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Mammalian butyrophilins have various important functions, one for lipid
binding but others as ligands for co-inhibition of af T cells or for stimulation
of vd T cells in the immune system. The chicken BG homologues are dimers,
with extracellular immunoglobulin variable (V) domains joined by cysteines
in the loop equivalent to complementarity-determining region 1 (CDR1). BG
genes are found in three genomic locations: BGO on chromosome 2, BG1 in
the classical MHC (the BF-BL region) and many BG genes in the BG region
just outside the MHC. Here, we show that BGO is virtually monomorphic,
suggesting housekeeping function(s) consonant with the ubiquitous tissue
distribution. BG1 has allelic polymorphism but minimal sequence diversity,
with the few polymorphic residues at the interface of the two V domains,
suggesting that BG1 is recognized by receptors in a conserved fashion.
Any phenotypic variation should be due to the intracellular region, with
differential exon usage between alleles. BG genes in the BG region can gen-
erate diversity by exchange of sequence cassettes located in loops equivalent
to CDR1 and CDR2, consonant with recognition of many ligands or antigens
for immune defence. Unlike the mammalian butyrophilins, there are at least
three modes by which BG genes evolve.

1. Background

Many members of the B7 gene superfamily are cell surface molecules involved in
regulation of the immune response, but some have functions outside of the
immune system [1]. Soon after the first mammalian B7 molecule was identified
as important in immune co-stimulation, two other members were described
with non-immune functions: myelin oligodendrocyte glycoprotein (MOG),
which is found on the membranes sheathing neurons, and butyrophilin (now
called Btn1A1), which is involved in the structure of milk fat globules [2-5]. Sub-
sequently, the other butyrophilin (Btn), the Btn-like, and the selection and upkeep
of intraepithelial T cells (SKINT) genes were described with important functions
in the immune system. The Btn and Btn-like genes function as stimulatory or
inhibitory co-regulators of a3 T cells, or as ligands for y3 T cells (reviewed in
[6-9]). In humans, some Btn genes have striking genetic associations with a var-
iety of diseases (reviewed in [6-9]). The prototypic SKINT gene is involved in
thymic education of intraepithelial y3 T cells found in mouse skin, although the
single human SKINT gene is a pseudogene [10,11]. In chickens, one authentic
Btn gene (Tve-1 or Btn1Al) was discovered as a cellular receptor for avian leukosis
virus subtype C and later another one (Btn2A1) was predicted by bioinformatics
in the major histocompatibility complex (MHC) [12,13]. Otherwise the most
closely related are the BG genes (also referred to as B-G in the older literature),
long suspected to have roles in the immune response (reviewed in [14]).

The defining feature of the B7 gene superfamily is the presence of at least
one characteristic extracellular domain with similarities to immunoglobulin (Ig)
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Figure 1. BGO, BG1 and the BG genes from the BG region occupy distinct
genomic locations and form separate lineages. (a) Genomic locations of
the BG genes. The BG, TRIM and BF/BL regions are indicated by grey
boxes; only BG genes are depicted (as white boxes). Chromosome 2, Ch 2;
chromosome 16, Ch 16. (b) NJ tree of the BG (DNA nucleotide sequences,
excluding the cytoplasmic tail and non-orthologous bases at the extreme
5" end. BG (DNA sequences are from the B12 haplotype unless otherwise
stated. Genetic distance indicated; bootstrap values at the branch points.

variable (V) regions, but otherwise the genes vary enormously
[1]. The BG genes encode a single V-like domain, followed by
a transmembrane region and a long cytoplasmic tail composed
mainly of seven amino acid repeats. BG molecules are dimers,
with the V-like domains disulfide-linked through cysteines in
the loop corresponding to complementarity-determining
region 1 (CDR1) in antibodies and T cell receptors (TCRs),
with the transmembrane regions flattened to interact, and
with the cytoplasmic tails presumably making a long a-helical
coiled coil [15-17]. The extracellular domains are known to
be polymorphic, since the chicken MHC was discovered as
the B serological blood group for which the antibodies were
primarily against BG molecules [18].

Recent work [17] defining the genomic location and
organization of BG genes shows that there are three locations
of BG genes in chickens of the B12 MHC haplotype: the BGO
gene on chicken chromosome 2, the BG1 gene in the BF-BL
region of the B locus (that is, the classical MHC) on chromo-
some 16, and a tandem array of 12 BG genes in the BG region
nearby (figure 1a). The BG genes in the BG region show sig-
nificant copy number variation (CNV) along with the
presence of hybrid genes and other features associated with
expansion and contraction of a multi-gene family by unequal
crossing-over and deletion [17]. We wish to understand the
evolutionary pressures upon the BG gene sequences in com-
parison to Btn and SKINT genes, and to begin to infer
function of individual BG genes. Only limited information
is available on BG sequence variation, and that only at the
genomic level [17,19]. Here, we examine full-length cDNA
for BGO and BG1 from several haplotypes and several tissues,
and also compare some closely related BG genes in the BG
region to infer potential functional roles of BG molecules.

2. Material and methods
2.1. Materials

Experimental chicken lines from the Pirbright Institute
(formerly the Institute for Animal Health) and maintained
in Cambridge have been described [20,21], including line 6,
(MHC B2 haplotype), C (B4 and B12), 15I (B15) and 0 (B21).

