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Mutationsin SLC45A2 Cause Plumage Color Variation in Chicken and Japanese Quail
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ABSTRACT

S¢S (Slver), S*N (wild-type/gold) and S*AL (sex-linked imperfect albinism) form a series of
aleles at the S (Slver) locus on chicken (Gallus gallus) chromosome Z. Similarly, sex-linked
imperfect albinism (AL*A) is the bottom recessive allele a the orthologous AL locus in
Japanese quail (Coturnix japonica). The solute carrier family 45, member 2, protein
(SLC45A2), previously denoted membrane associated transporter protein (MATP), has an
important role in vesicle sorting in the melanocytes. Here we report five SLC45A2 mutations.
The 106del T mutation in the chicken S*AL allele results in a frameshift and a premature stop
codon and the corresponding mRNA appears to be degraded by nonsense-mediated mRNA
decay. A splice site mutation in the Japanese quail AL*A allele causes in-frame skipping of
exon 4. Two independent missense mutations (Tyr277Cys and Leu347Met) were associated
with the Slver alele in chicken. The functiona significance of the former mutation, only
associated with Slver in White Leghorn, is unclear. Ala72Asp was associated with the
cinnamon allele (AL*C) in the Japanese quail. The most interesting feature concerning the
SL.C45A2 variants documented in this study is the specific inhibition of expression of red
pheomelanin in Silver chickens. This phenotypic effect cannot be explained based on the
current, incomplete, understanding of SLC45A2 function. It is an enigma why recessive null
mutations at this locus cause an almost complete absence of both eumelanin and pheomelanin
whereas some missense mutations are dominant and cause a specific inhibition of

pheomelanin production.



INTRODUCTION

Pigmentation in birds and mammals results is based on the synthesis of two different types of
melanin, brown/black eumelanin and yellow/red pheomelanin. Tyrosinase is the rate-limiting
enzyme of the melanin biosynthesis, which takes place in melanosomes within melanocytes.
Tyrosinase and the tyrosinase-related proteins Tyrpl and Tyrp2 (Dct) are involved in the
production of eumelanin. Only the presence of cysteine and some tyrosinase activity appear to
be required for the production of pheomelanin. When tyrosinase is expressed at low levels,
pheomelanin is produced by the addition of cysteine to dopagquinone (KOBAYASHI et al. 1995;
KusHIMOTO et al. 2003; WAKAMATSU and 1To 2002). Simplified, high tyrosinase activity is
associated with synthesis of eumelanin whereas low activity results in the production of
pheomelanin. The spherica pheomelanin premelanosomes are less organized than the rod-
shaped eumelanin premelanosomes and contain less melanin (BRUMBAUGH 1968).

In birds, females are the heterogametic sex (ZW) and males the homogametic sex (Z2).
The sex-linked Slver locus controlling Slver (S*S) and wild-type/gold (S*N) plumage color
(FIGURE 1) in chicken (Gallus gallus) was described already in 1912 by Sturtevant, who
found a sex-linked factor (Silver) that inhibits red color pigmentation (STURTEVANT 1912).
Slver is incompletely dominant to wild-type and its phenotypic expression is highly
influenced by modifying genes. It can thus be difficult to identify Slver in some genetic
backgrounds (SmMyYTH 1990). Sex-linked imperfect albinism (S*AL) is the bottom recessive
alele at this locus (CoLE and JEFFERS 1963; WERRET €t al. 1959) (FIGURE 1). S*AL birds
have white plumage with a ghost pattern which depends on genetic background. The eyes are
pink at hatching but darken with age except for the red pupils (HUTT and MUELLER 1943;
MUELLER and HUTT 1941; SiLVERSIDES and CRAWFORD 1990; WERRET et al. 1959).

