 25 and 36 kb, respectively, we also
isolated and characterized two overlapping CD8B-containing cos-
mids from the same library to determine the organization of the
entire chicken CDS8 locus. Southern blot analyses indicate that,
unlike the situation observed for CD8e;, there is no duplication of
CD8p-like sequence in the chicken genome. Further mapping and
cloning/sequencing analyses indicated that downstream of the
CDS8p gene there are CD8a-like DNA blocks with sequences and
structures similar to those described above in contiguity to the
CD8a gene. Fluorescence in situ hybridization results showed co-
localized images when using differentially labeled CD8« and
CDS8p probes, suggesting that the chicken CD8« gene is also
linked with the CD8@ gene. However, the organization is mark-
edly different from that in humans or mice in that extensively du-
plicated CD8a-like DNA blocks separate the CD8« and CD8f3
gene in the chicken CDS locus (Fig. 2).

Extensively duplicated CD8« V-like sequences in different
chicken strains

We investigated next the duplication of the CD8a V-like se-
quences in other chicken strains. PCR products corresponding to
the CD8«a V region were cloned from the genomic DNA of a
broiler chicken and a GB2 strain. Their sequences indicated that in
addition to the expected CD8« sequence there exist multiple cop-
ies of CD8a-like sequences in the genome of both chicken strains.
We also probed a bacterial artificial chromosome (BAC) library
derived from University of California, Davis (UCD) inbred RJF
DNA with various DNA fragments isolated from cosmid 7-1 and
identified 13 clones possessing sequences homologous to the
CD8a V region. Together with genomic DNA blots (Fig. 14), this
analysis suggested that extensively duplicated CD8« V-like se-
quences are present in chickens of different strains. Moreover,
variations in the organization and/or copy number and nucleotide
sequences exist between different strains.

While we were in the process of finalizing the organization of
the chicken CD8 locus, the National Center for Biotechnology
Information released on July 2004 the near complete chicken ge-
nome sequence of the RJF strain (GenBank locus NW_060360).
By comparing it with our own sequencing data obtained from the
Leghorn strain, we noted some diversity between the two strains in
the nucleotide sequences and in the organization of the CD8«a-like
DNA blocks (Fig. 2). Importantly the information provided by the
RJF genome sequence confirmed the unique features of the CD8
locus originally suggested by our data and allowed us to further
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refine the organization of the chicken CD8« locus that we arbi-
trarily define as the region starting from the end of the CD8 gene
up to the end of the CD8« gene.

Molecular basis of CD8« gene polymorphism

The CD8a« gene is separated from the CD8f gene by extensively
duplicated CD8a-like DNA blocks that span at least 220 kb on
chromosome 4 of the RJF strain. Due to remaining gaps in the draft
sequence, the distance separating the CD8« and CD8 genes can-
not yet be precisely determined. Alignments of the 220-kb-long
sequence with the CD8«a gene allowed us to identify 33 L-, 29 V-,
46 H-, and 31 TM-like gene segments. These segments were or-
ganized into 33 CD8a-like regions having a basic “L-intron-V-
intron-H-intron-TM-intron™ structure arranged in tandem array
and in the same orientation as the CD8« gene (Fig. 2). Notably, in
each of the CD8a-like DNA blocks the region homologous to the
CD8a gene does not extend beyond ~230 bp downstream of the
CD8a-like TM exon. This is consistent with a genomic Southern
blot showing that sequences corresponding to the CD8a CY were
not duplicated within the genome.

Using a BLAST search, we collated cDNA sequences of the
chicken CD8« gene from GenBank and the expressed sequence
tag (EST) database. Considering that no duplication of the CY
exons could be detected by the Southern blot analysis, genes show-
ing sequence identity of =96% to the CD8« V exon and contain-
ing the CY sequences were assumed to be bona fide CDS8« alleles,
not separate genes. Sequence alignments involving 12 CD8a-en-
coding sequences revealed 22 nucleotide positions, one in L, 20 in
V, and one in H, showing nucleotide substitutions that yielded a
total of eight alleles (Fig. 3A), confirming that chicken CD8« gene
is polymorphic as previously suggested (8). Further alignments of
the eight alleles with the genomic CD8a-like sequences indicated
that the nucleotide substitutions in 16 of the 22 positions could
arise by exchange of blocks of sequences (i.e., gene conversion)
present in the CD8a-like DNAs or the CD8« gene (Fig. 3 and data
not shown). In the remaining six polymorphic positions one of the
two nucleotides in each site could result from an exchange of
blocks of sequences from CD8a-like DNAS, suggesting that the
other nucleotide sequence could be unique to the CD8« gene and
might be present in other CD8a alleles that remain to be identified.
Alternatively, they might also result from an exchange of blocks of
sequences located in the CD8a-like DNAS that either were incom-
pletely sequenced or exhibited strain-specific sequences as de-
scribed above. Thus, gene conversion is most likely involved in
generating a polymorphic CD8« gene, although the existence of a
high rate of point mutations cannot be formally dismissed.

