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Bateson and Punnett, 1908 identified two recessive white loci that complemented each other in crosses between their Silkie chickens and other recessive white breeds.  Recessive white breeds are black-eyed self-white, but are not albino.  The F1 progeny of a cross between their two white feathered breeds produced fully colored hybrid birds.  Hutt, 1949 described their research and designation as the C locus and O locus (not to be confused with the blue egg shell O locus).  Hutt, 1949 noted that the results had never been confirmed by American researchers such as Quinn and Godfrey, 1937 in their testing of American Silkie and other recessive white breeds.  Hutt proposed alternative interpretations of Bateson’s and Punnett’s data.  The inability to confirm the results using specific crosses remained true until Kinoshita et al., 2014 published a paper describing a recessive black-eyed white allele at the mottled locus.  The identification of a recessive white associated with the endothelin receptor B2 (EDNRB2) gene (mottled, mo locus) by Kinoshita, et al., 2014 means that Bateson and Punnett, 1908 were likely correct in their identification and that their Silkie chickens may have been of Japanese origin.  If a moW/moW C+/C+ recessive white Japanese breed was crossed to a Mo+/Mo+ c/c recessive white breed you could produce fully colored Mo+/moW C+/c hybrid birds, and Bateson and Punnett’s original analysis indicating complementary loci would be vindicated.  Kinoshita et al., 2014 made such a cross involving the ca albino allele of the C locus.  One additional thing to note is that the phenotype of the mottled birds and chicks shown in figures by Kinoshita, et al., 2014 are not the same phenotypes described by Hutt, 1949, Smyth, 1990, and my own personal observations, so I am not certain that Kinoshita, et al., 2014 was dealing with the same mottled (mo) locus found in the United States.

The chromagen (color), C locus:
The C locus was one of the first studied in chickens after the rediscovery of Mendel’s work.  Bateson and Punnett, 1906 noted the recessive nature of black-eyed white feathers in studies with the Dorking breed.  This recessive white allele (c) of the C locus has been the only recessive white identified in the US, but Bateson and Punnett, 1908 (Cambridge, England) claimed to have identified a second locus responsible for recessive white plumage.  As noted this second locus had never been verified by American researchers, but Kinochita et al., 2014 identified a recessive white allele at the mottled locus (moW).  It turned out that all the recessive white breeds tested in America had the C locus recessive white allele.

Smyth, 1990 reviews the C locus, so I will just summarize the historical data and provide information on what we have determined since 1990.  

Mochii et al., 1992 published the sequence of the chicken tyrosinase gene cDNA and noted that it was likely homologous to the mouse albino tyrosinase (TYR) gene.  Mouse albino (c allele) is an allele of the mouse c locus.  Brumbaugh et al., 1983 had noted that the chicken albino allele (ca) was cytochemically negative for tyrosinase activity in retinal pigment cells and feather melanocytes.  Tobita-Teramoto, 2000 confirmed the association of the TYR gene with the chicken C locus with the publication of the TYR cDNA sequence of the chicken ca albino allele.  They identified a 6 base-pair deletion in the copper-binding site of the TYR gene resulting in the deletion of an Asp and Trp pair of amino acids that inactivated the enzyme.  Multiple alleles had been identified at the C locus in chickens before the molecular era.  Smyth, 1990 lists them in their order of dominance C+>c>cre>ca.  

C+ wild-type allele:
All chickens that can produce fully melanin pigmented feathers have the C+ allele.  The recessive alleles can segregate in fully colored breeds.  The C+ allele is a fully functional tyrosinase (TYR) gene.  The TYR enzyme is required to make melanin in melanocytes (review Snyman et al., 2024).  No functional TYR, and no significant amounts of melanin is synthesized.  TYR initiates melanin synthesis, and then tyrosinase related proteins (TYRP1 and TYRP2) are involved in downstream production of eumelanin.  I have a more extensive review of melanin biosynthesis in the post download “Melanin and Melanocyte Molecular Biology, 2025”.

c recessive white allele:
TYR is an essential enzyme in melanin biosynthesis and this made the recessive white allele of particular interest because it was associated with a black-eyed white feather phenotype rather than the pink-eyed white of albino alleles of the TYR gene.  It could not be due to a simple gene knockout mutation because melanin continued to be expressed in tissues other than feathers of birds homozygous for the c allele.  Melanin can be synthesized in recessive white chick down.  In my experience c/c homozygous chicks can hatch out with some gray down, but the down can be as black as self black breed chicks, but wing feathers visible at hatch are white.  White Silkies tested in the US have this allele, but melanin continues to be produced in the dermal layer of their skin (but not feather follicles) and internal connective tissue, bones, muscles and other organs.  Smyth, 1990 noted that recessive white may enhance the expression of pigmentation of the abdominal skin facia (dermal melanosis).  This means that the TYR gene involved with the c allele has to be tissue specific in it’s expression as well as developmentally regulated in order to produce functional TYR in the down feather follicle and not in the later stage feather follicle.  I expected the causative gene to be regulatory in nature, but the mutation associated with the phenotype turned out to be unexpected.