The recessive alele for sex-linked albinism in the Japanese quail (Coturnix japonica)
was designated AL*A, while the wild-type allele was denoted AL*N (LAUBER 1964;
MINVIELLE et al. 2000) (FIGURE 2). By intergeneric crossing male chickens (Gallus gallus)

homozygous for S¢S, S*N or S*AL to female Japanese quail (Coturnix japonica) hemizygous
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for AL*N or AL*A, it was found that Sin chicken and AL in quail are orthologous. All five
intergeneric hybrids from the crossing of albinos from the two Phasianidae species were
albino (SILVERSIDES and MERAT 1991). Cinnamon (AL*C) is another allele at the AL locusin
the Japanese quail (FIGURE 2). Both the AL*C and AL* A mutations are caused by recessive
alleles, and AL*C is dominant over AL* A (CHENG and KIMURA 1990; MINVIELLE et al. 2000;
TRUAX and JOHNSON 1979). Thus, the hierarchy of dominance for these alleles is AL¥*N >
AL*C > AL*A. The plumage of wild-type Japanese quail is brown in variable shades
(FIGURE 2). The quail albino chicks have bright pink eyes and yellow to white color. The
adult birds have white plumage with buff ghost-barring (CHENG and KiIMURA 1990; LAUBER
1964). Cinnamon is phenotypically identical to the dark-eyed dilute (AL*D) allele (CHENG
and KIMURA 1990). The eyes of the AL*D chicks are red and have subnormal melanin
pigmentation but darken with age. The AL*D mutation results in dilution of the brown
pigment of the feathers but the plumage pattern is not affected (CHENG and KiMURA 1990).

The gene encoding solute carrier family 45, member 2, protein (SLC45A2) is
associated with pigmentation variation in several vertebrates; SLC45A2 was previously
known as MATP for membrane associated transporter protein. SLC45A2 mutations have been
found in medaka (FUKAMACHI et al. 2001), humans (NEwTON et al. 2001), mouse (Du and
FISHER 2002; NEWTON et al. 2001) and horse (MARIAT €t al. 2003). SLC45A2 mutations are
causing oculocutaneous albinism type IV (OCA4) in humans (NewTon et al. 2001).
SLC45A2 has 12 predicted transmembrane regions (FUKAMACHI et al. 2001) but the function
of SLC45A2 is not fully understood. Mutations in S_LC45A2 have been shown to disrupt
tyrosinase processing and trafficking at the post-Golgi level (HEARING 2005; KUSHIMOTO et
al. 2003). SLC45A2 was first identified as an antigen in melanoma, AIM1 (HARADA et al.
2001).

The sex-linked Slver locus in chicken is known to be located on the upper half of
chicken chromosome Z, 2.4 cM from the slow feathering (K) locus (BiTcoob 1999) which is

tightly linked to the chicken endogenous virus ev21 (BACON et al. 1988). S_.C45A2 is located
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in the vicinity of this viral insertion (within a 300 kb distance on chicken chromosome Z,
http://www.genome.ucsc.edu). Here we show that mutations in SLC45A2 cause imperfect
albinism in both chicken (S*AL) and Japanese quail (AL*A) as well as the Slver (S¢S and

cinnamon (AL* C) phenotypes in the two species.

MATERIALSAND METHODS

Animals
A number of chicken pedigrees and breeds have been used in this study. A three-generation
pedigree from an intercross between one red junglefowl (RJF) male and three White Leghorn
(WL) females has been generated for gene mapping (ScHUTz et al. 2002). From the F;
generation four males and 37 females were selected to generate an F, generation, showing a
wide diversity of plumage color (KERJE et al. 2003). Two other family materials were also
used. The first segregated for Slver (White Buttercup, S*Svs. Brown Buttercup, S*N) and is
an experimental cross, developed for the identification of plumage color genes. The origins of
the cross are a broiler line and a brown layer line. The second segregated for Slver (S*S) and
imperfect albinism (S*AL) and is a synthetic population (MERAT et al. 1986) currently raised
at the INRA GFA experimental unit in Nouzilly. The birds carrying St AL were received from
RG Somes in Connecticut in 1979. In the 1980s these birds were crossed with a synthetic
French line carrying Slver. Rhode Island Red (S*N) has also been crossed into this
population. A total of 50 animals exhibiting different genotypes at the S locus were sampled
from this gene pool. DNA samples from different chicken breeds collected by the AvianDiv
project (HILLEL et al. 2003), red junglefowl DNA from four different Scandinavian zoo
populations (HAKANSSON and JENSEN 2005) and White Leghorn DNA from the hypothyroid
obese strain (OS) (CoLE 1966) were also used.

Japanese quail DNA samples from wild-type (AL*N), cinnamon (AL* C) and imperfect
albinism (AL*A) raised a the INRA GFA experimental unit in Nouzilly were used for

sequencing. Skin tissue samples used for RNA extractions were from AL*N and AL* A quails
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and heterozygous (S*S'S*AL or S*N/S*AL) male chicks.

