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This is my review of what is understood about the melanocortin 1 receptor (MC1R) the E locus.  It is basically an ordered description of my notes and experience with this gene.  After I have reviewed the subject I have a section on the various E locus alleles found in chickens and how they fit into what we know about how the receptor works.  There are multiple reviews on this subject that I will be referencing.  The E locus was initially associated with the extension of black into the Columbian restricted plumage tracks of domestic chickens (Hutt, 1949).  The proposed e allele was incorrectly associated with the dominant Co allele of the Columbian restriction locus (Smyth, 1990).  The E locus was first associated with the MC1R gene in mice (Robbins et al., 1993).  I was doing my first post doc with a now defunct company (Genmark in Salt Lake City) and that company quickly created a genetic test for the cattle E locus in order to identify heterozygous (red/black dairy cattle bulls).  When I got my first real job as an assistant professor in the poultry science department at the University of Arkansas, Sakae Takeuchi published the sequence of the chicken MC1R gene (Takeuchi et al., 1996ab).  The sequence had been derived from Rock Cornish embryos (white feathered commercial meat birds) but it had the same polymorphism (Glu92Lys) as the somber Eso3J allele of domestic mice (Robbins et al., 1993) that was associated with black fur.  This made sense because I knew that broilers had dominant white (I locus) that worked best on a black barred genetic background (Extended black, E locus and sex-linked barring, B locus).  I did some sequencing and created a PCR based test to identify the alleles, found it to segregate with black down, and my lab started sequencing birds that had been claimed in the literature to have the various chicken E locus alleles (Ellett, 2000).  My undergraduate technician (Jamal Stie) and I had cloned and sequenced several of the alleles described in Ellett, 2000, but the student journal would not accept multiple authors on what was Andy’s honors thesis.  What we found is included in Table 1.  I was corresponding with Takeuchi at this time and provided the cloned sequences that were used in the functional analysis of Ling et al., 2003.  We found some unexpected results that we did not have a good explanation for at the time, and I will be covering my take on those results later.  A lot of genes are mentioned that have been listed as being associated with pigmentation in the “Melanin and Melanocyte Molecular Biology” post.

G-protein-coupled receptors:
The MC1R gene is a member of the superfamily of G protein coupled receptors (GPCR).   Rehman et al., 2023 is a review on the integral membrane protein receptors.  I have already posted on the evolution of melanocortin receptors (Melanocortin Receptor Evolution).  GPCR have an extracellular amino terminus, seven transmembrane domains, six intracellular (IL1-3) and extracellular (EL1-3) loops, and an intracellular carboxy terminus (Figure 1).  There are five melanocortin receptors in tetrapod vertebrates like chickens and humans (Compared in Figure 1).  Melanocortin receptors form dimers and MC1R can form heterodimers with the other melanocortin receptors.  This aspect of MC1R can complicate trying to figure out what functions MC1R can be associated with since MC1R is expressed in many tissues besides melanocytes.  The Ji and Tao, 2022 review has MC1R expressed in dozens of tissues with its highest expression in thyroid gland, pituitary gland, and testis.  Transcription does not necessarily mean that translation of the transcripts occur within those tissues, but MC1R was found by immunohistochemistry to be expressed in other tissues besides melanocytes and melanomas.  Salazar-Onfray et al., 2002 found MC1R expressed in adrenal medulla, cerebellum, liver, and keratinocytes.  The MC1R dimer is found at a low copy number in melanocytes, so it doesn’t take very many to accomplish what MC1R needs to do.  Several dozen cell types express MC1R transcripts with the highest expression in melanocytes, granulocytes, effector memory CD8 T-cells, NK-cells, and non-Vd2 gdTCR cells.  This seems to be unexpected for a receptor associated with stimulating melanocyte production and eumelanosome production within those melanocytes.

Signal transduction is initiated by extracellular ligands binding to the receptor.  Ligand binding produces conformation changes in the structure of the receptor.  These conformational changes somehow stimulate the activation of heterotrimeric GTP-binding proteins (G protein).  The stimulated G proteins produce a GDP-GTP exchange.  The activated G protein stimulates various intracellular signaling pathways.  MC1R stimulates the production of cyclic AMP (cAMP).  Cyclic AMP is involved with regulating the transcription of multiple genes that result in production of melanin within the melanocyte.  In addition to activating cAMP production MC1R also activates the extracellular signal-regulated kinases (ERK1 and ERK2).  This will be covered in a section covering the cell physiology of MC1R.

Several reviews go into the structure of the MC1R G protein coupled receptor (Garcia-Borron et al, 2005, and Wolf Horrell et al., 2016 are two examples).  MC1R can form dimers and heterodimers with the other melanocortin receptors (MC2R, MC3R, MC4R, and MC5R sequence compared in Figure 1) and this is also called oligomerization.  The fact that functional dimers have to form is important because Sanchez-Laorden et al., 2006 found that some MC1R variants with negative effects on receptor function could be dominant in that when combined with a normal receptor subunit the heterodimer could exhibit the negative effects.  This is a common form of dominance for alleles at a particular locus and is often called parts poisoning where a defective allele can compromise the function of the protein complex that the gene product is a part of.  In this case we have dimers and if one copy of the dimer is defective the dimer is compromised and does not function normally.  It doesn’t take both subunits of the dimer to be defective to produce the phenotype.  In this way heterozygotes produce enough defective protein complexes to compromise normal function enough to exhibit the dominant phenotype.  Sanchez-Laorden et al., 2006 also found that heterodimers of two different defective alleles could complement each other and produce a functional dimer when the homodimer of either allele would be defective.  Both effects (dominance and complementation) likely is an explanation for how some alleles with seemingly opposite effects can segregate within certain feather color variants of domestic chickens.  This also means that in tissues where MC1R is expressed with the other melanocortin receptors that MC1R alleles associated with negative effects could compromise the function of heterodimers with the other melanocortin receptors in in cell types other than melanocytes.  This would expand the possible phenotypic effects that MC1R may be associated with like body weight, metabolism and immune system effects.

MC1R is encoded as a single exon in the canonical transcript that encodes the 317 amino acid sequence of the Human MC1R compared in Figure 1.  Multiple exon transcripts have been identified that extend the C terminal sequence of the canonical transcript (Reviewed in Garcia-Borron et al., 2014).  Some of these multiple exon transcripts involve the tubulin beta III gene (TUBB3).  Chickens have the same gene arrangement associated with the MC1R locus and these additional transcripts may also be produced in chickens.  Later reviews (Wolf Horrell et al., 2016 and Upadhyay et al., 2024) do not consider these additional transcripts, but Guida et al., 2021 does and also notes, as did Garcia-Borron et al., 2014, that the Tubb3 fusion transcript seems to have dominant negative effects on the function of MC1R.  Guida et al., 2022 note that no products of the Tubb3 fusion transcript have been detected in cells at that time.  These additional transcripts are mostly being ignored at this time.  Guida et al., 2022 does note that the Tubb3 fusion transcript has increased transcription in the tanning response, and may have some function in how MC1R works in cells responding to UV light.