Chang et al., 2006 identified a retroviral insertion in intron 4 of the TYR gene associated with recessive white.  It was an intact avian leukosis (ALV) subgroup E endogenous retrovirus.  Sato et al., 2007 mapped recessive white to the TYR gene and verified the retroviral insertion into intron 4 of the TYR gene.  Chang et al., 2007 identified mis-splicing occurring in recessive white transcripts in the skin resulting in transcripts missing exon 5 of the TYR gene.  Fewer functional TYR mRNAs would be created as the embryo aged resulting in the functional TYR and initial melanin colored down, but white feathers emerging from the same feather folicles of recessive white chicks.  Mis-splicing was not occurring to the same degree in the retina of recessive white chicks resulting in pigmented retina.  This would explain the black-eyed white phenotype and the tissue pigmentation of recessive white Silkie chickens if mis-splicing was not occurring in the pigmented dermis, connective tissues, internal organs, and bones of the Silkie.

Recessive white is a cleaner white than dominant white (I allele of the I locus).  Dominant white does not dilute pheomelanin as much as it does eumelanin and requires other eumelanin reducing modifiers such as sex-linked barring (B) and recessive mottling (mo) to produce a clean white.  Dominant white also requires the self-black plumage associated with the extended black alleles (E and ER) to produce a self-white bird without pheomelanin pigment in the feathers.  Recessive white reduces pheomelanin and eumelanin in the feathers and produces a white bird on any genetic background.  You can find just about any feather color alleles segregating in recessive white breeds.  Recessive white is epistatic over all of them.  In my experience buff birds can have dominant white and still be completely buff except for black smut (a color defect of buff breeds) that shows up as white or partially white feathers due to dominant white diluting the black eumelanin smut among the buff feathers.

For some reason due to the insertion of a viable retrovirus into intron 4 of the TYR gene the transcript is not spliced correctly as the feather follicle ages (Chang et al., 2007).  This results in a defective transcript that would produce a nonfunctional enzyme.  The feather follicle does initially splice the transcript correctly when producing downy feathers, but fails to splice correctly when the follicle changes over to making feathers.  It has been my observation that the down at the tip of the primary wing feathers at hatch may be pigmented, but the wing feathers emerging after the down plumes are white.  Something in the process of altering the feather follicle for the production of well structured feathers changes the cellular environment so that mis-splicing occurs.  This switch is leaky in that recessive white breeds routinely have individuals that will produce single colored feathers.  For some reason these single feather follicles do not completely make the switch over to mis-splicing.  This is most noticeable when a large tail or wing feather is involved, but color is just as likely to occur among the contour feathers of the body plumage.  Unlike the spots of color that occur among I/i+ dominant white heterozygotes, where patches of skin produce multiple colored down plumes and feathers within some type of clonal patch of the skin encompassing multiple feather folicles, usually only single feather follicles are involved in the case of recessive white.  The developmentally regulated change of the c allele can be seen in the epidermal shank scales (scutes) of newly hatched chicks.  Recessive white chicks will often hatch with some eumelanin noticeable in the skin of the shank.  Pigmentation can be very dark especially around the upper shank hock joint, but is usually limited to a bluish sheen on the hocks.  The eumelanin color fades with age and the adults usually have clean yellow shanks.

cre red-eyed white allele:
Brumbaugh et al., 1983 used an unusual allele of recessive white in their comparison with the albino (ca) allele.  Brumbaugh identified this allele as segregating in one of their recessive white lines.  Unlike the black-eyed white of recessive white if you shined a light through the heads of birds homozygous for the cre allele, the eyes were red instead of black.  Smyth, 1990 reviewed how the dominance hierarchy of the cre allele fell between the c and ca alleles.  c/cre heterozygotes were black-eyed and cre/ca heterozygotes were red-eyed and not pink eyed like albinos.  The cre allele produced white feathers, but eyes that had more retinal pigmentation than albinos (that lacked functional TYR enzyme) but less retinal pigmentation than c/c birds.

My take on the allele is that it is likely derived from the recessive white c allele that has the retroviral insertion.  The causative mutation has not been identified, but it is likely a mutation that either reduces the expression of the c allele or there is a coding sequence mutation that alters the enzyme so that it has reduced activity.

ca albino allele:
The ca allele is due to a loss of function mutation in the TYR gene.  Tobita-Teramoto, 2000 identified a 6 base-pair deletion in the coding sequence that deleted Asp237 and Trp238 from the enzyme.  The two amino acids were associated with the copper binding site and their loss resulted in loss of function of tyrosinase activity.  Neither pheomelanin, nor eumelanin can be produced in noticeable quantities, and the result is depigmentation of not just the feathers but of all the tissues of the birds including the retinal tissue and iris.  Brumbaugh et al., 1983 did find some pigmented melanosomes in older ca/ca homozygotes, so the deletion may not result in total loss of tyrosinase enzyme activity.  Smyth, 1990 notes that melanosomes do start to form, but melanosomes did not seem to complete formation, and this resulted in golgi hypertrophy.