2.2. Experimental methods

Total RNA was extracted from 30 mg tissue (spleen, thymus,
bone marrow, duodenum and kidney) using the Nucleospin
RNA II RNA extraction kit (MACHEREY-NAGEL), and
cDNA was made using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific), both as per manufacturer’s
instructions. The use of a heat-tolerant reverse transcriptase
enzyme was found to be important for the creation of full-
length BG c¢DNA. Amplification of near full-length BG
c¢DNA was carried out with 20 U Phusion High-Fidelity
DNA Polymerase (New England Biolabs) with 1 x HiFi
buffer (containing 1.5 mM MgCl,), 40 pM each of dGTP,
dATP, dCTP and dTTP, 04 mM of each primer and 1 ul
c¢DNA in 25 pl total volume using a DNA Engine Tetrad 2
Peltier thermocycler PTC-0240G (BioRad) with reactions as
follows: 95°C for 2 min, then 5 cycles of 95°C for 45s, 60°C
for 30 s, 72°C for 90 s, followed by 30 cycles of 95°C for 455,
60°C for 1s, 72°C for 90's, with a final 72°C extension step
of 10 min at the end. The primers and additions used
for BGO were uc219 (GCACCACCAGAGAGGACAGCC)
and uc220 (ACAATGGGATTAACACCCAAAGCAGT), and
for BG1 were uc329 (GGCCACTCTCTTCTCCTACAGT) and
uc333 (TGGGGTTGATACCCAAAGCAGTT) with an addi-
tional 0.5 mM MgCl, added. Amplicons were gel purified
using QIAquick Gel Extraction kit (Qiagen) according to man-
ufacturer’s instructions, concentrated by ethanol precipitation,
cloned into pJET1.2 (Fermentas) according to manufacturer’s
instructions, and plated out on LB with 0.1 mg ml ™! ampicillin.
Bacterial colonies were screened by colony PCR with 0.5 U
recombinant TAQ (Invitrogen 10342020), 1 x Invitrogen PCR
reaction buffer, 3 mM MgCl,, 0.25 pM each of dGTP, dATP,
dCTP and dTTP, and 0.2 mM each primer: uc252 (CGACTC
ACTATAGGGAGAGCGGC) and uc458 (AAGAACATCGA
TTTTCCATGGCAG) in 20 pl total volume with reactions as
follows: 95°C for 5 min, then 25 cycles of 94°C for 30 s, 60°C for
30's, 72°C for 90 s, with a final 72°C extension step for 10 min.
Minipreps were prepared using GenCatch Plasmid DNA Mini-
Prep Kit (EPOCH Biolabs). Sanger sequencing using primers
T7 (forward TAATACGACTCACTATAGGG), pJET1.2 reverse
sequencing primer (AAGAACATCGATTTTC CATGGCAG)
and two internal reverse primers uc453 (TGTKGTGYT
GYGCTGCCA) and c345 (GGAGGAGGTGCAGAGCCACGA
GATAAGGCAGGA) was carried out by the University of
Cambridge Biochemistry Department sequencing service.

2.3. Analysis

Sequences were assembled using EMBOSS v. 6.1.0 tools trim-
seq, revseq, merger and descsec (http://packages.ubuntu.
com/lucid/science/emboss) run inside bash v. 4.1.5 (www.
gnu.org/software/bash) and perl v. 5.10.1 (www.perl.org)
scripts, and analysed using CLC WORKBENCH v. 5.7.1 (www.
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Figure 2. BGO is nearly monomorphic, while BG1 is variable. Representation of alignments with consensus cDNA sequences from experimental chicken lines and
predicted cDNA sequence from red jungle fowl genome. Non-coding sequence is indicated in dark grey, coding sequence in light grey or colours (same colour
indicates same sequence, illustrating the repeating cytoplasmic exons; no cytoplasmic exons shared between BGO and BG1), exon boundaries and missing
exons are indicated by white lines and white regions. Synonymous differences from the consensus are indicated by dotted vertical lines; non-synonymous differences
are indicated by solid vertical lines; sequence variation is shown below, with the consensus amino acid shown first and the variant amino acid shown second
(detailed sequences in figures S2, S4 and [17]). (a) BGO has only five non-coding and two non-synonymous nucleotide differences. (b) BG1 has SNPs
throughout the sequence, concentrated in the V domain and 3’UTR with the most divergent B15 haplotype having clusters of differences, as well as CNV of

cytoplasmic exon repeats.

clebio.com). Phylogenetic trees were constructed by neighbour
joining (NJ) with 1000 bootstrap samples using CLUSTALX2
(www.clustal.org), then viewed in DENDROsCOPE 3 (http://den-
droscope.org). dN/dS values were calculated in MEGA6
(www.megasoftware.net) using the Nei and Gojobori method
with p-distance parameter, overall average scope and 500 boot-
strap replicates. Figures were made using INkscare (https://
inkscape.org). Synteny comparisons were performed with
EnsemBL release 78 (December 2014 at www.ensembl.ac.uk):
human GRCh38, mouse GRCm38p3 and chicken Galgal4.

2.4. Structural modelling

The RosettaDock protocol from the Rosetta library [22] was
used to model a dimer of the extracellular regions, starting
with a monomer using the sequence of BG1 from the B12
haplotype modelled on the extracellular region of MOG
(IPY9, [23]) as a template. An initial coarse round of dock-
ing was performed using randomized initial orientations of
the docking partners with a harmonic distance constraint of
5.63 A between the a-carbon atoms of Cys28. The lowest
scoring structures, representing those complexes with the
lowest calculated energy, from 100000 models were
assessed for viability. These had a high degree of similarity,
so the lowest energy structure was used as an initial model
for local refinement. During this step, the disulfide bond
was enforced and built by RosettaDock using the relevant
options, along with sidechain repacking. Plotting the score
against root mean square deviation from the resulting
10 000 models revealed a population with a lower energy
and high degree of similarity, indicative of the generation

of a plausible model. The 15 models from this population
were overlaid and the lowest energy model, presented as
the main chain with the first carbon of the side chain, was
used for the final pictures.