Melanocortin receptor ligands:
The melanocortin receptors are named for the melanocortin peptide ligands that bind to the extracellular and transmembrane parts of the receptor and cause signal transmission to the inside of the cell.  Proopiomelanocortin (POMC) is a protein product that is processed into multiple melanocortin peptides (Harno et al., 2018).  POMC deficiency in humans results in early-onset obesity, adrenal insufficiency, and red hair.  It is amazing how important various post translational processing pathways are to the regulation of the function of the melanocortin receptors.  Alpha-MSH (melanocyte stimulating hormone) and ACTH (adrenocorticotropic hormone) are the POMC derived peptide agonists with the highest affinity for MC1R, but there are more than half a dozen peptide products derived from the POMC protein.  When the alpha-MSH ligand binds to MC1R the receptor alters its conformation, activates the associated G proteins, and stimulates cyclic AMP production within the cell.   Agouti signal protein (ASIP) acts as an antagonist and competes with agonist ligands for binding with MC1R.  When ASIP is bound alpha-MSH is prevented from binding.  For dogs, a beta defensin allele product, canine beta defensin 103 (CBD103 gene), can bind to MC1R and prevents the agouti antagonist from binding (Candille et al., 2007).  Alpha-MSH is not prevented from stimulating the receptor and the CBD103 allele results in darker fur color in dogs.  Inhibiting agouti binding results in darker fur in dogs.  Swope et al., 2012 found that human beta defensin 3 (HBD3) could act as an antagonist for human MC1R.  100 nM HBD3 inhibited alpha-MSH activation of MC1R.  Like ASIP, the HBD3 peptide reduces the ability of alpha-MSH to activate MC1R and stimulate cAMP production.  While HBD3 acts like ASIP, the sequence variant found in the dog CBD103 allele alters the peptide to competitively inhibit binding of ASIP rather than mimic the antagonist properties of ASIP.

Ji et al., 2024 found that protochordates like Ciona did not have a POMC gene and that the MC4R-like receptors that had been identified in the Ciona genome could not bind melanocortin ligands.  They found that jawless fish did have POMC and that their MCa and MCb melanocortin receptors (sequence compared in Figure 1) could bind melanocortin ligands.  It seems that melanocortin receptors and POMC evolved in the vertebrate lineages sometime around the R1 whole genome duplication event.  The function of MCa is not known, but Ji et al., 2024 believed that MC1R evolved by gene duplication involving MCa in the R2 whole genome duplication event.  Jawless fish have melanocytes derived from the neural crest of early embryonic development, and these melanocytes produce eumelanosomes and act as melanophores.  It might be that MCa has an MC1R like function among jawless fish and may function in their melanocytes.

Agouti signal protein (ASIP) and agouti related neuropeptide (AGRP) can bind to the melanocortin receptors and act as antagonist ligands for melanocortin receptors (Patel et al., 2010).  Both ASIP and AGRP peptides act as antagonists for MC1R, but AGRP is not expressed in tissues where melanocytes are active, and AGRP is not associated with pigmentation.  When either of these two peptides bind to MC1R the binding of alpha-MSH is inhibited, so the receptor is not activated, and the associated G proteins are not activated.  When ASIP levels are high enough, alpha-MSH binding is inhibited, and pheomelanin is produced instead of eumelanin.  ASIP not only competes with alpha-MSH for ligand binding to MC1R, but when ASIP is present the low level of constitutive cAMP stimulation by MC1R, observed in human and mice melanocytes, is reduced below baseline levels.  Switching from eumelanin synthesis to pheomelanin synthesis appears to require this below baseline reduction in signaling of MC1R in mice (Walker and Gunn 2010).

Melanocortin receptor cell physiology:
Garcia-Borron et al., 2014 describe the MC1R gene as being regulated by a minimal promoter.  This promoter contains a MITF binding site, so MC1R is positively regulated by one of the genes that is up regulated by alpha-MSH ligand binding and activation of the MC1R receptor.  Fan et al., 2022 claimed that they had found some SNPs in the first 2,000 base-pairs flanking the chicken MC1R gene and that gene regulation may have been altered by the polymorphisms, but the paper is just bad in terms of how they dealt with the sequence, and their gene expression claims need to be taken as suspect.  I review the paper in the Appendix.

MC1R is translated in the rough endoplasmic reticulum, forms a dimer, and needs to be transported to the cell membrane.  If MC1R does not get to the plasma membrane the low level constitutive activation of the receptor is not expressed, extracellular agonist ligand will not bind, and the associated G proteins are not activated and intracellular cyclic AMP levels will not be affected.  The ERK (extracellular signal-regulated kinases) pathway is also not stimulated if the receptor fails to reach the plasma membrane.  Polymorphisms that interfere with transport of MC1R restrict both cAMP and ERK activation (Human position: Cys35Ala, Ser41Ala, Leu93Arg, Thr157Ala, Arg162Pro; Chicken position: Cys33, Ser39, Ler91, Thr155, Arg160, respectively; Figure 1).  Cys289Arg (Chicken position: Cys286; Figure 1) has low binding capacity for ligand and restricts both cAMP and ERK pathways.  This means that MC1R function requires functional receptor located in the plasma membrane, and intracellular receptor does not stimulate G proteins and the ERK pathway.

What is known is that MC1R changes cyclic-AMP levels in cells, and that increased cAMP levels in melanocytes up and down regulate the expression of specific genes associated with the amplification from melanocyte stem cells and the production of melanosomes within the melanocyte.  MC1R also activates the extracellular signal-regulated kinases (ERK1 and ERK2) (Herraiz et al., 2012).  The ERK pathway is essential for melanocyte cellular differentiation and proliferation.  Herraiz et al., 2012 worked with human MC1R amino acid sequence variants and deletions that they called mutants.  8 mutants were found to result in a total loss of function for both cAMP and ERK activation (noted in the polymorphism description associated with Figure 1).  12 mutants were found to have various degrees of loss of function for cAMP production, but no loss of function for the ERK activation.  No mutations were found to compromise ERK activation more than cAMP activation by Herriaz et al., 2012, but Garcia-Borron et al., 2014 noted that human Arg163Gln had no effect on cAMP stimulation, but severely down regulated the ERK activation.  The two functions of MC1R seem to have some independence from each other.  cAMP activation can be compromised with little effect on ERK pathway activation, and one variant has been found that has no effect on cAMP, but has a negative effect on ERK.  Upadhyay et al., 2024 note that the increased ERK phosphorylation observed was minor compared to stimulation with 1 nM endothelin.  Upadhyay et al., 2024 also note that alpha MSH was found to activate the PI3K/Akt pathway in B16-F10 melanoma cells and human melanocytes.  They labeled it the IP3K/Akt pathway in their review.  Phosphoinositide 3-kinase (PI3K) activates the proto-oncogene Akt (protein kinase B).  This pathway is involved in regulating cellular metabolism, growth, survival, cell proliferation, transcription, and translation of genes.  Endothelin also activates Akt, and it is not known if the activation is mediated by cAMP or some signal pathway down stream of MC1R.  MC1R is likely associated with a lot more than regulating eumelanin and pheomelanin biosynthesis.

Wolf Horrell et al., 2016 describes MC1R involvement in the response to UV radiation.  UV light stimulates the production of POMC in skin keratinocytes, and alpha-MSH stimulates melanocyte production and the production of eumelanosomes that are transported into surrounding keratinocytes.  Pigment production isn’t the only system activated.  DNA repair systems are activated and Upadhyay et al., 2024 note that the Akt pathway is activated.  Akt is associated with cell longevity and inhibition of apoptosis (cell death and recycling).  The nucleotide excision and repair (NER) and PI3K/Akt pathways may be stimulated by the increased cAMP levels in the cells.

Loss of function variants that decrease MC1R activation and signaling are associated with red hair in humans and are associated with a decrease in eumelanin production.  Many loss of function variants are melanoma risk factors.  When pheomelanin replaces eumelanin there is decreased UV protection of the skin, and pheomelanin generates reactive oxygen species upon UV irradiation.  Pheomelanin is usually encased in a eumelanin shell formed inside the melanosome, but inhibition of eumelanin synthesis results in pheomelanosome production (no eumelanin shell) and pheomelanin is exposed to UV radiation.