The mottled, mo locus:
Smyth, 1990 describes the mo locus as a secondary pattern locus, but in my opinion it is also a general eumelanin diluter.  Smyth, 1990 notes that McGibbon, 1978 claims to have identified the ida allele in Mottled Ancona that could be mis identification of the id+ allele, but doesn’t connect the dermal melanin dilution with homozygousity of mo/mo.  I do not know why McGibbon did not make the connection between the fact that mottled birds had greatly reduced epidermal shank pigmentation due to having self-black E associated plumage, but yellow shanks.  Mottled Ancona are considered to be E/E self-black, but they do not have black shanks.  Neither Hutt, 1949, nor Smyth, 1990 make note of the dilution of black in the epidermal shank scales (scutes) of mottled Ancona.  It is likely that mottling reduces both the epidermal and dermal pigmentation of the shank.   Dominant white (I locus) feathered breeds often also have the mo allele, and this is likely due to the fact that dominant white needs additional help in producing a clean white feather.  Hutt, 1949 notes in his description of auto-sexing breeds that sex-linked barred and mottled Ancona males (B/B, mo/mo) are mostly white and has a picture of a rooster (Figure 62).  In crosses with White Leghorn ADOL Line 0 and UCD001 Red Junglefowl the F2 segregated for mottling (mo) and sex-linked barring (B), and some male birds were as described by Hutt (unpublished results).  We did not do the confirming crosses to determine the genotype of these birds.  The mo allele could be identified on barred birds because sex-linked barred feathers started with a dark tip.  In mo/mo, B/W F2 females some of the barred feathers had white tips (unpublished results).  The white tipped barred feathers can be seen in Hutt’s Figure 62.

The mo allele is associated with some feathers having a white tip and a colored base.  On a self-black background around 1 in 5 feathers have a white tip, while on a non-black background nearly every feather can have a white tip.  Mottled Ancona and Mottled Houdan have the bicolor (white and black) phenotype and Mille Fleur bantams and Speckled Sussex are among the breeds with the tricolor pattern (white, black, and non-black) Somes, 1980 demonstrated that the same allele produced the tricolor and bicolor phenotypes with the difference being that the bicolor phenotype occurred on self-black plumage and the tricolor phenotype occurred on non-black plumage.  In both cases a black band was created below the white tip, but it was difficult to observe the black band on a black feather.  I raised a mottled Houdan once and can confirm that there is a black band beneath the white tip.  It is distinguished by differential color of the sheen (Somes noted that the black band has a purple sheen and the rest of the feather has a green sheen, but I just recall a different color of black and that the sheen was different) and likely denser eumelanin pigmentation.  What seems to be happening is that melanosome transport seems to be inhibited for a period of time and then there is a release of eumelanin into the growing feather.  This seems to cause more eumelanin to be transported into the feather keratinocytes for a period of time.  Somes also noted how Kimball, 1953 likely came to his conclusion that mottling (Kimball’s As locus) was dominant on an e+ genetic background.  Somes found that Mo+mo heterozygotes had mottled juvenile feathers, but the adult plumage did not have mottled plumage on a non-black background.

Both Hutt, 1949 and Smyth, 1990 note that the mo allele does not have much effect on non-black down types, but on E/E black down the cream ventral down is spread over a larger area and invades the head of the chick, but most of the dorsal region remains black.  It should be noted that these are not the down phenotypes observed by Kinoshita et al., 2014 for their mo allele.  The Kinoshita et al., 2014 mo and moW alleles, when homozygous, both produced chick down devoid of melanin except for a spot of color on the heads of the chicks.  These seem to be uncharacterized alleles of the mottled locus, or another gene that produces a similar phenotype.

Carefoot, 1987 put forward his evidence that mottled (mo locus) and pied (pi locus) were alleles of the same locus.  Hutt described the recessive pi allele for Exchequer Leghorns that were likely EE self-black, but had some all black feathers, some all white feathers, and some feathers with white tips (with variable amounts of white) and black base.  The down of the chick was the same as for the mo allele with the cream ventral color covering more area and invading the head of the chick.  I agree with Carefoot that pied is likely another allele of the mottled locus (mopi).  The mopi allele restricts black more than the mo allele.