CDS8« and CD8f3 bracket a family of novel multigenes
belonging to IgSF

We then asked whether the CD8a-like sequences identified in the
CD8 locus might constitute bona fide genes. In contrast to chicken
Ig genes, where a pool of pseudogenes is maintained for diversi-
fication through gene conversion (12, 13), it seems unlikely that
the chicken CD8a-like gene cluster is retained simply to act as a
reservoir for CD8a gene conversion. It should be noted that in the
annotated chicken genome database (GenBank locus NW_060360)
and the corresponding article (14), the CD8«-like sequences were
described as genes encoding products similar to CD8a precursors
or as five additional copies of the CD8«a gene, respectively. Our
results based on analyzing transcripts from the EST database
clearly indicate, however, that they do not correspond to five ad-
ditional copies of the CD8« gene because their 3’ ends are highly
diverged from CDS8e, resulting in 29 genes (including pseudo-
genes) encoding TM and CY sequences that likely have markedly
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FIGURE 3. Polymorphism of chicken CD8«a gene. A, Amino acid sequences and nucleotide substitutions among the eight chicken CD8a alleles. Dots
indicate identity to the amino acid sequences shown in the top line, and codons containing nucleotide substitution(s) (underlined capital letters) are shown
under the corresponding amino acid residues. The shaded nucleotides mark the substitutions not found in the blocks of CD8«-like DNAs, and an asterisk
is added to the shaded nucleotide if the substitution is found in only one of the eight alleles. The sequences of the alleles 3 to 8 are represented by the
sequences of cDNA/EST clones with the following GenBank accession numbers: allele 3 (AY528647, cDNA from thymocytes of the Langshan strain bred
in China; and AY528649, cDNA from thymocytes of the Beijing fatty strain bred in China); allele 4 (AY528651, cDNA from thymocytes of the Camellia
strain bred in China); allele 5 (Y11472, from strain H.B15, substrain of H12, see Ref. 8; and AY528650, cDNA from thymocytes of the Big Bone strain
bred in China); allele 6 (Z22726, cDNA from the spleen of RPL line 7, see Ref. 11); allele 7 (AY519197, cDNA from thymocytes of the Leghorn strain
bred in China); and allele 8 (Y 11473, from strain H.B15, substrain of H12, see Ref. 8; AY528648, cDNA from thymocytes of the Xianju strain bred in
China; and CD740752, cDNA from intestinal lymphocyte of the white Leghorn SC). Regions corresponding to the putative L, IgSF V domain, H, TM, and
CY regions of mammalian CD8« are shown above the sequences. The putative CDR1-3 (based on Refs 3, 5, and 8) involved in MHC class I contact are
specified by the overlined sequences. The cytoplasmic p56'* binding motif is underlined. Data from the Leghorn are from this report and data from RJF
are from GenBank (locus NW_060360). Numbering of the amino acids starts from the first amino acid. B, Potential donors in the pool of CD8ca-like DNAs
in the RJF genome for the nucleotide substitutions within CD8« alleles. A filled oval marks the potential donor arbitrarily defined by having a block of
sequences at least 6-bp long (maximum, 104 bp between CD8« and RHACDS-10 in the sequence covering the L exon and flanking introns) shared with
the substitution-containing allele and by having this block embraced in a stretch of 100-bp-long DNA possessing =80% sequence identity to the substi-
tution-containing allele. An asterisk marks the CD8a-like DNAs containing undetermined sequences where the potential donor may reside. Numbering of
the CD8a-like DNAs is as in Fig. 2, and the shaded or asterisk-marked shaded nucleotide substitution is as in A. Numbering of the nucleotide substitutions
starts from the first nucleotide of the CD8« gene. L1 and L2 are used to distinguish two L exons within a CD8a-like region, with L2 being proximal to
the V-like exon. N denotes the absence of sequences homologous to the CD8a L exon, and D stands for deletion of the CD8«-like exon where the potential
donor resides.

different signal transducing properties from that of the CD8« gene
(Fig. 4, A and B) and are followed by a 3" UTR including a poly-
adenylation signal, which is absent in the CD8« gene. This stretch
of TM-, and CY-containing sequence is conserved among these
CD8a-like DNAs, strongly suggesting that these CD8a-like se-
quences identified to date constitute a novel chicken multigene family
with members possessing a basic “L-V-H-TM-CY” structure.