Constitutive activity of wild-type MC1R:
Mouse and human MC1R were found to have a low level of constitutive activity with respect to altering the cAMP levels of the cells.  My guess is that this also applies to the ERK and PI3K/Akt pathways.  It means that whatever MC1R does it may do it at some minimal level in any tissue where it might be expressed.  Walker and Gunn, 2010 claim that this low level of constitutive activity needs to be suppressed by ASIP antagonist in order to favor pheomelanin production over that of eumelanin.  Increased cAMP level is claimed to increase the expression of MITF (Microphthalmia-associated transcription factor also known as melanocyte inducing transcription factor), and MITF is essential in development of melanocytes from the neural crest and up regulates the production of MC1R, and other melanocyte genes such as tyrosinase.  So MC1R positively regulates its own production.  Antagonist ligand binding is needed to break this cycle and ASIP (mouse agouti A locus) has been found to reduce the biosynthesis of MC1R.  Walker and Gunn, 2010 note that homozygous ae (extreme non-agouti, ASIP loss of function) mice have black fur.  Constitutively expressed Ay (lethal yellow, ubiquitous ASIP production) mice have yellow fur.  The same yellow fur phenotype is produced due to MC1R gene knockout loss of function variants, such as the mouse e allele (MC1R gene knockout due to a single nucleotide deletion frameshift mutation).  

ASIP complications:
The simple story of antagonist ASIP binding with MC1R is complicated by the fact that functional ATRN (attractin, mouse mahogany mg locus) is required for ASIP to act as an antagonist to MC1R.  MGRN1 (mahogunin ring finger 1 mouse md locus) is also needed for pheomelanin production.  ATRN null or MGRN1 null mice do not respond to ASIP in the presence of wild-type functional MC1R and produce black fur.  These two proteins may be involved in receptor desensitization.  As noted homozygous ATRN gene knockouts result in black fur in mice even in the presence of over expression of ASIP by the Ay allele (Walker and Gunn, 2010).  How ASIP is dependent on ATRN to act as an antagonist is not known.  ATRN has a low binding affinity for ASIP, and it has been proposed that ATRN stabilizes ASIP in some way to affect ASIP binding to MC1R, but over production of ASIP, obviously, does not overcome such a stabilizing effect.  ATRN has not been determined to be physically associated with MC1R, but another attractin has been physically associated with MC4R.  ATRN is somehow needed for ASIP function, and this would mean that there might be polymorphisms in the MC1R gene that may differentially interact with ATRN and interfere with the antagonist effects of ASIP or mimic the interaction between MC1R and an ATRN-ASIP complex.  

Walker and Gunn 2010 claim “…Atrn null mutant melanocytes have normal cAMP response to ASP treatment but exhibit an impairment of the cAMP-independent ASP-induced morphological changes reported by Hida et al., (2009)” (ASP is another designation for ASIP).  It is difficult to reconcile the claimed results of Hida et al., 2009 with the genetic results.  The ATRN null mutant cannot have normal cAMP response to ASIP because the Ay allele is not able to influence MC1R switch to pheomelanin production when the ATRN null mutant is homozygous.  Black fur is produced instead of the Ay associated yellow fur for the Ay and ATRN null double mutant.  They note that wild-type attractin (ATRN) binds the amino-terminal domain of ASIP, and they note that the Atrnmg-3J null mutant is completely resistant to the ASIP effect on fur color.  What Hida et al., 2009 claim is that ATRN null and MGRN1 null mutant melanocyte cultures grow more slowly, but have normal cell morphology and black melanosomes (as expected for ATRN null or MGRN1 null cells) when grown without cholera toxin added to the culture medium.  When the ATRN null cells are treated with ASIP the cell morphology does change somewhat towards the morphology of melan-a (ASIP null) melanocytes treated with ASIP.  The MGRN1 null cells do not seem to exhibit the morphological changes associated with ASIP.  Hida et al., 2009 do claim to have determined cAMP levels for their ATRN null and MGRN1 null melanocyte cells after alpha-MSH stimulation, and claim that ASIP did completely inhibit the cAMP “response” of alpha-MSH stimulation when the agonist and antagonist were added at the same time (their Figure 5).  What Hida et al., 2009 do not note is that the ASIP combined with alpha-MSH treatment does not dramatically reduce cAMP to below basal levels for any of their treatments even with their melan-a cells that were only null for ASIP.  This might be due to the fact that Hida et al., 2009 added their alpha-MSH and ASIP at the same time and the two were in competition for MC1R binding.  They settled on the dose of ASIP that brought cAMP levels to around basal level, but that ASIP level did not reduce the cAMP levels to significantly below basal level.  If you check out their Figure 5b you would see that the level of cAMP for only their melan-a control with ASIP and alpha-MSH was slightly below the basal level without ASIP and alpha-MSH.  I don’t know if the difference is significant, but the ATRN null cells had higher than basal levels with ASIP and alpha-MSH, and there isn’t much difference between the basal level of MGRN1 null cells and those treated with ASIP and alpha-MSH.  This could mean that ASIP can still bind to MC1R and prevent alpha-MSH activation of the receptor, but without ATRN, ASIP is unable to reduce cAMP production to below basal levels required to produce pheomelanosomes.  MGRN1 may be needed to assist ATRN in reducing the ASIP induced reduction of the constitutive activity of MC1R.  This would mean that ATRN is not needed for ASIP to act as antagonist for MC1R, but may also be involved in ATRN binding ASIP and reducing the constitutive activity of the wild-type receptor.

The double mutant (Ay and ATRN null) would continue to produce the basal level of cAMP that is sufficient to produce eumelanosomes in the presence of excess ASIP.  If ATRN was needed to reduce the constitutive activity of MC1R it would also be expected that treatment with their C terminal ASIP fragment (ASIP-YY) would not bind to wild-type ATRN in Melan-a cells, and it was observed that treatment with the ASIP-YY fragment instead of intact ASIP did not reduce the cAMP level to below basal level for Melan-a cells (Figure 5b).  Their ASIP-YY fragment would be expected to regulate MC1R, but not bind to ATRN.  The Figure 5b experiment was not designed to look at basal levels of cAMP production, but the results are what they are.  Hida et al., 2009 do not discuss this aspect of their results, and I checked articles citing Hida et al., 2009 and could find only others taking their results as they discussed them with only perplexed explanations for the results.  Hida et al., 2009 did demonstrate in their Figure 5c that Melan-a cells responded to both ASIP and ASIP-YY by producing lower than basal levels of cAMP in the presence of the two peptides, but they did not do the same experiment on the ATRN null and MGRN1 null cells.  Is it known if some basal level of agonist stimulation of MC1R could be occurring in melan-a cells?  If the Figure 5c results are an example of reducing the constitutive activation of MC1R it may mean that ASIP binding to ATRN is not needed to decrease the activity of MC1R to below basal levels, and that it may be ATRN interaction with ASIP bound MC1R receptors that reduces receptor activity to below basal levels.  I do not know how much of the basal cAMP production was due to possible ligand activated MC1R.  Their treatment did not reduce the cAMP levels very much, so they need to know how much the cAMP levels were reduced from what was expected to be produced due to the normal constitutive activity of MC1R.

It may be that ATRN and MGRN1 may be needed to reduce the constitutive MC1R activation of associated G proteins to below basal levels in order to switch melanin production from default eumelanin to pheomelanin synthesis.  This would mean that ASIP could bind to MC1R and prevent stimulation of cAMP production by alpha-MSH agonist, but ASIP may require ATRN in order to reduce the constitutive activity of the MC1R receptor.  ATRN may need MGRN1 to inhibit the constitutive activity of wild-type MC1R.  ATRN and MGRN1 may be involved in uncoupling associated G proteins constitutive activation by MC1R.  They might be involved in MC1R desensitization and/or interfere with the constitutive G protein activation in some way.  Walker and Gunn, 2010 do note that ASIP is known to reduce MC1R numbers in the plasma membrane, so ASIP may also be involved in internalization of the MC1R and desensitization as well as reducing transcription of MC1R.