Kinoshita et al., 2014:
Smyth, 1990 noted that the mo allele had been associated with retarded melanoblast migration rates.  Kinoshita et al., 2014 identified polymorphisms in the EDNRB2 gene of chickens associated with the mottled locus.  The EDNRB gene is associated with melanoblast migration and development (Kanai and Clouthier, 2023).  Kinoshita et al., 2014 demonstrated that their mo (mottled) and moW (white) variants were alleles of the same locus by crossing the moW white birds to color tester lines and getting fully colored progeny, but they observed an intermediate mottled phenotype when moW birds were crossed with mo birds.  It should be noted (as will be described later) that the Kinoshita mottled (mo allele) phenotypes are not the same as described by Hutt, 1949 and Smyth, 1990.  Kinoshita et al., 2014 performed interspecies crosses with panda Japanese quail and moW chickens demonstrating that the mottled locus was likely associated with the EDNRB2 gene.  Kinoshita et al., 2014 sequenced the coding regions of EDNRB2 of their various lines.  Below, I have a list of the relevant GenBank accessions for cDNA sequences of the EDNRB2 gene that have highlighted links to the database sequences.  You can ctrl+click on the accession ID to get to the GenBank database.  I also have a link to Nucleotide BLAST that you can use to compare the sequences to others in the GenBank database.  If you use the NM_204120.2 sequence to BLAST search “Gallus gallus (taxid:9031)” in the “Add Organism” entry you will get comparisons to all the sequences listed below and some experimental mRNA builds.  The Ensembl database uses the experimental mRNA builds and start the coding sequence with the alternative upstream Met AUG codon.  This would extend the N terminal sequence that is supposed to be responsible for accurate transport of EDNRB to the plasma membrane.

NM_204120.2   Ref Seq EDNRB2 cDNA from Rhode Island Red cell culture (Mo+)
AB697059.1   Minohiki wild-type, two silent substitutions from NM_204120.2 (Mo+)
AB733383.1  White plumage Onagadori long-tailed fowl, Cys244Phe (moW) and 4 silent subs compared to NM_204120.2
AB697060.1  Minohiki white mutant, Cys244Phe (moW) and 4 silent subs compared to NM_204120.2
AB697061.1  Ehime-jidori (mottled) Thr8Ile, Thr15Ala, Arg332His (mo) and 3 silent subs
XM_015278151.4  bGalGal1.mat.broiler.GRCg7b, transcript X8 is identical coding sequence to NM_204120.2 (Mo+)
XM_046915338.1  bGalGal1.pat.whiteleghornlayer.GRCg7w, transcript X8, Ala228Thr (mo?, might be a recessive mottled or pied allele)
https://blast.ncbi.nlm.nih.gov/Blast.cgi

Kinoshita et al., 2014 identified multiple missense polymorphisms in their EDNRB2 coding sequences.  I have them listed in Table 1.  Two of the missense polymorphisms have not been identified by other research and even though Kinoshita et al., 2014 submitted their sequences to GenBank the SNP (single nucleotide polymorphisms) were, not submitted to the rs (RefSNP) SNP database, and Cys244Phe and Arg332His do not have rs SNP IDs.  These two SNP do not show up on the Ensembl Variant Table for EDNRB2, so I do not have a SIFT score for them.  SIFT (sorting intolerant from tolerant) tries to estimate how much each amino acid substitution would affect the function of the protein.  The lowest SIFT score is 0.0 and is most likely to result in a change in function mutation of the protein.  Cys244Phe was found to be associated with the recessive white phenotype (moW) and Arg332His was found to be associated with the recessive mottled phenotype (mo).  Kinoshita found the Cys244Phe polymorphism in their recessive white research line and in the Onagadori long-tailed fowl with white plumage.  They found the Cys244Phe homozygous in 4 other breeds with white plumage, but 6 individuals from two breeds (Shokoku and Uzurao) with white plumage were not homozygous for Cys244Phe and were found to be recessive white at the C locus.  Kinoshita et al., 2014 found two mottled breeds homozygous for the Arg332His polymorphism (Ehime-jidori and black mottled Cochin bantams).  The Thr9Ile and Thr15Ala polymorphisms were identified in both mottled and non-mottled breeds.  I have not identified the Cys244Phe and Arg322His mo locus alleles in commercial broiler chickens.  Instead I found Glu604Lys segregating in lines known to express the mottled phenotype in color crosses (unpublished data), but I never directly identified mottled birds with this polymorphism.  The White Leghorn haplotype in the bGalGal1 Leghorn/Broiler reference genome has the Ala228Thr polymorphism (XM_046915338.1).  The Ala228Thr and Glu604Lys have SIFT scores of 0.0 and 0.01, respectively, indicating that they are likely to cause change in function of the protein.  It should be noted that Ala228Thr may be a candidate for the pied allele mopi because it was found in Leghorns and the phenotype of Exchequer Leghorns was described by Hutt, 1949.