This novel CD8a-like multigene family is bracketed by the
CD8a and CD8f genes, spans ~220 kb, and arises by extensive
duplication events. These CD8«-like genes have average intron
sizes of 535 bp (as shown in Fig. 4A) and average intergenic dis-
tances of 3 kb. They are not organized in an especially compact
region as found in chicken MHC locus, where 11 genes are found
in ~44 kb, with intergenic distances (excluding promoters) as
small as 30 bp (15). The average GC content for the CD8« locus
is ~49.36%, which is higher than the average 38.68% GC for
chromosome 4q where the locus resides but lower than the MHC
locus (roughly 60% GC) (14, 15). Furthermore, these CD8a-like
receptor genes possess the following characteristics. First, they are
most conserved in the L sequence, which is identical or nearly

identical with the L sequence of the chicken CD8« gene, suggest-
ing that these novel genes code for type I transmembrane mole-
cules as the CD8« molecule. Second, although members of this
family are diversified in evolution, the amino acids specifying the
folding of their Ig V domains are remarkably conserved among
the diversified V-like gene segments, indicating that this family
belongs to the IgSF. Third, members of this family have variable
numbers of H-like exon ranging from one to three. However, as
noted in the H of the CD8« gene, nearly all of the H regions of the
CD8a-like genes contain residues for O-glycosylation. Fourth, it is
notable that the proline residue that constitutes one of three con-
secutive and evolutionarily conserved amino acids (tryptophan,
alanine/valine, and proline) in the TM domain of the CD8« mol-
ecule is uniformly replaced in these CD8a-like genes by either a
charged amino acid (arginine) or a polar residue (asparagine). Mol-
ecules with a charged residue in the TM domain generally interact
with a molecule possessing a TM domain with an oppositely charged
residue, and a TM segment with a polar residue, i.e., asparagine or
glutamine, will drive the formation of homodimer or homotrimer of
such segments in the plasma membranous environment (16, 17).
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gap is indicated by the symbol > (in the case of two contiguous L exons), by an asterisk (in the case of exons), or by broken lines (in the case of introns).
O marks frame-shifted exons caused by nucleotide additions/deletions; S marks exons with stop codons and the plus sign (+) shows the presence of a
positively charged residue in the TM region. Based on sequence homology analysis, members are segregated into eight groups, shown on the right side,
except for RHACDS8-4 and RHACDB8-5VD, which do not fit in the defined groups. The bar corresponds to 200 and 1,000 bp in the case of exon and intron,
respectively; with the exceptions that were specified in base pairs between two contiguous L exons. B, ClustalW alignment of amino acids deduced from
EST clones, RHACDS genes most similar to the EST clones, and CD8a of the RJF. Dots indicate identity to the top line of sequence, dashes are used to
maximize the alignment, and x denotes gaps corresponding to the nucleotide sequence gaps in the RJF genome sequence or in the EST sequences. Regions
corresponding to the putative CD8ea-like L, V, H, and TM are shown above the sequences. Region borders are denoted with solid vertical lines and
corresponding exon borders are shown by dashed vertical lines. The CYa-encoded sequence is overlined with a black horizontal bar, whereas the
CYb-encoded sequence is underlined. Shaded residues are residues identical among all RHACDSs, available EST clones, and CD8«, except for the
asterisk-marked W (all but RHACDS-22 replaced by a stop codon, and RHACDS-6 by R), S (all but RHACDS-12 by P), D (all but RHACDS8-9 by
conserved E), and Y (all but pseudogene RHACDS8-4 by S). Residues potentially subjected to O-linked glycosylation (XPXX, glycosylated if X is S or T)
(36) are boxed. Regions corresponding to the CD8a CDRs are designated by overlining the top line of sequence. Tissues from which EST clones (named
by their GenBank accession numbers) were isolated are spleen (CF255001 and CF252898), intestine (CD736727 and CD731771), blood macrophage
(CK606995), small intestine (BU306205), and a mix of thymus, bursa, spleen, PBL, and bone marrow (CN778243). C, Expression of RHACDS8s. Primers
located in V-like exon and 3" UTR were used for PCR amplification of first-strand cDNAs from various tissues. Transcripts of the appropriate size were
detected within the intestine, PBL, thymus, and spleen.