Desensitization and internalization of MC1R:
One important aspect of MC1R function is that after activation by alpha-MSH the receptor undergoes a desensitization process.  The low level of constitutive activity of the receptor does not seem to trigger this desensitization, but Abrisqueta et al., 2018 found that native receptors could initiate the process without agonist ligand binding.  MGRN1 ubiquitination of MC1R associated ARRBs (Beta-arrestins) was independent of agonist ligand binding.  Once the receptor is activated by agonist ligand binding a desensitization process is initiated.  GPCR kinases (GRK) phosphorylate intracellular Ser or Thr receptor residues.  Ser299, Thr305, and Ser313 (Human: Ser302, Thr308, and Ser313, respectively) are potential phosphorylation sites (Figure 1).  Beta-arrestins (ARRBs, beta-arrestin 1 and 2) bind to the phosphorylated residues and uncouple the receptor from the interacting G proteins, and the ARRBs interact with clathrin and AP2 (adaptor protein complex 2) initiating endocytosis of the receptor (Garcia-Borron, et al., 2014).  As noted one of the genes that is up regulated by MC1R activation is MITF, and the regulatory sequence for the MC1R gene includes a MITF binding site.  This indicates that MC1R functions by some type of cyclic activation and desensitization cycle to regulate its function in the cell.  The receptor is supposed to be recycled back to the plasma membrane in humans once it has been internalized.  The low copy number of MC1R receptors in the plasma membrane (estimated to only be around 1,000 copies) coupled with new synthesis due to up regulated MITF transcription regulation and the recycling of the receptor after desensitization there seems to be a finely tuned response to alpha-MSH stimulation and maintaining functional receptors in the plasma membrane of the melanocyte.  Instead of being recycled back to the plasma membrane the receptor seems to be degraded in lysosomes in mice (Garcia-Borron et al., 2014).  Abrisqueta et al., 2018 addressed ubiquitination of human ARRBs.  ARRB binds to MC1R and uncouples associated G protein activation.  ARRBs remain associated with MC1R after internalization and ubiquitination would be expected to tag the protein complex for degradation in lysosomes.  Abrisqueta et al., 2018 determined that MGRN1 was the ubiquitin ligase responsible for ubiquitination of the ARRBs.  As previously discussed functional MGRN1 is required for ASIP antagonist switching from eumelanin to pheomelanin production.

MC1R polymorphisms associated with the function of the GPCR:
The MC1R G protein coupled receptor needs to form dimers, be transported from the endoplasmic reticulum, where it is made, to the cell surface, and bind extracellular agonists and antagonists when it makes it to the plasma membrane.  The G proteins associated with the receptor are activated at some constitutive level, but can be further stimulated by agonist binding to MC1R.  The constitutive activity of the receptor can be down regulated by ASIP antagonist.  The ERK and other pathways are activated in some way that may be independent of increasing the level of cAMP within the cell.  The activated receptor then goes through a desensitization and internalization process, and is either recycled to the plasma membrane or degraded in lysosomes.  Multiple reviews note that many more functional polymorphisms have been found in the MC1R gene than in any of the other 4 melanocortin receptors (MC2R, MC3R, MC4R, and MC5R).  MC1R appears to accumulate functional polymorphisms within species.  This may be to be due to the phenotypic variation produced by the functional polymorphisms.  The same Glu92Lys polymorphism that results in black fur or feathers has been found in multiple mammal and bird species.  In spite of the deleterious nature of pheomelanin (interferes with metal binding of eumelanin and produces reactive oxygen species upon UV irradiation (Galvan et al., 2012)) humans segregate multiple loss of function MC1R variants associated with red hair.  This could be due to positive selection of variant hair color phenotypes among humans.  The single amino acid substitution polymorphisms are identified in Figure 1.  Most of the polymorphisms have been characterized in humans, but I use the chicken amino acid position numbering (Figure 1) because this review was written to help me understand how the known chicken variant alleles might be associated with MC1R function.

Dimerization:
Dimers form before trafficking to the plasma membrane and is believed to be an important initial step in getting MC1R to where it functions (Garcia-Borron et al., 2014).  Transport of the receptor to the plasma membrane may be one of the means to regulate the function of MC1R.  Noncovalent domain intercalation and covalent disulfide bonds may form between monomers.  MC1R can also form heterodimers with the other melanocortin receptors whose sequence is compared in Figure 1.  Cys33, Cys264, Cys270, and Cys272 (Human Cys35, Cys267, Cys273, and Cys275, respectively) are believed to be involved in forming stable dimers (Garcia-Borron et al., 2005).  Figure 1 lists the issues associated with amino acid substitutions at these positions.  Replacing Cys with either Gly or Ala at Cys264 or Cys272 results in complete loss of function for the receptor.  Cys270Ala retains some function, and this position may have something to do with metal binding of the receptor.  Cys270Gly results in complete loss of function for the receptor (Garcia-Borron et al., 2005).  Cys33 is required for transport.  Dimers still form with Cys33Ala polymorphism, but the receptor is not transported to the plasma membrane, so this region of the dimer may be important for trafficking the receptor to the plasma membrane.  Leu91Arg and Arg160Pro (human: Leu93 and Arg162) were found to be dominant in their effect of inhibiting dimerization of the receptor by Sanchez-Laorden, 2006.  Heterodimers are not formed so functional receptors are reduced in the plasma membrane among heterozygotes.

Post-translational modification and trafficking:
After MC1R is synthesized in the rough endoplasmic reticulum it undergoes multiple post-translational modifications that are involved in the function of the receptor and getting it transported to the plasma membrane.  After synthesis N-glycosylation occurs at two residues of human MC1R (Human Asn15 and Asn29).  Dimerization can occur before glycosylation.  The dimers move from the endoplasmic reticulum to the golgi (Garcia-Borron et al., 2014).  Herraiz et al., 2011 found that Asn15Gln substitution had a small effect on function and transport of the receptor, but the Asn29Gln substitution resulted in significant loss of function and transport of the receptor to the plasma membrane.  The Gln29 and the Gln15-Gln29 double substitutions resulted in a significant reduction in the number of receptors that made it to the plasma membrane.  Herraiz et al., 2012 found that the Gln29 and Gln15-Gln-29 double substitutions resulted in a significant reduction in cAMP stimulation (around 20% of normal activity), but ERK activation was unimpaired.  This means that the limited number of receptors that made it to the plasma membrane were enough to stimulate the ERK pathway.  Avian MC1R has 3 potential N-glycosylation sites in the N-terminal region of the receptor (Asn15, Asn20, Asn23) identified Figure 1.

Garcia-Borron et al., 2014 links the glycosylation with phosphorylation of Thr155 (Human Thr157).  This phosphorylation would occur after glycosylation.  The Thr155Ala polymorphism blocks phosphorylation and results in the receptor being retained in the intracellular compartment, and results in a loss of function for both cAMP and ERK pathways.  There are 3 Arg residues in the intracellular loop 2 (IL2, Figure 1) that may be associated with phosphorylation.  Arg158Trp (Human Arg160) inhibits phosphorylation of Thr155, and Arg149Cys and Arg160Pro (Human Arg151 and Arg162, respectively) are associated with inhibition of receptor trafficking and results in intracellular retention of the receptor.

There are other potential phosphorylation sites found in IL2.  Thr143 and Ser152 (Human Ser145 and Ser154, respectively) are thought to be potential phosphorylation sites that could be involved in receptor trafficking.  There are also 3 phosphorylation sites in the intracellular C-terminus (Ser299, Thr305, and Ser313; Human Ser302, Thr308, Thr314, and Ser316).  The phosphorylation of Thr305 and Ser313 (Human Thr308 and Ser316, respectively) are believed to be involved in receptor desensitization and internalization after ligand activation (Garcia-Borron et al., 2014).

Acylation of MC1R has not been verified, but the potential palmitoylation site Cys312 (Human Cys315) can be altered, and Human Cys315Gly can result in total loss of function for the MC1R receptor (Garcia-Borron et al., 2014).  Palmitoylation may be involved in trafficking of the receptor or modulating G protein activation.