Kinoshita et al., 2014 did demonstrate that their recessive white allele complemented the C locus alleles by crossing the CAL albino line (ca/ca) to their recessive white line and produced all fully colored progeny (described as wild-type) in the F1.  The F2 produced fully colored (184), black-eyed white (58) and albino (65).  You expect more albino than black-eyed white because the double recessive homozygote (moW/moW ca/ca) is albino white.  Complementation was observed in the F1 because all the Mo+/moW C+/ca hybrids were fully colored.  So the Bateson and Punnett, 1908 findings have been replicated.

It should be noted that the Kinoshita et al., 2014 mo allele does not show typical down and feather phenotypes for it to be the same mo allele described by Hutt, 1949 and Smyth, 1990.  The phenotypes are not the phenotypes that I have observed for the mottled allele on various genetic backgrounds.  The Black Cochin mottled bantam hen (Figure 2, A-2) has small white tips on the black feathers.  This could be due to the hen being young and the white tips usually increase in size with subsequent molts.  The pictures of the Ehime-Jidori hen looks like mottling on a sex-linked gold eb background, but it could be e+ with a dark salmon breast (Figure 2, B-1 and B-2).  The chick down (Figure 2, D-2) looks like the e+ allele is in the mix because eb chicks lack the black down stripes of e+ chicks and Figure 2, D-2 clearly shows the black down stripes.  The mottled Ehime-Jidori hen lacks the black band below the white tip for nearly all of her mottled feathers.  The Kinoshita mottled allele also has a very dramatic effect on chick down.  The mo allele that I have experience with (also described by Hutt and Smyth) does not severely dilute the down of the E and e+ chicks, but Figure 2 has the mottled Black Cochin chick nearly all white with a black spot on it’s head (Figure 2, D-1) with the non-mottled chick having fairly normal black down (lighter head than normal).  The Black Cochin mottled chick has all the feathers of the wing coming in white, but with Ancona and Houdan the flights come in white, but other wing feathers are black.  The black downed chick labeled Mo+/- (Figure 2, D-1) shows white tips on it’s wing feathers (might be a Mo+/mo heterozygote for the Kinoshita mo allele).  This is not described among heterozygotes by Hutt and Smyth for chicks with extended black down.  The black mottled Houdans and Ancona that I have worked with are black downed with more cream in the head with the cream down extending up the flanks of the chick.  The Ehime-Jidori chicks (Figure 2, D-2) also display a mostly white downed mottled chick with a spot on it’s head, but the non-mottled chick has wild-type striping (though slightly irregular striping so some other modifier may be segregating).  The mo allele described by Hutt, 1949 and Smyth, 1990 did not have this effect on non-black down.  My Figure 1 are photos that I took of a mo/mo Speckled Sussex chick with wild-type striped down (supposed to be recessive wheaten, and lacks the black down stripes of wild-type chicks).  Both Hutt and Smyth noted that the effect of homozygous mo on non-black chick down was not noticeable, and there isn’t a noticeable effect of mo on the Speckled Sussex chick, and does not show the white down the Ehime-Jidori chick shown in Kinoshita et al., 2014.  The mo allele described by Kinoshita et al., 2014 may have greater dilution effects on chick down and may show some dominance on chick feathers on black feather backgrounds.  Kinoshita et al., 2014 claim that their mo allele was recessive so heterozygotes likely were not mottled in their adult plumage.

These descrepancies mean that the EDNRB2 gene may not be responsible for the mottled phenotype that has been described by Hutt, 1949 and Smyth, 1990.  As noted above I did find two other low SIFT missense polymorphisms in the EDNRB2 gene, one in Leghorns, and the other in Broilers (both known to segregate for the mottled allele), so Kinoshita et al., 2014 may have characterized two novel alleles, or it might be possible that they mixed up their crosses and the mo photos were actually of moW/moW homozygotes on a black and wild-type down pattern.  The Figure 1, D and E photos have the moW expressed on a wheaten down phenotype with some moW/moW chicks having a spot on their heads on a wheaten background.

I would make a final note about the Ensembl variant table for the EDNRB2 gene.  Many rs SNPs have made it into the database that are classified as missense or nonsense variants, and many of these have low SIFT values that would indicate that they could produce variant phenotypes, but in my experience, many (even a majority) of SNPs identified by short read genomic sequencing that have made it into the SNP database are due to sequencing errors or alignment errors.  They all need to be verified by looking at the sequence alignments or testing for the SNPs by some other genotyping method in segregating populations.