Moreover, as already mentioned, the very short CY (7 or 8 residues further suggests that these products diverge from CD8a that contains
containing no identifiable motif (Fig. 4B)) of these novel gene prod- the motif for the coupling of CD8« to p56'* (18). Based on the
ucts markedly differs from those of the CD8« and the CD83, which attribute that CD8« is the only gene identified by BLAST homology

Table I. Average nucleotide differences (%) between V gene segments of RHACDSs of different groups®

Group 1 2 3 4 5 [ Tt 8% CD8a

1 4.07 21.14 2242 23.84 24.35 26.17 30.16 32.13 21.58
2 21.14 1.87 24.70 23.80 26.88 31.11 26.65 31.35 26.16
3 2242 24.70 4.53 13.49 22.95 27.77 29.82 2543 22.39
4 23.84 23.80 13.49 3.32 24.93 27.11 28.21 25.63 22.74
5 24.35 26.88 22.95 24.93 5.42 14.53 22.84 28.21 15.45
6 26.17 31.11 27.77 27.11 14.53 8.01 30.15 28.95 19.61
7 30.16 26.65 29.82 28.21 22.84 30.15 6.87 32.40 21.30
8% 32.13 31.35 25.43 25.63 28.21 28.95 32.40 2.80 29.81

“RHACDS-27 (), RHACDS-11 (t), and RHACDB8-7 (%) are excluded in the analysis due to the presence of a large unresolved
sequence gap in their respective V regions. Average values of differences between V regions of the same group are in boldfaced type.
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FIGURE 5. A hypothetical evolutionary pathway that gives rise to the polymorphic CD8« gene and the RHACDS family in chickens. A region of the
primordial CD8a/RHACDS unit with a structure of CYa-space-CYb-space-L-space-V-space-H-space-TM-space that excludes the modern CD8« CY exons
is hypothesized as the object of successive duplications. The first homologous unit found at the 5" end of the cluster, ~6.7 kb downstream of CD8f gene,
is structurally the same. The ancestral CD8« gene might arise by combining a sequence containing a p56'** binding motif 3’ to this unit, thereby constituting
the cytoplasmic region 3’ to the exons of L, V, H, and TM of the CD8«/RHACDS unit. Successive duplications of the primordial unit resulted in the
individualization of a constellation of eight representative RHACDS genes in tandem (denoted 1-8, 5’ to the ancestral CD8« gene), each thus structured
with the potential to produce transcripts of L-V-H-TM-CYa and/or CYDb via transcribing from L through TM in one unit into the CYa/CYDb in the unit 3’
next to it (see Figs. 2 and 4A). Moreover, three intermediate clusters were structured on the genome by the events of duplications and unequal crossover
of the eight representative RHACDS genes. Finally, tandem duplications and unequal crossover of the intermediate clusters together with shuffling,
insertions, and/or deletions of DNA blocks gave rise to the three large clusters that constitute the present polymorphic chicken RHACDS-CDS8 locus.

search as homologous to members of this multigene family, we will
denote this family as the family of receptors homologous to the
a-chain of CDS in chickens (RHACDS) (Fig. 4, A and B). In addition
to the information deduced from EST clones, the results of the RT-
PCR using nested primers that allow the amplification of ~20
RHACDS8 gene-containing sequences demonstrated that these genes
are expressed in the small intestine, PBL, thymus, and spleen, but not
the bursa (Fig. 4C). Because the reverse primers were specific to the
3’ UTR conserved among these members and the forward primers
were specific to the Ig V-like region, several introns were crossed and
genomic DNA contamination could be readily ruled out.