Val58Leu (Human Val60Leu) is associated with red hair in humans and is somehow involved in trafficking.  Activation of cAMP synthesis is 50% that of wild-type, and is the result of mistrafficking and intracellular retention of the receptor (Garcia-Borron et al., 2014).  The dimer structure must be altered in some way that interferes with intracellular transport, but some receptor does get into the plasma membrane and can respond to alpha-MSH stimulation.  Four other human alleles associated with red hair were identified as being involved with intracellular trafficking (Human Asp84Glu, Arg151Cys, Ile155Thr, and Arg160Trp).  Arg151Cys has been associated with retention in the endoplasmic reticulum and Arg160Trp with retention in the Golgi.  Human Asp84Glu (chicken Asp82) is associated with red hair and intracellular retention of the receptor.   Garcia-Borron et al., 2014 listed human Ser41Phe, Leu93Arg, and Arg162Pro (chicken Ser39, Leu91, and Arg160, respectively) as being associated with severe intracellular retention of the receptor.  Perez Oliva et al., 2009 described the human Val38Met (chicken Leu36) and human Val51Ala (chicken Val49) as being associated with reduced cell surface expression of the receptor.  In horses Ser81Phe (Figure 1) is associated with chestnut coat color, and likely also interferes with intracellular trafficking of the receptor.

Cys33Ala (human Cys35Ala) is a position believed to be associated with dimerization, but the Ala33 substitution allows dimer formation, but transport of the dimer to the plasma membrane is restricted and Cys33Ala is associated with severe intracellular retention of the receptor (Garcia-Borron et al., 2005).  Thr155Ala (human Thr157) is a phosphorylation site, but the Ala155 substitution blocks phosphorylation and results in the intracellular retention of the receptor (Garcia-Borron et al., 2014)

Ligand activation and inactivation of MC1R:
Garcia-Borron et al., 2014 note that human and mouse MC1R has some constitutive activity in terms of activation of the G proteins and production of cAMP.  This low level of activity is enough to support eumelanin production in melanocytes.  Inhibition of eumelanin production would be dependent on ASIP antagonist that reduces the constitutive spontaneous activation of the receptor and prevents agonist binding with the receptor.  ASIP interferes with agonist binding and suppresses the activation of the receptor by alpha-MSH.  ASIP was also found to reduce the copy number of receptors in the plasma membrane, so it may have something to do with desensitization and internalization or reduces receptor transcription or translation.  Agonist binding such as alpha-MSH activates the associated G proteins and stimulates more cAMP production.  Increased cAMP levels results in production of enzymes associated with melanogenesis such as PMEL17 (premelanosome protein 17) and TYR (tyrosinase).  It also stimulates the production of MITF (microphthalmia-associated transcription factor) that is involved in up regulating genes related to melanogenesis including MC1R (ligand activation of MC1R increases its own production).  Activation of the receptor by agonist binding induces desensitization and removal of MC1R from the plasma membrane, so continued stimulation of eumelanogenesis is dependent on recycling the receptor to the plasma membrane and/or continued production of MC1R dimers and transport to the plasma membrane.  After internalization of the receptor there may be some intracellular recycling of the receptor back to the plasma membrane, or the receptor is degraded in lysosomes.

For this section I wanted to start with the Glu92Lys (mouse sombre-3J (Eso-3J) allele, Human Glu94Lys) polymorphism because it is the one that I started with and a lot should have been worked out about this amino acid substitution in MC1R so I Googled it, and got a pretty much wrong description from Google.  I have placed that Google search response in the Appendix.  Google claimed that it was a loss of function variant, and that it was associated with red hair color.  Glu92 along with Asp115 and Asp119 are believed to be involved with agonist binding.  The Lys92 variant is considered to be a gain in function mutation, but is a type of loss of function variant because it changes the receptor so that it no longer needs to bind agonist in order to activate the receptor and initiate a higher level of cAMP production within the cell (the mutant receptor loses the ability to respond to agonist binding).  The receptor no longer needs to be activated by agonist binding, nor is it down regulated by antagonist (ASIP) binding.  It causes production of eumelanin and not pheomelanin (so it would not be associated with red hair in humans).  The Google response is unusual because Glu92Lys is likely the most well known MC1R change in function polymorphism.  It is found in multiple species of birds and mammals.  This variant constitutively activates the associated G proteins and maintains a higher level of cAMP within the melanocyte than the wild-type receptor that has not been activated by agonist binding.  The cAMP levels may not reach those obtained by maximum stimulation of wild-type receptor with alpha-MSH, but it is enough to favor eumelanosome production over pheomelanosome production.  In mice the over production of ASIP by the agouti mutation did not affect the expression of Glu92Lys fur color phenotypes.  Garcia-Borron et al., 2014 note that the Glu92Lys polymorphism has constitutive activation of cAMP production, but it has no effect on ERK activation (behaved like wild-type).  I cannot find information as to how Glu92Lys might affect desensitization and internalization of the receptor, but intracellular trafficking is not affected, so if it does constitutively activate desensitization it might be efficiently recycled to the cell surface after internalization.  If it does not trigger desensitization it would be maintained in the plasma membrane and continue to activate associated G proteins.  This mutation alters the ligand binding site conformation in such a way as to stimulate the associated G proteins and elevate cAMP levels within the melanocyte.  This conformational change likely alters agonist binding characteristics of the receptor and alpha-MSH does not further stimulate receptors with this amino acid substitution, nor does ASIP reduce G protein activation.  So Glu92Lys alters the agonist binding site in such a way as to activate interaction with G proteins and induce cAMP production, but ASIP antagonist can no longer bind to the receptor, or antagonist binding does not reverse the structural change induced by the Glu92Lys substitution.

The Leu98Pro (Mouse sombre (Eso) allele Pro98) has a similar dominant phenotype as the Glu92Lys polymorphism, but produces darker fur, so the receptor is constitutively active to a higher degree, and it remains unresponsive to agonist and to ASIP antagonist.  Leu98Pro seems to affect the agonist binding site in the same way as Glu92Lys.  Like Glu92Lys the Ser69Leu (mouse tobacco (Etob) allele Leu69) polymorphism resulted in constitutive receptor activity and was not down regulated by ASIP (Robbins et al., 1993), but it did respond to agonist binding increasing cAMP production.  Ser69Leu increases the constitutive activation of the receptor, but does not interfere with further agonist activation of the receptor, while maintaining constitutive activity in the presence of ASIP antagonist.  The wild-type receptor’s low level constitutive activity is down regulated by ASIP antagonist, but the increased constitutive activities of Glu92Lys, Leu98Pro, and Ser69Leu are not affected by ASIP.  ASIP either does not bind to these variant receptors, or antagonist binding does not reverse the structural change caused by these three polymorphisms.  Leu97Pro is associated with black coat color in cattle (Pro99) and pigs (Pro102) (Ji and Tao, 2022), but how they affect receptor function has not been determined.