3. Results

3.1. BGO is virtually monomorphic

We produced full-length BGO ¢cDNA sequences from spleen
samples of various inbred experimental chicken lines derived
from white leghorn egg-laying chickens, and compared them
to the BGO gene from the whole genome shotgun (WGS)
sequence for line UCDO001 derived from a red jungle fowl
(figure 2a; electronic supplementary material, figure S1). Of
the seven variable positions found, all are isolated single
nucleotide polymorphisms (SNPs): one in the 5UTR and
four in the 3'UTR, a non-synonymous SNP at the intracellular
end of the transmembrane region (Met in UCD001 and line 6,
versus Lys in the other lines) and another non-synonymous
SNP in the cytoplasmic tail (Ser in line 6; versus Ile in the
other lines).

BGO has a wide tissue distribution in C-B12 chickens [17],
and so we examined full-length BGO cDNA sequences derived
from spleen, thymus, bone marrow, duodenum and kidney.
A major transcript was present in all tissues and from all chicken
lines, but some variant transcripts were found (electronic
supplementary material, figures S2 and S3). Unlike other BG
genes examined thus far, the 5UTR is separated into two
exons, the second of which includes the signal sequence. Four
alternative splicing variants, totalling about 23% of sequences
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Figure 3. Structural models for BG V domain dimer suggest that extracellular sequence variation is found principally on the sides of the two V domains of BG1, and
in a stripe across the top of the two domains comparing BG8, BG9 and BG12 to BG13. (a) Stick models of dimer represented by main chain atoms, with lowest
energy configuration on left and best 15 models on right. (b) 10 000 models compared for root mean square deviation and for energy score, with best 15 models
circled in red. (c) Space filling models of main chain and first carbon atom of the side chain as side view and top view of BG1 dimer, and side view of interface
between the two domains with interchain disulfide residues in yellow and variant positions in red. Note the potential charge —charge interaction between Arg3 in
one domain and Asp75 in the other domain. (d) Ribbon model of side view and space filling model of main chain and first carbon atom of the side chain as top
view of BG dimers, with interchain disulfide residues in yellow and positions different between BG8, BG9 and BG12 compared with BG13 in blue (residues 26— 34 of

the mature protein) and orange (residues 51-57).

in all the chicken lines, were found flanking the major intron,
ending before or at the start codon (electronic supplementary
material, figures S1 and S2A). One alternative splicing variant
located in the exon encoding the V domain was found in
three lines, totalling about 10% of sequences, with the second
intron finishing at a cryptic splice site near the end of the exon
(electronic supplementary material, figure S2b). Finally, some

variants were found with alternative exon splicing or intron
read-through in the cytoplasmic tail (electronic supplementary
material, figure S3A). Some read-throughs are located after the
first or the last cytoplasmic exon, while all the others
are located between the second and third exons of the three-
exon repeat (coloured red-light blue—dark blue in figure 24).
Two skipped exons and one additional exon are also in the
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three-exon repeat region. Single examples of seven variants were
found in one or another line, two examples of one variant
were found in two lines, and six examples of another
variant were found in three lines, totalling about 26% of
sequences. Altogether, there were significant numbers of variant
sequences, but no tissue-specific splicing or nucleotide variation
was found, consonant with a housekeeping function for BGO.

3.2. BG1 is polymorphic, evolving mostly by point
mutation except for copy number variation in the
cytoplasmic tail

Full-length BG1 cDNA sequences were derived from kidney
samples of the experimental chicken lines (as well as thymus,
bone marrow and duodenum from line C-B12), and compared
to the BG1 gene from line UCDO001 (figure 2b; electronic
supplementary material, S4). BG1 has variation throughout
the sequence.

The most striking differences are in the length of the cyto-
plasmic tail, ranging from 13 exons in the B2 allele of line 6,
and the B12 allele of line C-B12 upwards to 21 exons in the
B4 allele of line C-B4. For each haplotype, there was one predo-
minant sequence with either no other sequences present or
one example of a sequence with an intron read-through (elec-
tronic supplementary material, figure S3B). In addition, the
first cytoplasmic exon was present in two forms in all but
the B15 haplotype, either 21 or 24 nucleotides long (electronic
supplementary material, figure S3C and S4). The sequences
of the cytoplasmic exons are easily distinguishable, making it
clear that virtually all the variation in exon number is due
to expansion or contraction of a four-exon repeat, probably
generated by unequal crossing-over in one exon (coloured
orange in figure 2b). Of particular interest is the penulti-
mate exon that contains an immunoreceptor tyrosine-based
inhibitory motif (ITIM), which has been suggested to be func-
tionally important [24] but which is missing in all sequences of
the B15 allele. There is also one deleted codon in the final exon
of the B15 allele.

All the other variation appears as SNPs due to point
mutation, as shown by a ¢ test (p = 1.0). In the six alleles exam-
ined (excluding extra exons and intron read-throughs), there are
six variable positions in the 5UTR and seven in the 3UTR. In
the coding region, there are 39 non-synonymous nucleotide
positions (leading to 29 amino acid changes) and nine synon-
ymous positions, most of which are in the B15 sequence
(electronic supplementary material, figure S4). There is no evi-
dence for selection of variation overall (AN/dS = —0.761, p =
0.448) or in any portion of the sequence (V domain, —1.496,
0.137; transmembrane region, 0.845, 0.400; cytoplasmic tail,
—1.226, 0.224). All the variable positions are spread out,
except for the most divergent sequence from the B15 haplotype,
which has one cluster of variation (10 nucleotides leading to
eight amino acid changes over 22 positions) at the end of the
transmembrane region and two clusters (four nucleotides lead-
ing to four amino acid changes over seven positions, and eight
nucleotides leading to three amino acid changes over five pos-
itions) in the coding region of the final exon (figure 2; electronic
supplementary material, S4). In addition, a SNP in the B2
sequence leads to a premature stop codon, removing 20
amino acids from the C-terminus of the protein.