The 29 V region-containing members of RHACDS8s could be
categorized into eight groups based on the nucleotide sequence
differences calculated between their V gene segments with gaps
ignored (Fig. 4A and Table I). The average percentage of nucleo-
tide difference was <10% for members of the same group and
20-30% for members of different groups, with the exception of
members between groups 3 and 4 that showed ~13.5% difference.
Nearly identical grouping patterns were obtained for the TM exons
except for RHACDS8-7, -13, -18, and -27, where the V and the TM
did not cosegregate. Because the H exons of RHACDS-7 and -18
cosegregated with their V regions and the H exons of RHACDS-13
and -27 with their TMs, it thus suggested that the shuffling of
TM exons of RHACDS-7 and -18 and of the V domains of
RHACDS-13 and -27 was involved in generating members of this
family. Moreover, based on the grouping profile within the locus,
we propose that at some time point during evolution the eight basic
group-representing members were structured into three clusters:
centromeric, middle, and telomeric. Further duplication and un-
equal crossover events on each cluster, including shuffling, inser-
tions, and/or deletions of DNA blocks, then gave rise to the large
centromeric, middle and telomeric clusters constituting the RJF
CD8a locus (Fig. 5). The classification of groups and clusters
should provide a useful base for haplotyping this evolutionarily
diversified multigene family showing variations in the organiza-
tion and/or gene contents between different chicken strains.

Discussion

The finding of potential donor sequences within the RHACDS8
genes of the chicken RIJF strain supported the view that homolo-
gous recombination events involving gene conversion give rise to
the polymorphic chicken CD8« alleles. Further support comes
from the finding that a 1,260 bp-long stretch of sequences extend-

ing from ~460 bp upstream of the L exon to ~140 bp downstream
of the CD8«a V exon is highly conserved in the corresponding
region of RHACDS genes (85% identity in average), which would
therefore facilitate the process of gene conversion within this re-
gion. This view is also validated by the observed diversity dis-
played by the RHACDS genes.

What might be the effects on chickens for being polymorphic in
CDS8a contributed by the expansion and diversification of this gene
family in evolution? It has been documented that in humans and
mice the o3 domain of the MHC class I molecule interacts with the
CDRs of the CD8« V domain. Among the eight chicken CD8«
alleles there are 11 nonconserved residue changes, including two
in CDRI1, four in CDR2, and one near CDR1 (Fig. 34). Interest-
ingly, the chicken class I @3 domain is polymorphic, because
among 37 chicken cDNA sequences there are eight nonconserved
residue changes, including one in the AB loop and three in the CD
loop (data not shown), contrasting with the nonpolymorphic nature
of the a3 domain of mice and humans. These findings therefore
suggest that the interaction between CD8« and MHC I could be
evolutionarily conserved and important enough to serve as a strong
force to give rise to polymorphic MHC I &3 domain in chickens,
a process considered as a relatively uneasy one because the
chicken B locus contains only two class I genes and no pseudogene
(15). Based on the involvement of CD8« in the process of T cell
development in the thymus and T cell activation in the periphery,
further investigations on CD8a structure and the interaction of
CD8af3 or CD8aax with its ligand in individual chicken strains
may help us to understand whether the unusual polymorphic na-
ture, as compared with that of humans and mice, contributes to
unique immunity features such as the tight association between the
haplotype and viral susceptibility (reviewed in Ref. 19) observed
in chickens.

In addition to indirectly affecting the chicken T cell by produc-
ing polymorphic CD8« as described above, the RHACDS8 mole-
cules may be directly involved in regulating CD8« function. For
example, the expression of RHACDS genes in the thymus raises an
intriguing question of whether they pair with CD8« or substitute
for CD8a in CD8af3, which is possible considering the existence
of NKG2C (lysine residue in TM)/CD94/DAP12 (aspartic acid
residue in TM) complex in NK cells (reviewed in Ref. 20) and thus
play a role similar to that of CD8«’ in mice. The expression of
alternatively spliced CD8a’, lacking the Lck-binding site, in
nearly equal levels to CD8« in the mouse thymus (21) is known to
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permit the expression of CD8a’B heterodimers with normal li-
gand-binding properties but “tuned down” Lck activation proper-
ties. The combination of RHACDS and CD8B would affect the
ligand-recognition and/or divert the Lck signal pathway of
CD8ap. Therefore, further studies of RHACDS-interacting mole-
cules should provide important clues as to whether there is an
evolutionarily conserved mechanism involved in regulating the T
cell development, and the use of CD8«’ represents an alternative
means in the mouse thymus. Furthermore, CD8a«x has been shown
to function differentially from CD8«f3 in mice. For example,
CD8aa has a unique and strong preference to interact with the
nonclassical MHC class I molecule TL (22), can be expressed on
different T cell subsets and dendritic cells (23, 24), and has been
suggested to endorse a specific function to CD8aa-expressing
cells (25). It is known that both CD8a« and CD8«f3 exist in chick-
ens and that the pattern of expression of these two molecules in
different lymphoid tissues is generally conserved in chickens and
mice (11). Therefore, it would be interesting to determine whether
these RHACD8 molecules could interact with CD8« and how such
interaction might affect chicken immunity.