There are other amino acid positions that affect agonist binding.  Wolf Horrell et al., 2016 describe the HFRW (His-Phe-Arg-Trp) motif shared by all melanocortin peptide agonist ligands for MC1R.  The HFRW ligand motif is supposed to interact with Glu92 (in TM2) and Asp115 and Asp119 (both in TM3) (Human Glu94, Asp117 and Asp121, respectively).  Glu92Lys is associated with black fur and feathers in multiple species and Asp119Asn is associated with black coat color in sheep and pigs (Ji and Tao, 2022) and may alter the conformation of the receptor in such a way as to stimulate the associated G proteins.  Figure 1 identifies Trp251, Phe254, and His257 (Human Trp254, Phe257, and His 260, respectively) found in TM6 as also being involved in ligand binding (Yang 2011).  Ile40Thr (chicken Ile38) results in decreased affinity for NDP-MSH and potency of the ligand.  It may be involved in altering the conformation of the ligand binding site (Jimenez-Cervantes et al., 2001).  Val92Met (chicken Leu90) is an odd variant.  It is associated with 25% reduction in cAMP levels, but has a higher ligand binding capacity than wild-type (Herraiz et al., 2012).  Binding of alpha-MSH is less effective in stimulating the associated G proteins for Met92 receptors.  Garcia-Borron et al., 2005 classified it as a red hair allele with a minor effect on hair color.  Val122Met (chicken Met120) was claimed to have decreased affinity for NDP-MSH (Jimenez-Cervantes et al., 2001).  Mice and humans have wild-type sequences of Val122 and Met128 (human positions), while birds have Met120 and Val126 (Figure 1).  The human Val122Met polymorphism may disrupt the normal Val122 and Met128 pairing.  Kerje et al., 2003 identified the Lys92-Ile126 haplotype in White Leghorns.  Since Lys92 is supposed to disrupt agonist binding and produce a higher constitutive activity the Val126Ile polymorphism would not be expected to affect the receptor except to further disrupt agonist binding, but it might alter the conformation of the receptor so that a higher or lower level of constitutive activity is produced than is due to the Lys92 polymorphism.  In humans Met128Thr (chicken Val126) resulted in 80% reduction in the constitutive activity of the wild-type receptor, but Ile is hydrophobic with similar size characteristics as Val so I do not know what effect it might have on the receptor function.

Herraiz et al., 2012 characterized two polymorphisms as reducing the residual (constitutive) production of cAMP by MC1R, and significantly decreasing agonist binding that did not seem to be due to intracellular trafficking issues.    In humans Cys289Arg (chicken Cys286) was associated with decreased constitutive activity of the receptor and failure to bind agonist resulting in a complete loss of function for activating both the cAMP and ERK pathways.  As previously mentioned human Met128Thr (chicken Val126) shows an 80% reduction in constitutive activity and agonist binding to the receptor that significantly affects cAMP production, but ERK activation is unimpaired.  These two variants altered the conformation of the receptor and mimicked ASIP antagonist effects and resulted in the inhibition of agonist binding and activation of the receptor.  

The human Arg163Gln polymorphism is a difficult one to place as to how it affects receptor function.  Garcia-Borron et al., 2014 classify the polymorphism as being associated with red hair, but claims that cAMP stimulation is unimpaired, but that ERK activation is severely impaired.  It is evidence that cAMP and ERK activation are somehow independent of each other in terms of receptor function, and that ERK may be responsible for the red hair classification if eumelanin synthesis is mildly reduced

G protein activation:
Extracellular agonist ligand binds to MC1R and induces a conformational change that causes an interaction with the associated intracellular G proteins and activation of cAMP production.  The conformational change in receptor structure somehow stimulates associated G proteins, and signal is sent to induce cAMP production.  Cys312 (human Cys315) is an acylation site and may be a palmitoylation site (Gracia-Borron et al., 2005).  It is not fully understood how the G proteins are activated, but the conformational changes due to agonist binding to MC1R changes the structure of the receptor in such a way as to activate associated G proteins.  The C terminal sequence is involved in the G protein activation.  The Cys312Ala polymorphism inhibits ligand binding, and disrupts G protein activation (Herraiz et al., 2012).  The Cys312Gly polymorphism does not inhibit ligand binding, but still disrupts G protein activation (Garcia-Borron et al., 2014).  Cys312 may be involved in the conformational change of the receptor due to ligand binding, and acylation of this site may be necessary for activating associated G proteins and initiation of cAMP production.

MC1R desensitization:
The activation of the receptor due to ligand binding also initiates the process of receptor internalization.  Once agonist binds to the receptor the conformation changes so that intracellular Ser and Thr residues are exposed to Ser/Thr kinases and phosphorylated.  The phosphorylated residues are bound by beta-arrestins and the receptor is trafficked back into the cell and is removed from the plasma membrane.  Once the receptor becomes intracellular, G protein activation ends and cAMP production is no longer stimulated.  This process is important for determining the proportion of eumelanin and pheomelanin that is produced (Walker and Gunn, 2010).  Some reviews indicate that the receptor can be recycled to the plasma membrane to again be stimulated by ligand binding.  So internalization of the receptor does not necessarily mean the destruction of the receptor.  Cys312 (human Cys315) is a residue in the C terminal sequence of MC1R that is involved in acylation and G protein activation.  There are 3 possible phosphorylation sites that seem to be associated with receptor desensitization in the C terminal sequence of MC1R.  Ser299, Thr305, and Ser313 (human Ser302, Thr308, and Ser316, respectively) are noted as phosphorylation sites in Figure 1.  Humans also have Thr314 (chicken Ile311) as a potential phosphorylation site.  There are 3 other phosphorylation sites that cluster in IL2, human Ser145, Ser154, and Thr157 (chicken Thr143, Ser152, and Thr155, respectively), and human Ser71 (chicken Ser69) found in IL1.  Yang et al., 2007 had Ser71 as part of TM2, but Garcia-Borron et al., 2014 has it as part of IL1.  The phosphorylation at Thr305 and Ser313 have been associated with internalization of the receptor after activation by agonist ligand (Garcia-Borron et al., 2014).  

Beta arrestins (ARRBs) are supposed to interact with the phosphorylated residues and silence the receptor and function in endocytosis.  ATRN and MGRN1 are supposed to also be associated with desensitization.  ATRN may interact directly with MC1R, and MGRN1 is a ubiquitin ligase that may tag ATRN and the ARRBs for recycling.  ATRN and MGRN1 were previously discussed in the “ASIP complications” section.

Chicken E locus alleles:
I have already written about chicken E locus phenotypes and I have taken Figure 2 from that blog post.  I have reviewed the literature since writing that post and have identified more coding sequence variants than I had been unaware of.  What I will try to do is analyze the sequence of the various alleles that have been identified so far (Figure 1 and Tables 1 and 2) with respect to MC1R function.  Only the coding sequence is going to be analyzed because no reliable regulatory sequence variants have been identified at this time, mainly because we have not looked for them.  How the gene transcription is regulated can be important to the phenotype as can the post translational modifications that the receptor has to go through to become fully functional.  Table 1 haplotypes were derived from sequence of the coding regions.  The different alleles that Ellett, 2000 described were cloned into expression vectors and sequence confirmed in Ling et al., 2003.  The haplotype designations (H0-H12, Table 1) and sequence for some of the haplotypes come from Davila et al., 2014.  For Table 2 five PAMSA PCR tests were used to identify polymorphisms (Met71Thr, Glu92Lys, Leu133Gln, Thr143Ala, and His215Pro) (unpublished data).  These samples were not tested for Arg213Cys, and Davila found the Leu133Pro polymorphism segregating in some of their lines.  I never had the verified samples to determine if the PAMSA test would differentiate Gln133 from Pro133.  That is why the Table 2 designations have “?” in the Leu133 column.  

I recommend Smyth’s Chapter 5 (Smyth, 1990) on feather color genetics (E locus page 114) of Crawford 1990 if you want a good review about the chicken E locus from before we had sequence information.  Figure 2 has representations of adult feather color patterns produced by the basic E locus alleles on an otherwise wild-type genetic background.



Constitutively active wild-type alleles:
As noted previously the wild-type MC1R receptors of mice and humans have some low level of constitutive activation of the associated G proteins producing increased cAMP levels within the melanocyte before agonist ligand binding.  This low level of cAMP stimulation is enough to promote melanin synthesis and the production of eumelanin.  Higher levels of pheomelanin production is favored when ASIP antagonist decreases the constitutive activity and interferes with agonist binding to the receptor.  We did not describe any basal constitutive activity of the wild-type alleles in Ling et al., 2003, but the wild-type (derived from the Richardson strain of red junglefowl, haplotype H0 and H11, identified from other red junglefowl and Light Brown Leghorns, Table 1) chicken receptors were found to have a higher initial level of cAMP than did the presumed wheaten allele (Thr143Ala, haplotype H7, Table 1) before agonist ligand treatment.  Ling et al., 2003 used the wheaten allele to compare nmol cAMP/microgram of cells in their Figure 3, likely, because it had the lowest unstimulated cAMP levels to compare to the constitutively active Glu92Lys alleles.  The wild-type chicken MC1R may also have a low level of constitutive cAMP production.  Because of the way that the cAMP levels were presented as percent of maximum stimulation for the other alleles it cannot be determined how much constitutive activity is associated with the wild type chicken alleles only that initial unstimulated levels were higher than they were for the wheaten allele, or the max stimulation was much lower for the e+ alleles.