Bateson and Punnett, 1908:
Bateson and Punnett first described recessive white in their 1906 report, and in 1908 updated their crosses and presented their evidence for two complimentary loci responsible for the recessive white phenotype.  In their 1906 report they describe recessive white birds as being “characterized by the possession of a few minute ticks in their otherwise pure white plumage.”  In my experience the C locus recessive white does rarely produce some partially colored feathers that might be called “ticking”, usually most or all of a single feather will be pigmented.  Kinoshita et al., 2014 shows ticks of color in partially pigmented feathers of their mo locus recessive white birds in their Figure 1.  These feathers seem to have streaks of pigmentation in the feather.  There are multiple such “ticked” feathers in both the male and female birds.  C locus recessive white usually does not show multiple pigmented feathers, but this may be due to the selection of dilution modifiers like Andalusian blue and sex-linked barring that I’ve found in recessive white birds.  Bateson and Punnett, 1906 note that the recessive white Rosecomb Bantam chicks has bluish down (consistent with C locus recessive white that can have gray to black down in my experience).  They note that crosses between their White and Black Rosecomb bantams produced F1 black downed chicks, but some of the adults had “white spangling”.  This likely indicates that both White and Black Rosecomb bantams may have been segregating for recessive mottling (mo).  Bateson and Punnett, 1908 claim that the white Rosecomb had the same recessive white as their Silkies, but this likely is not the case because the Rosecomb bantams had the gray recessive white down of the C locus, and the Kinoshita et al., 2014 mottled white allele (moW) had down more similar to that described for the Silkies described by Bateson and Punnett, 1908.  My take is that the Rosecomb bantams were mottled and recessive white (mo/mo c/c, American mottled allele described by Hutt, 1949 as continuing to produce black downed chicks) and that Bateson and Punnett scored the mostly white (moW/mo) heterozygotes as “white”.  Kinoshita et al., 2014 has a picture of moW/mo heterozygotes (their Figure 3).

In their 1908 report Bateson and Punnett describe recessive white differently than in 1906.  They claimed that more birds were produced that did not have the “specks” of color and that the adults may be “perfectly white in plumage”.  This sounds more like recessive white that I am familiar with.  They claim that the Silkies could show buff in the down, and this is a characteristic of dominant white (I) although recessive white can show pheomelanin pigmentation as well as eumelanin pigmentation in the chick down.  I can see where Hutt, 1949 got his alternative explanation for the two complementing loci.  Kinoshita et al., 2014 show buff in the down of their moW recessive white, but mainly as a spot on the head of the chick.  Bateson and Punnett do not describe such head spots.  Bateson and Punnett, 1908 claimed that their Rosecomb bantams (still producing ticks of color in the plumage) was crossed to their Silkies all the F1 had white plumage indicating that they were allelic and represented the same genetic factor, but when the Silkie was crossed to their other recessive white lines they observed fully colored birds (described as poor red black, so they might have been wild-type or maybe birchen black).  As noted previously I think that the Rosecomb bantam had the recessive mottled allele and the C locus recessive white, and that moW/mo heterozygotes were produced that were mostly white similar to those that Kinoshita et al, 2014 produced.  

The initial Bateson and Punnett, 1908 cross of White Silkie X Brown Leghorn produced all colored chicks, and they claimed that they were continuing crossing with these birds.  Punnett, 1923 describes this cross and has pictures of the birds used.  I have copied the photos as Figure 2 and 3 (Punnett’s Plate I, Figures 1 and 2, respectively).  For the Leghorn cross described in Bateson and Punnett, 1908 and Punnett, 1923 the F1 birds had black-breasted red adult plumage, and the females may or may not have had salmon breasts (you can’t tell because they only show the stippled backs, Figure 2 and 3).  Whatever E locus allele the White Silkie had it was e+ or recessive to e+.  It should be noted that Bateson and Punnett, 1908 called the Silkie X Leghorn F2 white birds “light” instead of white, but they called their other F2 R-White recessive white cross “white”.  You can see why in my Figure 3 because the F2 “white” female shows colored feathers on her back, and the “white” male has some black tail feathers.  The color on the female looks more like the “partially pigmented feathers” of the Kinoshita et al., white birds than for any recessive white C locus birds that I have observed.  So the Silkie recessive white was not as clean of a white as the R-White of Bateson and Punnett.  Hutt, 1949 is likely wrong about Dominant white being involved because the males would have had a lot more red showing up in their plumage and not just a few partially colored feathers.  The F1 hybrids depicted in Figure 2 show no evidence of the presence of dominant white (I).  It looks like the Silkie white is more like the recessive white identified by Kinoshita et al., 2014 than it is to the C locus recessive white.