None of the extracellular sequences differed by more than
three amino acids from the consensus. Modelling a dimer

of the extracellular domains (constrained by the interchain “

disulfide between cysteines located in the loop correspond-
ing to CDR1 of antibodies) showed that the two V-like
domains are likely to interact through their four-strand
faces (figure 3a—c), as suggested previously [25]. All the vari-
able positions are located in or near the interface of the two
domains except one near the membrane (figure 3c),
suggesting that recognition of the extracellular domains is
likely to be by conserved ligand(s) or receptor(s).

3.3. Some BG genes in the BG region swap cassettes in
loops corresponding to (DR1 and (DR2

In phylogenetic analysis, the alleles of the singleton genes
BGO and BG1 form separate clusters, which are also separate
from the clusters formed by the BG genes of the BG region
(figure 1b). The BG region genes are arrayed in tandem and
in the same transcriptional orientation, and show all the
signs of CNV by unequal crossing-over and/or deletion,
including the presence of hybrid genes. Phylogenetic trees
of the 5 and 3’ ends show clear clusters with long branches
and good bootstrap support, while phylogenetic trees of the
extracellular region generally are not well resolved, with
short branches and poor bootstrap support [17]. For these
reasons, it is not yet clear which genes in different BG
haplotypes may be thought of as alleles.

Within the B12 haplotype, BG8, BG9, BG12 and BG13 genes
are overall closely related and expressed in the same kinds of
cells and tissues [17]. In the extracellular region, BG8, BG9
and BGI12 differ only in scattered nucleotides and amino
acids, while BG13 is quite distant, located very far away in phy-
logenetic analysis (figure 4a,b). Most of the differences between
the extracellular region of BG13 and the extracellular regions of
BG8, BGY and BG12 are found in two clusters: one with eight
nucleotide positions leading to five differences within nine
amino acids, and the other with four nucleotide positions lead-
ing to four differences within seven amino acids (figures 5
and 6). Such concentration of differences is statistically unlikely
to have arisen by point mutation (¢ test, p = 0.0017), and
removal of these two stretches of sequence renders BG13
very similar to the other three extracellular regions in phylo-
genetic analysis (figure 4c). Comparison with the sequences
of other BG genes (figures 4—6) shows that these two stretches
of sequences in BG13 match those in the BG6 gene (except for
one nucleotide), suggesting that these two stretches of
sequences originated from micro-recombination (either by
double reciprocal recombination or by gene conversion)
between these genes.

In a model of the dimer of BG extracellular domains, these
two stretches of sequence are located in the loops correspond-
ing to the CDR1 and CDR2 of antibody V regions (figure 3d).
Together, they form a stripe across the top of the dimer,
suggesting that they are involved in binding ligands whose
sequences vary, much like the way antibodies bind antigens.

4. Discussion

Attempting to understand the apparent differences in the
tempo of evolution between mammalian butyrophilin and
chicken BG genes, we examined full-length sequences from
alleles and loci of the three BG lineages. We find different
modes of evolution for these three lineages, which may be
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Figure 4. Phylogenetic comparisons of BG genes with and without the two cassettes encoding the loops corresponding to CDR1 and (DR2 illustrate segmental
exchange. (a) Alignment of nucleotide sequences of the V domain exon of the 14 BG genes of the B12 haplotype used as the basis for NJ trees (with genetic
distance indicated, and bootstrap values at the branch points). (b) Tree with the complete V domain sequence, showing that BG13 clusters with BG6 (highlighted in
dark grey). (c) Tree with the V domain sequence but with the two cassettes deleted, showing that BG13 clusters with BG8, BG9 and BG12 (highlighted in light grey).

Based on these trees, a similar relationship might describe BG1, BG6 and BG10.

understood by their genomic locations and may also provide
clues to their potential functions.

BGO is a singleton gene found on chromosome 2 (around
97.95 Mb in current ENSEMBL assembly, Galgal4), surroun-
ded by unrelated genes with typical cellular housekeeping
functions (such as N-ethylmaleimide-sensitive factor attach-
ment protein, gamma (NAPG), piezo-type mechanosensitive
ion channel component 2 (PIEZO2), adenomatosis polyposis
coli downregulated 1 (APCDD1), VAMP-associated protein A
(VAPA), RAB31 and protein phosphatase 4 regulatory subunit
1 (PPP4R1)). No gene similar to BGO was found in the syntenic
region with these genes on human chromosome 18 (around
9-11Mb in current ENSEMBL assembly). We found just a
few synonymous nucleotide changes and only two amino
acid changes in the predominant BGO sequences from six
white leghorn chicken lines. This strong conservation of
sequence suggests purifying selection for some important, pre-
sumably housekeeping, function. Alternatively, BGO might act

as a conserved partner in a heterodimer with other proteins that
are polymorphic, such as the products of other BG genes. At the
moment, the evidence for homodimers versus heterodimers is
not conclusive [15,26].

Interestingly, about 20% of the BGO transcripts had
alternative splicing in the 5UTR (just before the start
codon) and about 10% had alternative splicing removing
most of the extracellular V region. These occurrences of the
alternative splicing are not correlated with each other, haplo-
type or tissue examined, so the phenomena remain mysteries
but might point to differences in regulation or in function.