There are two sequence variants associated with wild-type e+ (H0 and H11).  They vary at Arg213Cys.  Davila et al., 2014 found H11 (Cys213) segregating in their recessive wheaten lines, but I found it in Murray McMurray Light Brown Leghorns, and a red junglefowl strain that was claimed to have been derived from San Deigo Zoo stock (B&D farms Red Junglefowl).  The B&D strain had males that went through eclipse molt, but the salmon breasted females had combs and were very good layers (the B&D birds likely had domestic introgression issues).  The UCD001 reference genome Red Junglefowl line has Cys213 (unpublished observation of the existing genomic reference sequence), and both Human and mouse wild-type receptors have Cys213, while other birds, amphibians, and fish have Arg213 (Figure 1).  Since we do not have the sequence of the regulatory regions for the possible wheaten allele it cannot be determined if there is something else different about the Davila et al., 2014 allele that would differentiate it from the wild-type designation.  I found the Arg213 allele (H0) in the Richardson strain of Red Junglefowl.  The Richardson strain was the only Red Junglefowl samples that I obtained that had all the wild phenotypes (including eclipse molt in males and combless females).  They were the only Red Junglefowl accession that had a Red Junglefowl mitochondrial sequence.  The other 5 accessions that I tested had Western domestic (White Leghorn) mitochondrial types including the B&D and UCD00l reference Red Junglefowl genome line.  Ling et al., 2003 results indicate that both Arg213 (H0) and Cys213 (H11) may have low level constitutive activity like the mouse and human wild-type receptors, but the way that the data was presented makes a conclusive call problematic.  In Figure 2 of Ling et al., 2003 both e+ alleles had initial cAMP levels that were over 10% of the max induced level, while the wheaten allele (H7, Ala143) had initial cAMP levels close to zero % of max.  In mice the constitutive activation of cAMP production is enough to initiate eumelanin production in the melanocytes.  For mice, the ASIP antagonist is required to reduce the constitutive activity of the wild-type receptor to a level where pheomelanin production is favored.  This may also be the case for birds.

The H11 Cys213 e+ allele was found in recessive wheaten lines by Davila et al., 2014, and I found this allele in Speckled Sussex that are supposed to be recessive wheaten (unpublished data), but mouse and human wild-type receptors have Cys at this position (Cys213 and Cys215, respectively).  It may be that there is a linked regulatory sequence change or closely linked modifying gene associated with this haplotype in some instances.  Ling et al., 2003 found that His215Pro does not seem to negatively affect cAMP production by constitutively active Lys92 receptors (H12).  The Thr71-Lys92-Pro215 haplotype had a higher level of constitutive activity than Thr71-Lys92  in HEK293 cells, so Pro215 has to somehow modulate the cAMP production in some other way in order to produce brown feathers instead of black feathers.  Pro215 is found without the Lys92 polymorphism (H13, Kabir et al., 2020 and unpublished Table 2 allele 9) in wheaten lines and should be associated with decreasing receptor activity.  This part of the receptor may be associated with susceptibility to desensitization that normally occurs after agonist ligand binding and activation of the receptor.  The Pro215 and Cys213 polymorphism may make the receptor more susceptible to removal from the plasma membrane.  If there is no regulatory change, in order to account for the wheaten association of Cys213, there may be variants among the proteins associated with desensitization that remove Cys213 MC1R variants from the plasma membrane more efficiently than Arg213, or more efficiently uncouple the receptor from the associated G proteins.

Phenotype and the e+ alleles:
I’ve dealt with the phenotypes associated with the E locus alleles in a previous Blog post (E locus Phenotypes).  If there is constitutive activity of the e+ receptors the receptors remain subject to regulation producing the various down and plumage patterns of chickens.  The wild-type allele is associated with fairly complex striped down color pattern (Silver Pheonix, Figure 3) and differential pigmentation of various adult feather tracts, and this adult pigmentation is sexually dimorphic in its expression (Figure 2).  For the wild-type allele both male and female chicks first grow female-like brown stippled camouflage body plumage in their first chick feathers, so MC1R is also differentially developmentally regulated.  Pheomelanin and eumelanin differential synthesis may be regulated in a similar fashion by ASIP as it is in mice.  In mice eumelanin and pheomelanin are temporally regulated within the hair follicle by turning ASIP on and off.  In birds we see this same temporal regulation of eumelanin or pheomelanin production in the feather follicle, but the differential expression of the two melanin types are also spatially regulated where different regions of the feather follicle can be producing eumelanin or pheomelanin at the same time.  Just imagine how the different regions of a feather follicle have to be regulated to form the dispersed stippled pattern or the concentric lace pattern of the partridge penciled pattern (page 24 and 25 of The American Standard of Perfection, 2015).  My guess is that this spatial regulation involves other regulatory genes associated with pigmentation in addition to ASIP.  The eb allele (H12) has the Lys92 polymorphism that may not be affected by ASIP nor alpha-MSH, and the concentric partridge penciled pattern has its best expression on the eb genetic background (a less well defined penciled pattern is produce on some feathers in the presence of Pg (dominant pattern gene allele) and e+, personal experience).  This means that the some of the differential spatial expression is dependent on other regulatory elements other than ASIP and alpha-MSH, but some aspects like the thin black down stripes that flank the main dark brown stripe, and the dark brown-black bandit stripe across the eyes of e+ chick down are missing in eb down (eb down chicks have something like a brown helmet instead).  The down stripes can be missing from the down of homozygous eWh chicks.  The down stripes may be associated with ASIP because the eb allele has the Lys92 polymorphism that makes the receptor unable to be influenced by both agonist and antagonists.  This likely means that the eb allele is unable to be induced to produce the black down stripes that can be produced by the e+ alleles, and the wheaten allele may be unable to be induced to produce the brown or black stripes.

Like mice MC1R seems to be differentially regulated in the dorsal and ventral regions of the animal.  In chicks the ventral down is usually lighter in color with less eumelanin expression than the dorsal down, and females have less eumelanin in their breast feathers (salmon breasted instead of brown stippled feathers in wild-type females).  All alleles seem to have less melanin pigmentation in their ventral chick down.  For the wheaten alleles this can only be observed when Co (Columbian restriction) and sex-linked gold are present to show that higher levels of pheomelanin can still be produced on the backs of wheaten chicks.  Without Co, wheaten chicks have a uniform light yellow wheaten colored down, but with Co the dorsal down can turn from wheaten to gold to deeper red shades.  In the presence of black intensifiers like Ml (melanotic) wheaten chicks can have gray to black dorsal down.  I’ve seen exceptions to this dorsal-ventral differential melanin expression.  I once got 300 black downed pullet chicks from Murray McMurray for a dominant white color tester project.  I needed so many pullets from one hatch that they asked if they could send me both the Black Australorps that I had requested and Black Jersey Giants.  The two breeds could be identified by the white (Black Australorps) or yellow (Jersey Giants) skin on the bottoms of their feet.  Both breeds had the same E (H4) allele by PAMSA test, so I did not know the full sequence of the allele for that flock, but it was likely H4.  The Australorps seemed to have normal length down with black backs and white or cream ventral regions.  The Black Jersey Giants had noticeably shorter black down with the eumelanin progressing further into the ventral region of the chick with some chicks being nearly totally covered in black down (front and back).  Hutt, 1949 made note of the black down being associated with shorter down, but it seems that the shorter down is likely not due to the E allele.  Short down modifiers may also be associated with increasing melanization in the ventral region of the chick down.  Shorter down may have been selected because it concentrates the eumelanin and makes the down look darker, but the short down is associated with a lower hatch of fertile for the lines with the short down.  I have observed the same short down and more black in the ventral regions in some show quality Barred Plymouth Rocks that I once raised in by backyard.