Sequencing of genomic DNA

Primers for amplification and sequencing of all S_LC45A2 exons for both chicken and quail
were designed using in-silico predicted intron-exon boundaries and DNA segquences from the
February 2004 chicken genome assembly (http://www.genome.ucsc.edu). In chicken, the gene
was amplified in six parts, using the primer pairs ex1Fpcr/ex1Rpcr, ex2Fpcr/ex2Rpcr,
ex3Fpcr/ex3Rpcr, ex4& 5Fpcr/ex4&5Rper, ex6Fper/ex6Rper and ex7Fpcer/ex7Rpcr; both the
PCR primers and internal sequencing primers were used for direct sequencing
(SUPPLEMENTARY TABLE 1). Up- and downstream regions of chicken SLC45A2 were
sequenced using the primer pairs upl0kbF/upl0kbR, up20kbF/up20kbR, dwn9kbF/dwn9kbR,
dwn20kbF/dwn20kbR, dwn30kbF/dwn30kbR and dwn80kbF/dwn80kbR.

Due to the difficulties in amplifying quail DNA with chicken primers some additional
primers were designed to amplify the quail exons. In quail, the gene was finally amplified in
six parts, using the primer pairs ex1Fpcr/ex1Rpcr, ex2Fpcr/ex2Rseq, ex3Fseg/ex3Rpcr3,
ex4& 5Fpcer/ex4& 5Rper, ex6Fper3/ex6Rper3, ex7Fper3/ex7Rper3 and ex7Fper5/ex7Rpers
(SUPPLEMENTARY TABLE 1).

All PCR reactions were carried out in a total volume of 10-20 ul and contained about
50 ng genomic DNA, 1 x PCR buffer Il (Applied Biosystems, Foster City, CA, USA), 2.5
mM MgCl,, 200 uM dNTPs, 0.75-1 U AmpliTag Gold™ DNA polymerase (Applied
Biosystems) and 20 pmol of each primer. The PCRs were performed in an Applied
Biosystems 2720 Thermal Cycler and started with 5 min at 94°, followed by touchdown PCR
program starting with denaturation at 94° for 30 s, annealing for 30 s and elongation at 72° for
1 min per kb of PCR product. The annealing temperature started at 65° and was then
decreased with 1° per cycle for 14 cycles, an additional 30 cycles was run on 51° constant

annealing temperature and the last cycle ended with 72° for 10 min.



PCR fragments were gel purified using the E.Z.N.A Gel Extraction Kit (Omega Bio-
tek, Doraville, USA) and sequenced directly using DY Enamic™ ET Dye Terminator Kit
(MegaBACE™) and MegaBACE™ 1000 instrument (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). Sequences were analyzed with the Sequence Analysis software (GE
Healthcare Bio-Sciences AB) and the Sequencher 3.1.1 software (Gene Codes Corporation,

Inc, Ann Arbour, M1, USA).

cDNA sequencing plus5’ and 3' RACE

The First-Strand cDNA Synthesis Kit (GE Healthcare Bio-Sciences AB) was used for cONA
synthesis from 14-day-old whole embryo chicken total RNA (KERE et al. 2004). PCR
amplifications were performed using the cDNAexonlF and cDNAexon7R primers
(SUPPLEMENTARY TABLE 1) and the reactions were carried out as described above but
with minor changes; 130 ng of cDNA per reaction and 35 cycles on 51° constant annealing
temperature. The PCR fragment was cloned using the TOPO TA cloning kit (Invitrogen,
Carlsbad, CA, USA) and sequenced using the T7 and M13 universal primers. Primers for 5’
and 3' RACE were designed on the basis of the obtained sequences.

5 and 3' RACE were performed on RACE-ready first-strand cDNA from broiler brain
according to the Gene Racer Kit protocol (Invitrogen). The SLC45A2-specific primers used in
this experiment, together with the primers provided by the kit, were chRACES5'revl,
chRACE3' fwd2 and the nested primer chRACE3'fwdl (SUPPLEMENTARY TABLE 1).
The RACE-ready first-strand cDNA was diluted 1:9 and 1 pul was used for PCR amplification
in atotal volume of 20 ul with 1 x PCR buffer 11 (Applied Biosystems), 2 mM MgCl,, 200uM
dNTPs, 1 U AmpliTag Gold™ DNA polymerase (Applied Biosystems) and 20 pmol of each
primer. The PCR started with 5 min at 94°, followed by a touchdown PCR program starting
with 94° for 30 s, annealing for 30 s and elongation at 72° for 1 min. The annealing
temperature started at 72° and was then decreased 1° per cycle for 9 cycles, an additional 40

cycles was run on 66° constant annealing temperature and the last cycle ended with 72° for 10
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min. The PCR fragments were cloned using the TOPO TA cloning kit (Invitrogen) and

sequenced using the T7 and M 13 universal primers.