BG1 is also a singleton gene but located in the BF-BL
region (the chicken MHC) filled with highly polymorphic
genes. Each of the six haplotypes has a different allele of
BG1, but the few SNPs are scattered along the sequences
(except for the B15 haplotype, which had several clusters of
variation). There was no evidence for selection of variation
anywhere along the sequence, including the extracellular
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Figure 5. Segmental exchange found between BG genes in the BG region.
Alignment of nucleotide sequences encoding the V domains of BG6, BGS,
BGY, BG12 and BG13, with numbering relative to the start of the V domain
sequence [17]. The two cassettes are highlighted with grey boxes.

V-like regions, which have at most three amino acid dif-
ferences from the consensus. Modelling suggests that the
few differences straggle down the sides of the BG1 dimer,
located around the interface of the two domains, and away
from the membrane-distal top of the molecule. Taken
together, these data suggest that interactions with receptors
(for instance, semi-invariant y8 TCR as in some Btns) or
ligands outside the cell are likely to be conserved rather
than variable, with the small variations in the V-like
domain due to drift or to genetic hitchhiking on the highly
polymorphic MHC genes nearby.

However, two kinds of major differences between BG1
alleles were found in the cytoplasmic tail, which is composed
of seven amino acid repeats presumably forming an a-helical
coiled coil between the two subunits of the dimer. The tran-
scripts varied between one and three copies of a four-exon
repeat. This expansion and contraction has also been reported
at the DNA level [19], suggesting that unequal crossing-over
is responsible, rather than differential expression of alterna-
tively spliced transcripts. Another variation was the
presence of the penultimate exon, which was not found in
any transcript from the B15 haplotype. Genomic sequence
from another B15 chicken also shows the deletion of this
exon [19]. This penultimate exon is composed of two 21

BGI13 QLTVVAPSLRVTANVGQDVVLRCHLCPCKDAWRLD | RW 38

BG6 = iRy siwe v wEs loweenoeess. RN . . . . 38
BGI2 tiiitieiiee e iiee e S..... RSS.... 38
BG8 v wieciu wiiniis wrvwce e wsatn wdetn i SREEEVANS . . . . 33
BGO 58 wios ses winn g s o c...SHEEERURNS . ... 33
BG13 1QQRSSGFVHHYQDGEDLEQMEEYKGRTELLRDGLSDG 76
BG6 .L..........L N....... Lo S Y.. 76
BGI2 ...... RL... R . . ........¢c0o0000000 76
BG8 ...... RL - 76
BG9 & e s RL - 76
BGI13 NLDLRITAVSSSDSGSYSCAVQDGDAYAEAVVNLEVS 113
BG6 4 s e s Toos wan C5n ws o G..D...D.... 113
BGI2 «vvieennn 2 LR R 113
BGS8 e wave wi Wi womms weons sowis sovpe Wi SRS SFaes e 113
BG9 = v wwm s Toovon v e e a7e Soev SO0 AT B 113

Figure 6. Segmental exchange found between BG genes in the BG region.
Alignment of amino acid sequences encoding the V domains of BG6, BGS,
BGY, BG12 and BG13, with numbering relative to the start of the V domain
sequence [17]. The two cassettes are highlighted with grey boxes; note that
the second cassette could be considered to start at amino acid position 45
and end at position 57, or even that both cassettes are part of a single segment
starting before position 26 and ending just after position 57.

nucleotide repeat exons flanking a read-through intron [17],
with the read-through encoding an apparently functional
ITIM, which is suggested to contribute to resistance against
viral diseases [24]. The potential importance of cytoplasmic
tails in BG function is also suggested by the discovery of
the “zipper protein’ [27]. However, it is not yet clear whether
the differences in the four-exon repeats or the penultimate
exon in the cytoplasmic tail of the BG1 gene have been
selected, or are just genomic accidents.

In contrast with BGO and BG1, the other BG genes are
present in the BG region as a tandem array in the same tran-
scriptional orientation. Such a genomic arrangement would
allow unequal crossing-over and deletion resulting in CNV,
and indeed these BG genes show all the expected features
including variable numbers of hybrid genes [17]. Such vari-
ation makes it difficult to establish which genes are
orthologous, which in turn makes it difficult to compare
alleles in order to establish which portions of the sequence
are functionally important.

However, the proximity of many related genes would favour
gene conversion and/or double reciprocal recombination (also
referred to as ‘segmental exchange’ or ‘micro-recombination’)
leading to sharing of short sequence stretches (as discussed
in [28,29]). Many MHC class I and class II genes have been
diversified in this manner, and were then selected for recog-
nition of peptides as part of the process of responding to
pathogens and tumours ([30-32], but see [33]). Within the
BG region of the B12 haplotype is an example of such seg-
mental exchange, in which two short sequences from the
donor gene BG6 replaced homologous regions in a family
of closely related genes including BG8, BG9 and BGI12 to
generate the new gene BGI13. Interestingly, the exchanges
occurred in the sequence encoding the loops corresponding
to CDR1 and CDR?2 in antibodies and TCR. Given that the
extracellular V-like domains of the BG dimer must be
oriented so that the four-strand face is the contact, molecular
modelling places the variable sequence in a stripe that crosses
the centre of the most membrane-distal part of the molecule.
This variation in a region well placed to interact with extra-
cellular ligands or receptors argues that the interacting
molecule will also be variable. Such a situation would be
selected if these BG molecules were involved in recognition
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of pathogens, or if they were ligands for variable receptors
(such as yd TCRs, as for some Btn molecules, reviewed in
[6-9]). However, another possibility is that the level of
segmental exchange results in a high mutation rate, diversify-
ing the BG genes in the BG region and contributing to the
serological polymorphism without any selection. These pos-
sibilities may be distinguished once functional alleles in
different BG haplotypes are determined.