One last thing to note is that the White Silkie (Silky) used by Bateson and Punnett did not have black skin and beak as would be expected for the breed even back at the turn of the 20th century.  Bateson and Punnett make no mention of the black skin phenotype even though it seems to have appeared in the F2 of their Silkie X Brown Leghorn cross (Figure 2 and 3, below).  Bateson and Punnett will not publish on the Id (dermal melanin inhibitor locus) until several years after performing these crosses, and they will not publish on Fm (fibromelanosis) and they will be scooped by Kuklenski, 1915 (reference in German, cited by Hutt, 1949).  The birds in Figure 3 appear to be posed in such a way as to differentiate the white skin of the white birds from the much darker skin and beaks of the fully colored F2 birds.  As I noted previously mo/mo results in yellow or white shanks in mottled self-black birds that would normally have black shanks, and probably inhibits id+ to produce yellow shanks in mottled Ancona.  This was noted as a possibility by Smyth’s, 1990 by his reservations of McGibbon, 1978 claim of a new Id locus allele in his Mottled Ancona.  Kinoshita et al., 2014 show that their Cochin bantam (black mottled) cross producing moW/mo heterozygotes reduced eumelanin expression in the beaks, toes and shanks of the adult birds (their Figure 3).  My take is that the recessive white in the Silkies used by Bateson and Punnett suppressed the expression of Fm (fibromelanosis locus) and id+ (dermal melanin inhibitor locus), and the black skin and beak phenotype appeared among the F2 birds that were heterozygous for Mo+/moW and Fm/- id+/id+ or id+/W.  This makes it more likely that Bateson and Punnett were dealing with the same recessive white locus as was identified by Kinoshita et al., 2014.  American White Silkies have been found to have the C locus recessive white that does not affect dermal skin and tissue pigmentation.  Smyth, 1990 commented that recessive white (c) appeared to enhanced abdominal pigmentation (dermal melanosis). 

Conclusion:
· Bateson and Punnett, 1908 described two different recessive white loci that when crossed would complement each other and produce fully colored hybrid birds.  This finding was not verified for over one hundred years, and Hutt, 1949 proposed an alternative explanation for the results.
· Kinoshita et al., 2014 identified a recessive white phenotype that they claimed to be an allele of the mottled locus.  They identified polymorphisms in the EDNRB2 gene that were associated with their mottled phenotypes.  Arg332His was associated with their mottled (mo) allele and Cys244Phe was associated with their recessive white (moW) allele.
· Kinoshita et al., 2014 replicated the complementation results of Bateson and Punnett, 1908 by crossing their mottled recessive white to the C locus ca (albino white) producing fully colored F1 hybrids that would have had the genotype of Mo+/moW C+/ca
· The mo allele described by Kinoshita et al.,2014 did not produce the same phenotypes as described by Hutt, 1949 and Smyth, 1990.  Kinoshita et al., in their figures, depicted pigmentation of the down as being severely diluted to mostly cream, often, with a head spot instead of some dilution of black down and no noticeable effect on wild-type down observed by Hutt and Smyth.  The Kinoshita et al., 2014 mo allele did not produce a black band beneath the white tip on nonblack feathers.  This means that Kinoshita may not have been dealing with the same mottled locus described by Hutt, 1949 and Smyth, 1990, or they may have been working with new alleles that had not been described by Hutt and Smyth at the mottled locus.
· I was unable to identify either EDNRB2 polymorphism (Cys244Phe nor Arg332His) segregating among broiler chickens that I knew were segregating for the recessive mottled (mo) allele.  Instead I found Glu604Lys (SIFT score 0.01) segregating in broilers, and I identified Ala228Thr (SIFT score 0.0) in the bGalGal1 whiteleghornlayer.GRCg7w reference haplotype (unpublished data).  It should be noted that the mopi (pied) allele was characterized in Leghorns, and the Ala228Thr may be a candidate for the causative mutation for mopi (pied allele) if Kinoshita et al., 2014 were dealing with the same mottled locus described by Hutt, 1949 and Smyth, 1990.
· Figure 2 and 3 taken from Punnett, 1923 may confirm that the White Silkie used in the crosses described by Bateson and Punnett, 1908 was not the C locus recessive white.  The white Silkie (Silky) cock used in the initial crosses did not have the black skin and beak that a Silkie should have had, and Bateson and Punnett do not mention skin color in their description of the Slikie even though the dark skin and beaks appear in the F2 colored birds, but not the white feathered birds (Figure 3).  The mottled allele mo likely inhibits both epidermal and dermal pigmentation of the shanks in mottled Ancona, but the C locus recessive white c allele affects only the feathers and epidermal shank scales and not dermal pigmentation.  Kinoshita et al., 2014 show that their moW/mo heterozygotes have reduced eumelanin deposition in their beaks and shanks (their Figure 3).  The shanks are expected to be black due to normal E allele expression and the beak is expected to be darker with eumelanin rather than pale.  The pigmentation is reduced in their beaks and shanks as they are in black mottled breeds.  The Bateson and Punnett Silkie down color description is more similar to the down described by Kinoshita et al., 2014 than down associated with C locus recessive white, and the adult F2 white female has many pigmented feathers that are more like the partially colored feathers observed by Kinoshita et al., 2014 than is normally observed in C locus recessive white breeds.
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Figure 1.  Taken from Figure 4 of my post on E locus Phenotypes.  Speckled Sussex (ey?) chick with less gray down in the chest and abdomen than wild-type.  The Speckled Sussex does have pheomelanin intensifiers (very dark brown plumage), but the chick has reduced black in the striped down pattern and ventral portion of the chick down.  Speckled Sussex are mo/mo and express the tricolor feather phenotype (white tip, black band, and colored feather).