Genotyping and linkage mapping

Pyrosequencing with the Pyro Gold chemistry was used to analyze chicken coding SNPs in
exon 3 and exon 4 (Biotage, Uppsala, Sweden). A 113 bp fragment containing the SNP at
position 902 A->G in exon 3 was amplified with the PYROex3Fseq and PY ROex3Rbio
primers and a 104 bp fragment containing the SNP at position 1111 C>A in exon 4 was
amplified with PYROex4Fbio and PY ROex4Rseq primers (SUPPLEMENTARY TABLE 1).
PCR reactions were carried out as described above with minor changes. For the
PY ROex3Fseg/PY ROex3Rbio the PCR started with 5 min at 94°, followed by 45 cycles of
94° for 30 s, 51° for 30 s and 72° for 15 s, the last cycle ended with 72° for 10 min. For the
PY ROex4Fbio/PY ROex4Rseq the regular touchdown program was used with 40 cycles on
51° constant annealing temperature. The PY ROex3Fseq and PY ROex4Rseq were also used as
sequencing primers in their respective tests and were designed to anneal just prior the SNP of
interest. SLC45A2 was mapped in relation to other markers genotyped in the RJF x WL
pedigree using the TWOPOINT function in CRIMAP (GReeN et al. 1990). The BUILD and

FLIPS functions were used to test the order of markers.

Confirmation of nonsense-mediated mMRNA decay (NM D) in imperfect albino chickens

Total RNA was isolated from skin of chicks heterozygous for the S*AL deletion using the
RNeasy Fibrous tissue Mini kit (QIAGEN, Valencia, CA, USA). The tissues had been stored
in RNAlater (Ambion, Austin, TX, USA) in —80° prior to extraction. The RNA concentration
and purity was checked using a NanoDrop® ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware, USA). The RNA was treated with DNase according to
the instructions for the DNA-free kit (Ambion) before cDNA synthesis using the First-Strand

cDNA Synthesis Kit (GE Healthcare Bio-Sciences AB). The chSALtestF/chSALtestR2
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primers (SUPPLEMENTARY TABLE 1) were used to amplify and sequence the cDNA from
chicks heterozygous for S*AL to test if the 106del T allele results in a downregulation of the
MRNA due to NMD. The reactions were carried out as described above with minor changes,
1 pl of the cDNA in a 20 pl reaction and 40 cycles on 51° constant annealing temperature.
From the same individuals genomic DNA was extracted using standard methods and the

ex1Fpcr/ex1Rpcr primers were used for amplification and sequencing as described above.

Expression analysis of the mutation causing imperfect albinism in Japanese

Total RNA was isolated and cDNA synthesized from quail skin as described above for
chicken skin. The test was designed to check if the G=>T mutation at the splice acceptor site
in the imperfect albinism allele at the intron3/exon 4 border results in an in-frame exon
skipping. The AlQex3cDNAfwd/AlQex5cDNArev primers (SUPPLEMENTARY TABLE 1)
were used for amplification of quail cDNA. The reactions were carried out as described above

for the NMD test.

RESULTS
Assignment of SLC45A2 to the chicken linkage map

The avian leucosis virus sequence (X54094) associated with the slow feathering (K) locus was

used as bait to search the May 2006 chicken genome assembly (http://www.genome.ucsc.edu)
in order to find the chromosomal region harboring the Slver locus. A hit was found on
chromosome Z around position 10.0 Mb. SLC45A2 is located about 300 kb apart from the
retroviral insertion at position ~9.7 Mb consistent with a map distance of afew cM between K
and Slver (BACON et al. 1988). S_.C45A2 was therefore identified as an obvious positional
candidate gene for Slver. A 902 A>G SNP was found by direct sequencing of exon 3 and
used to map SLC45A2 in relation to other markers genotyped in our RJF x WL intercross.

Multipoint analysis revealed the following map order and map distances: ADL0022 — (12.4
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