To understand further the way these new genes have evolved,
National Center for Biotechnology Information databases were ex-
tensively analyzed. No significant positive hits were found when
using the nucleotide sequences of the Ig V domain of RHACDS
genes, except for the expected CD8« genes from ducks and mam-
mals and the related EST clones from chickens. It could be the
effect of gene conversion occurring over evolutionary time between
these clustered genes that thus maintains the CD8a-like sequence
conserved among them. However, interesting results were obtained
by PHI-BLAST searches that take a motif pattern and protein se-
quence as input to look for proteins containing conserved regions
similar to the motif entered. The sequences with an expect (E)
value better than the default threshold from species occupying
phylogenetic positions below avian stood out. They are rainbow
trout novel immune-type receptors (NITR)-2 (27% identity and
50% similarity to RHACDS-18, 28% identity and 48% similarity
to RHACDS-20), zebra fish NITR-4a (28% identity and 47% sim-
ilarity to RHACDS-2 and -9), and nurse shark IgW (28% identity
and 44% similarity to RHACD8-28). For CD8« there are NITR-1
(32% identity and 51% similarity) and IgH (27% identity and 39%
similarity) from channel catfish, Igk (31% identity and 44% sim-
ilarity) from nurse shark, and IgL from Siberian sturgeon (28%
identity and 47% similarity). NITR has been identified in bony fish
during the search for phylogenetic origins of the Ag-binding re-
ceptors (26). Members of this IgSF have V ectodomain(s) exhib-
iting extensive germline variation and often containing J-like se-
quences. With only a few exceptions, fish NITRs contain either a
CY with an ITIM or a TM segment with a positively charged
amino acid. Human DAPI2, a transmembrane polypeptide in-
volved in immunoreceptor signaling and possessing both a nega-
tively charged TM segment and an ITAM in its CY was able to
interact with the positively charged NITR TM segments and to
function as an activating subunit for the NITR (26-32). Recently,
it was shown that sequence variations of the V domains of zebra
fish NITRs are distributed in a manner similar to CDR diversities
in Igs and TCRs and that the existence of NITR seemed to be
limited to bony fish (30).

The RHACDS multigene family shows a high level of complex-
ity. Each chicken strain may express a unique RHACDS haplotype
distinct from that of another strain in its gene content and organi-
zation. Importantly, each of the RHACDS IgSF V domains is as-
sociated with a charged or polar TM domain. These genetic char-
acteristics and the detected similarity by PHI-BLAST described
above led us to propose that chicken RHACDS8s may be evolu-
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tionarily related to fish NITRs. In addition, the detection of
RHACDS transcripts in spleen, small intestine, and macrophages
implies that the members of this novel gene family likely encode
receptors involved in chicken innate immunity. Furthermore, the
genomic organization, level of complexity, and IgSF V domain-
containing property of the RHACDS genes resemble very much
that of the human killer Ig-like receptor (KIR) gene family. The
later are polymorphic, clustered in tandem in the genome, derived
by gene duplication, and evolve rapidly, and members with short
CY have a Lys residue located within the TM that is required for
association with the DAP12 protein (reviewed in Ref. 20). In con-
trast with RHACDS genes, KIR genes contain more than one V
ectodomain and also include inhibiting members with ITIMs in the
CY region (31-34). Therefore, future functional studies to deter-
mine whether the products of RHACDS genes, siblings of the
CDS8a, could recognize classical/nonclassical MHC class I, class
I-related molecules, or even perhaps the decoy ligands encoded by
viruses as those described for NK receptors in humans and mice
(reviewed in Refs. 20 and 33-35) are expected to further our un-
derstanding of both the evolutionary relationship among these im-
munoreceptors important to innate immunity and the immune sys-
tem of chickens, a species of great economic value to humans.
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