[image: ]
Figure 2.  Taken from Punnett, 1923, Plate I Figure 1.  What should be noted about these birds is that the original Silkie (Silky) that Punnett had obtained from a fancier did not have black skin and beak.  The Silkie cock parent has a pale beak and a face as pale as the F1 cock.  The F1 cock should not have black skin because it should be Id/id+ Fm/fm+(heterozygous at both the sex-linked dermal melanin inhibitor locus and the autosomal fibromelanosis locus) and appears to be s+/s+ sex-linked gold due to his dark (red?) saddle feathers.  The F1 female has lighter stippling than the Brown Leghorn hen, likely because the Silkie was segregating sex-linked silver and she has stippled feathers on a silver not gold background, or the Silkie may have been segregating for some other dilution factors.  You can’t see her beak or face, but she should have had black skin id+/W Fm/fm+.  The Silkie appears to have had an E locus allele the same as or recessive to e+ because the F1 looks like the black breasted red wild-type plumage pattern of the Brown Leghorn.
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Figure 3.  Taken from Punnett, 1923, Plate I, Figure 2.  What should be noted in this figure is that Black skin and beaks seem to have appeared in the F2 (the F1 cock, Figure 2, has lighter skin and beak).  Both males and females are posed in such a way as to observe the black skin and beaks of the fully colored birds, but the two white birds appear to have lighter skin and lighter beaks.  Bateson and Punnett do not mention these traits for this cross and will publish the description of sex-linked id+ several years later, and they would be scooped by another researcher in identification of Fm years later (Kuklenski, 1915).  It looks like this type of recessive white inhibits the expression of both id+ and Fm.  For some reason even though they could see the skin and beak color differences in the F2 Bateson and Punnett do not assess these traits for this cross.  My guess is that the sex-linked inheritance of id+ and the need to have both id+ and Fm to express the trait along with the epistatic inhibition of the skin pigmentation by the Silkie recessive white allele made it difficult to interpret their observations in this cross.



Table 1.  EDNRB2 coding sequence polymorphisms
SNP		CDS	Codon		AA		Allele	SIFT Score	Source

rs312956144	23	ACC/ATC	Thr8Ile		mix	     0.04		Kinoshita

rs3385723996	43	ACT/GCT	Thr15Ala	mix	     0.71		Kinoshita

rs313943998	682	GCC/ACC	Ala228Thr	?	     0.0		White Leghorn

NA		731	TGC/TTA	Cys244Phe	moW	     ?		Kinoshita

NA		995	CGC/CAC	Arg332His	mo	     ?		Kinoshita

rs739725493	1216	GAG/AAG	Glu604Lys	?	    0.01		Vantress

Kinoshita et al., 2014 found the Thr9Ile and Thr15Ala in mottled and non-mottled breeds.  I found rs313943998 (Ala228Thr) in the bGalGal1 whiteleghornlayer.GRCg7w reference haplotype.  I confirmed rs739725493 (Glu604Lys) segregating in commercial broiler populations (unpublished data), but I did not find the Ala228Thr polymorphism in the same populations.  I obtained the data after an initial screening, so some polymorphisms may not have made the cut to be included for further analysis.  The mottled phenotype was known to be segregating within those broiler lines.  Glu604Lys can be found segregating in the Vantress research line that Cobb-Vantress donated to the Roslin Institute along with the genomic sequences that we had for individuals of that line.  The Vantress research line is now in the public domain.  It is the original Vantress Dominant White synthetic broiler male line that had 80% of the male breeder market in the 1960’s.  Cobb-Vantress sold this product until 2005.  This line was derived from the original Vantress Red Cornish male by crossing White Leghorn males into the line in order to create a dominant white male line.  Though Cys244Phe and Arg332His were published and the sequences deposited in Genbank they did not make it into the rs SNP database, and did not have a SIFT score estimate on the Ensembl variant table.

Ensembl EDNRB2 Transcripts:
https://www.ensembl.org/Gallus_gallus_GCA_000002315.5/Transcript/Summary?db=core;g=ENSGALG00000007466;r=4:11158706-11169798;t=ENSGALT00000098515

Ensembl EDNRB2 Variant table:
https://www.ensembl.org/Gallus_gallus_GCA_000002315.5/Transcript/Variation_Transcript/Table?db=core;g=ENSGALG00000007466;r=4:11158706-11169798;t=ENSGALT00000098515
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