The three lineages of BG genes vary in their mode of evol-
ution based on their genomic environment. The singleton BG0O
seems nearly invariant (although with potentially interesting
alternative splicing variants) with a presumed housekeeping
function. The singleton BG1 in the BF-BL region of the MHC
has some variation by point mutation that does not appear to
be selected for diversity, so the extracellular domains do not
appear to be involved in binding variable ligands. However,
there is significant variation in the presence of exons in the
cytoplasmic tail, with potentially important significance [25].
Finally, in the tandem array of BG genes in the BG region, at
least one gene has undergone segmental exchange in loops
likely to be involved in recognition of ligands. As the recipient
gene is otherwise closely related to other genes with similar
cell and tissue expression patterns, it seems likely that all
these genes perform similar functions and that the sequence
segments exchanged are selected for variation. If so, such BG
genes have the characteristics expected for function within
the immune response.

There seem to be no direct correspondences between
BG genes and their mammalian homologues such as Btn,
Btn-like and SKINT genes, as assessed both by phylogenetic
analysis [1] and by inspection of the available genomes
(www.ensembl.ac.uk). BG1 (and a chicken Btn gene predicted
by bioinformatics) are located at the edge of the class II region
of the MHC, as are mammalian Btn-like genes, one in humans
(along with three on chromosome 5) and four in mice (with two
pseudogenes and on chromosome 11 another intact gene). The
BG genes in the BG region might correspond to MOG in the
extended class I region in both humans and mice (along with
two Btn genes on human chromosome 13 and on mouse
chromosome 13). However, there does not seem to be a homo-
log of BGO in the syntenic regions on human chromosome 18 or

References

mouse chromosome 17, the SKINT and ERMAP genes on
human chromosome 1 and mouse chromosome 4 are not
obviously represented in chickens, and the chicken Btn gene
Tval located on chicken chromosome 28 is not obviously pre-
sent in the syntenic regions on human chromosome 19 and
mouse chromosome 17.

However, it seems that the functional constraints and
evolutionary processes we have found in BG genes may be
mirrored in some of the human homologues. The involve-
ment of BtnlAl in the structure of lipid droplets in milk
would not obviously require enormous diversity, which is
much like BGO and perhaps like BG1. By contrast, the func-
tions currently ascribed to Btn and Btn-like genes in T cell
function might evolve variation in response to pathogen
immune evasion, and several of these genes bear SNPs
with impact at least upon autoimmune diseases. However,
there are no parallels with the rapid evolution found in the
BG genes of the BG region, and no examples of segmental
exchange are reported as we find for some BG genes. Thus,
some BG genes may have functions (such as direct pathogen
recognition) that require very rapid evolution.

Ethics. All animal work was conducted according to the UK Home
Office Licenses and local Ethics Committees at the Institute for
Animal Health at Compton, and the University of Cambridge.

Data accessibility. DNA sequences: final DNA sequences as alignments
uploaded as electronic supplementary material, and GenBank acces-
sions nos. KC955130, KC955131, KC963427 and KX686497-KX686505.

Authors” contributions. J.C. and R.A.R.-V. performed wet laboratory exper-
iments under the supervision of J.K., P.E.C. and J.J.E.C. performed the
modelling under the supervision of SM.L., and J.K. wrote the paper.
All authors read and commented on manuscript drafts.

Competing interests. The authors declare that they have no conflict of
interest.

Funding. This work was supported by the Wellcome Trust, through
studentship RG49834 for J.J.E.C., programme grant 089305 to J.K.
and a Senior Investigator Award to S.M.L., as well as by the Biotech-
nology and Biological Sciences Research Council (BBSRC) through a
studentship to P.E.C.

Acknowledgements. We thank Prof. Michael Ratcliffe for interesting
discussions about gene conversion, Michael Harrison for fixing
figure S2, and Michaela Fakiola, Clive Tregaskes, Lei Chen and
Mike Ratcliffe for outstanding critical reading of the manuscript.

Henry J, Miller MM, Pontarotti P. 1999 Structure
and evolution of the extended B7 family. Immunol.
Today 20, 285—288. (doi:10.1016/50167-
5699(98)01418-2)

Freeman GJ, Freedman AS, Segil JM, Lee G,
Whitman JF, Nadler LM. 1989 B7, a new member of
the Ig superfamily with unique expression on
activated and neoplastic B cells. J. Immunol. 143,
2714-2722.

Linsley PS, Clark EA, Ledbetter JA. 1990 T-cell
antigen (D28 mediates adhesion with B cells by
interacting with activation antigen B7/BB-1. Proc.
Nat! Acad. Sci. USA 87, 5031-5035. (doi:10.1073/
pnas.87.13.5031)

Mikol DD, Gulcher JR, Stefansson K. 1990 The
oligodendrocyte-myelin glycoprotein belongs to a
distinct family of proteins and contains the HNK-1

carbohydrate. J. Cell. Biol. 110, 471-479. (doi:10.
1083/jch.110.2.471)

Jack LJ, Mather IH. 1990 Cloning and analysis of
(DNA encoding bovine butyrophilin, an apical
glycoprotein expressed in mammary tissue and
secreted in association with the milk-fat globule
membrane during lactation. J. Biol. Chem. 265,
14 481-14 486.

Afrache H, Gouret P, Ainouche S, Pontarotti P, Olive
D. 2012 The butyrophilin (BTN) gene family: from
milk fat to the regulation of the immune response.
Immunogenetics 64, 781—794. (doi:10.1007/
$00251-012-0619-2)

Abeler-Dorner L, Swamy M, Williams G, Hayday AC,
Bas A. 2012 Butyrophilins: an emerging family of
immune requlators. Trends Immunol. 33, 34—41.
(doi:10.1016/}.it.2011.09.007)

10.

.

Arnett HA, Viney JL. 2014 Immune modulation by
butyrophilins. Nat. Rev. Immunol. 14, 559 —569.
(doi:10.1038/nri3715)

Rhodes DA, Reith W, Trowsdale J. 2016 Regulation
of immunity by butyrophilins. Annu. Rev. Immunol.,
34, 151-172. (doi:10.1146/annurev-immunol-
041015-055435)

Boyden LM, Lewis JM, Barbee SD, Bas A, Girardi
M, Hayday AC, Tigelaar RE, Lifton RP. 2008
Skint1, the prototype of a newly identified
immunoglobulin superfamily gene cluster,
positively selects epidermal gammadelta T

cells. Nat. Genet. 40, 656—662. (doi:10.1038/ng.
108)

Barbee SD, Woodward MJ, Turchinovich G, Mention JJ,
Lewis JM, Boyden LM, Lifton RP, Tigelaar R, Hayday AC.
2011 Skint-1 s a highly specific, unique selecting

881091 :9 ‘Joig uadp  bao-buiysigndAyanosiekorqosi H


http://www.ensembl.ac.uk
http://dx.doi.org/10.1016/S0167-5699(98)01418-2
http://dx.doi.org/10.1016/S0167-5699(98)01418-2
http://dx.doi.org/10.1073/pnas.87.13.5031
http://dx.doi.org/10.1073/pnas.87.13.5031
http://dx.doi.org/10.1083/jcb.110.2.471
http://dx.doi.org/10.1083/jcb.110.2.471
http://dx.doi.org/10.1007/s00251-012-0619-z
http://dx.doi.org/10.1007/s00251-012-0619-z
http://dx.doi.org/10.1016/j.it.2011.09.007
http://dx.doi.org/10.1038/nri3715
http://dx.doi.org/10.1146/annurev-immunol-041015-055435
http://dx.doi.org/10.1146/annurev-immunol-041015-055435
http://dx.doi.org/10.1038/ng.108
http://dx.doi.org/10.1038/ng.108

component for epidermal T cells. Proc. Nat/ Acad. Sci
USA 108, 3330—3335. (doi:10.1073/pnas.1010890108)
Elleder D et al. 2005 The receptor for the
subgroup C avian sarcoma and leukosis viruses,
Tve, is related to mammalian butyrophilins,
members of the immunoglobulin superfamily.

J. Virol. 79, 10 408—10 419. (doi:10.1128/JVL.79.
16.10408-10419.2005)

Shiina T, Briles WE, Goto RM, Hosomichi K, Yanagiya
K, Shimizu S, Inoko H, Miller MM. 2007 Extended
gene map reveals tripartite motif, C-type lectin, and
Ig superfamily type genes within a subregion of the
chicken MHC-B affecting infectious disease.

J. Immunol. 178, 7162—7172. (doi:10.4049/
jimmunol.178.11.7162)

Kaufman J, Skjedt K, Salomonsen J. 1991 The B-G
multigene family of the chicken major
histocompatibility complex. Crit. Rev. Immunol. 11,
1M3-143.

Kaufman J, Salomonsen J, Skjedt K, Thorpe D. 1990
Size polymorphism of chicken major
histocompatibility complex-encoded B-G

molecules is due to length variation in the
cytoplasmic heptad repeat region. Proc. Natl Acad.
Sci. USA 87, 8277-8281. (doi:10.1073/pnas.87.21.
8277)

Miller MM, Goto R, Young S, Chirivella J, Hawke D,
Miyada CG. 1991 Immunoglobulin variable-region-
like domains of diverse sequence within the major
histocompatibility complex of the chicken. Proc. Nat/
Acad. Sci. USA 88, 4377—4381. (doi:10.1073/pnas.
88.10.4377)

Salomonsen J et al. 2014 Sequence of a complete
chicken BG haplotype shows dynamic expansion
and contraction of two gene lineages with
particular expression patterns. PLoS Genet. 10,
€1004417. (doi:10.1371/journal.pgen.1004417)
Simonsen M, Hala K, Nicolaisen EM. 1980 Linkage
disequilibrium of MHC genes in the chicken. I. The

19.

20.

21.

22.

23.

25.

B-F and B-G loci. Immunogenetics 10, 103—112.
(doi:10.1007/BF01561559)

Hosomichi K et al. 2008 Contribution of mutation,
recombination, and gene conversion to chicken
MHC-B haplotype diversity. J. Immunol. 181,
3393-3399. (doi:10.4049/jimmunol.181.5.3393)
Jacob J, Milne S, Beck S, Kaufman J. 2000 The major
and a minor class Il 3-chain (B-LB) gene flank the
tapasin gene in the B-F /B-L region of the chicken
major histocompatibility complex. Immunogenetics
51, 138—147. (doi:10.1007/5002510050022)

Shaw | et al. 2007 Different evolutionary histories of
the two classical class | genes BF1 and BF2 illustrate
drift and selection within the stable MHC
haplotypes of chickens. J. Immunol. 178,
5744-5752. (doi:10.4049/jimmunol.178.9.5744)
Gray JJ, Moughon S, Wang C, Schueler-Furman 0,
Kuhiman B, Rohl CA, Baker D. 2003 Protein — protein
docking with simultaneous optimization of rigid-
body displacement and side-chain conformations.
J. Mol. Biol. 331, 281-299. (d0i:10.1016/50022-
2836(03)00670-3)

(lements CS, Reid HH, Beddoe T, Tynan FE, Perugini
MA, Johns TG, Bernard CC, Rossjohn J. 2003 The
crystal structure of myelin oligodendrocyte
glycoprotein, a key autoantigen in multiple
sclerosis. Proc. Natl Acad. Sci. USA 100, 11059—
11 064. (doi:10.1073/pnas.1833158100)

Goto RM, Wang Y, Taylor RL, Wakenell PS,
Hosomichi K, Shiina T, Blackmore CS, Briles WE,
Miller MM. 2009 BG1 has a major role in MHC-
linked resistance to malignant lymphoma in the
chicken. Proc. Natl Acad. Sci. USA 106, 16 740—
16 745. (d0i:10.1073/pnas.0906776106)

Dohring C, Riegert P, Salomonsen J, Skjgdt K,
Kaufman J. 1993 The extracellular Ig V-like regions
of the polymorphic B-G antigens of the chicken Mhc
lack structural features expected for antibody
variable regions. In Avian Immunology in Progress,

26.

27.

28.

29.

30.

3N

32.

33.

Institut National de la Recherche Agronomique, les
Colloques no 62, Avian Immunology Meeting
September 1992 Tours france (ed. F Coudert),

pp. 145-152. Versailles, France: INRA Editions.
Salomonsen J, Skjgdt K, Crone M, Simonsen M.
1987 The chicken erythrocyte-specific MHC antigen.
Characterization and purification of the B-G antigen
by monoclonal antibodies. Immunogenetics 25,
373-382.

Bikle DD, Munson S, Komuves L. 1996 Zipper
protein, a B-G protein with the ability to requlate
actin/myosin 1 interactions in the intestinal brush
border. J. Biol. Chem. 271, 9075—9083. (doi:10.
1074/jbc.271.15.9075)

McCormack WT, Thompson (B. 1990 Chicken IgL
variable region gene conversions display
pseudogene donor preference and 5’ to 3’ polarity.
Genes Dev. 4, 548—558. (doi:10.1101/gad.4.4.548)
Drouin G. 2002 Characterization of the gene
conversions between the multigene family
members of the yeast genome. J. Mol. Evol. 55,
14-23. (doi:10.1007/500239-001-0085-y)

Pease LR, Horton RM, Pullen JK, Cai ZL. 1991
Structure and diversity of class | antigen
presenting molecules in the mouse. (rit. Rev.
Immunol. 11, 1-32.

Erlich HA, Gyllensten UB. 1991 Shared epitopes
among HLA class Il alleles: gene conversion,
common ancestry and balancing selection. Immunol.
Today 12, 411—-414. (d0i:10.1016/0167-5699(91)
90143-H)

Ohta T. 1999 Effect of gene conversion on
polymorphic patterns at major histocompatibility
complex loci. Immunol. Rev. 167, 319-325.
(doi:10.1111/j.1600-065X.1999.tb01401.x)
Martinsohn JT, Sousa AB, Guethlein LA, Howard JC.
1999 The gene conversion hypothesis of MHC
evolution: a review. Immunogenetics 50, 168 —200.
(doi:10.1007/5002510050593)

981091 :9 ‘Joig uadp  bio-buysigndAyanosjefor-qos H


http://dx.doi.org/10.1073/pnas.1010890108
http://dx.doi.org/10.1128/JVI.79.16.10408-10419.2005
http://dx.doi.org/10.1128/JVI.79.16.10408-10419.2005
http://dx.doi.org/10.4049/jimmunol.178.11.7162
http://dx.doi.org/10.4049/jimmunol.178.11.7162
http://dx.doi.org/10.1073/pnas.87.21.8277
http://dx.doi.org/10.1073/pnas.87.21.8277
http://dx.doi.org/10.1073/pnas.88.10.4377
http://dx.doi.org/10.1073/pnas.88.10.4377
http://dx.doi.org/10.1371/journal.pgen.1004417
http://dx.doi.org/10.1007/BF01561559
http://dx.doi.org/10.4049/jimmunol.181.5.3393
http://dx.doi.org/10.1007/s002510050022
http://dx.doi.org/10.4049/jimmunol.178.9.5744
http://dx.doi.org/10.1016/S0022-2836(03)00670-3
http://dx.doi.org/10.1016/S0022-2836(03)00670-3
http://dx.doi.org/10.1073/pnas.1833158100
http://dx.doi.org/10.1073/pnas.0906776106
http://dx.doi.org/10.1074/jbc.271.15.9075
http://dx.doi.org/10.1074/jbc.271.15.9075
http://dx.doi.org/10.1101/gad.4.4.548
http://dx.doi.org/10.1007/s00239-001-0085-y
http://dx.doi.org/10.1016/0167-5699(91)90143-H
http://dx.doi.org/10.1016/0167-5699(91)90143-H
http://dx.doi.org/10.1111/j.1600-065X.1999.tb01401.x
http://dx.doi.org/10.1007/s002510050593

	Different modes of variation for each BG lineage suggest different functions
	Background
	Material and methods
	Materials
	Experimental methods
	Analysis
	Structural modelling

	Results
	BG0 is virtually monomorphic
	BG1 is polymorphic, evolving mostly by point mutation except for copy number variation in the cytoplasmic tail
	Some BG genes in the BG region swap cassettes in loops corresponding to CDR1 and CDR2

	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