Alleles with higher than basal e+ cAMP levels:
As noted before the mouse Eso-3J allele (Glu92Lys) had constitutive cAMP production higher than the wild-type allele, and that it did not further respond to alpha-MSH agonist stimulation, nor was it affected by ASIP antagonist.  Ling et al., 2003 found that the 3 haplotypes (H1 (Lys92), H4 (Thr71-Lys92), and H12 (Thr71-Lys92-Pro215) presumed ER, E and eb alleles, respectively, Table 1) that contain the Glu92Lys polymorphism all have constitutive activation of cAMP production, and do not seem to be responsive to alpha-MSH stimulation.  There might have been a very small response for the ER allele, but the E and eb alleles that share the additional Met71Thr polymorphism did not respond to agonist ligand.  Thr71 is associated with greater extension of black into normally pheomelanin feather tracts.  Met71Lys is found combined with Asp119Asn and associated with black coat color in sheep, and Ser69Leu (mouse tobacco allele) is associated with increased activity of the receptor in mice (Figure 1 descriptions).  So Thr71 is in a region associated with amino acid substitutions that are associated with more eumelanin production.

What did not make sense, in the Ling et al., 2003 study, was that the eb allele had the highest constitutive activity of the 3 constitutively active alleles when the eb allele produces a phenotype intermediate between extended black (E and ER) and wild-type (e+) (Figure 2).  The eb allele is associated with less black in the plumage than the other E (Glu92Lys) alleles.  Higher cAMP levels are correlated with more eumelanin synthesis not less.  The E and ER alleles were similarly problematic because ER produce higher constitutive levels of cAMP than the E allele when the E allele had been associated with the most extended black phenotype.  E is usually associated with black down and self black plumage while ER is associated with black down, but restriction of black from the hackle, saddle, and wing bow of adult males and restriction of black from the hackles of adult females (Figure 2).  ER can produce all black plumage with additional modifiers such as Ml (melanotic).  What is not known is if there are any regulatory sequence variants associated with these alleles that might explain the differences between the alleles.  Ling et al., 2003 cloned the sequences into expression vectors and did not use the native regulatory sequences.  My guess is that the E and ER alleles do not effectively stimulate the receptor desensitization and internalization and remain in the plasma membrane for a longer period of time, while the H12, Thr71-Lys92-Pro215 (eb) allele triggers desensitization so that the receptor may be densensitized soon after reaching the plasma membrane, and would spend less time sending signal even though it has a higher signal output than the black alleles.  This desensitization would not require alpha-MSH binding to the receptor.  The ER allele with the Met71 polymorphism may be able to trigger desensitization to some degree, so it may spend less time in the plasma membrane than the Thr71-Lys92 E allele.

The Fayoumi birchen allele (H5, Gln133, ERF) also produced unexpected results for Ling et al., 2003.  Moore and Smyth, 1972a identified a birchen black allele in the Fayoumi breed.  They found that when the Fayoumi allele was separated from Db (dark brown), Pg (pattern gene), and possibly Co (Columbian restriction) that you get the basic birchen feather color pattern (Figure 2).  The chicks down (Figure 3) looks like the black birchen down has turned brown due to Db, but the down is unusually striped for birchen down and marbled due to the Db and Pg combination.  Ling et al., 2003 found this allele to be more like a wild-type allele than a constitutively active black allele.  The Fayoumi birchen allele may be more sensitive to alpha-MSH induction than the wild-type alleles and responds as well as the wheaten allele to alpha-MSH induction.  This sensitivity may account for the striped down pattern that is more similar to wild-type than birchen down.  Buttercups and Penciled Hamburgs have the eb allele and have the marbled down pattern and both show a lighter marbled down pattern that lacks the distinct striping of the Fayoumi and have larger patches of yellow down.  Gln133 may be involved in some other function other than stimulating cAMP production.  Davila et al., 2014 found H10, Pro133-Ala143 associated with their wheaten birds.  Proline at this position may attenuate eumelanin production.  The Leu133Gln position may be associated with some other function like desensitization or efficiency of G protein activation.  Leu133Gln is found in TM3 along with Asp119Asn and Cys123Arg that are both associated with higher eumelanin production (Figure 1 polymorphism descriptions).  TM3 is flanked by IL2 that is associated with phosphorylation and transport of the receptor.  

Phenotype associated with the ERF allele (H5, Gln133):
Davila et al., 2014 identified the H6, Gln133-Cys213 haplotype.  Moore and Smyth, 1972a found that the Fayoumi birchen allele produced the same phenotype as had been associated with what had been called the birchen E locus allele (ER).  When the ERF allele was separated from Db (dark brown) in their F2 cross they produced black downed chicks and adults with the birchen feather color pattern (Figure 2).  The marbled down pattern (Figure 3) was not noted.  Moore and Smyth, 1972ab called it spots when associated with Co, but it was could be lost in the heterozygotes, and brown or black down without the white spots might have been produced in the F2 and backcross to their tester lines (db+, co+, and pg+, they called Pg the Ab locus at that time) and the F2 marbled down may have been called irregular striping.  Carefoot, 1992b found that marbled down was associated with homozygousity for ER, Db, and Pg.  In Figure3 it can be seen that the Fayoumi marbled pattern is on a striped down pattern, so in the presence of other modifiers the ERF allele can produce stripped down, but without modifiers (possibly Db, Co, and or Pg) you get black down.  In Figure 3 you have the marbled down pattern with the birchen ER allele and homozygous for Db-Ml-Pg (black marbling on a cream down) observed on the Silver Spangled Hamburg chicks.  Autosomal barred Campines have with ER and Db-Pg homozygousity have marbled down more similar to Penciled Hamburgs, but with more dark down in the marbled pattern.  So the ERF birchen allele was associated with black down and adult birchen feather color pattern, and could be used to produce the black autosomal barred pattern similar to Campines assumed to be dependent on the ER birchen allele for their adult autosomal barred feather pattern of both males and females having the barred pattern.  Somehow this is the case when Ling et al., 2003 found that the Fayoumi birchen (Gln133) allele did not appear to be constitutively active like the ER (Lys92) allele and was able to respond to alpha-MSH stimulation like wild-type.  This allele may be more highly expressed, be more sensitive to alpha-MSH stimulation, and or not be as susceptible to activation of the desensitization process so it may remain functional in the plasma membrane for a longer period of time.  Moore and Smyth, 1972a found the ERF birchen allele to be dominant to the e+, eb and eWh alleles, but could be influenced by other modifiers to produce less black than expected.  They found that Db turned the birchen down to brown, and that it produced brown breasts in males and brown stippled body feathers in females that were heterozygous ERF/- and Db/db+ birds.  They noted that these brown feather phenotypes were found among ERF/eb and ERF/eWh heterozygotes in the presence of Db.  Without Db the brown down and brown feathers would have been black.  Db may not have this effect with the E alleles (likely, H3 and H4).

The tentative ER alleles (H1, Lys92-Arg213 and H2, Lys92-Cys213) varies from e+ (H11, Cys213, H0, Arg213) by the Glu92Lys polymorphism.  How the Lys92 substitutions alters MC1R function has been previously described.  When I was doing a post doc at Michigan State University researchers at the Avian Disease and Oncology laboratory were doing crosses with UCD001 (the Red Junglefowl line used to create the chicken mapping population and that was used to generate the chicken reference genome sequence).  I got involved in characterizing some of the crosses, and one of them was an F2 cross involving ADOL Line 0 (no endogenous subgroup E endogenous avian leukosis virus) and UCD001 (reference Red Junglefowl line).  The feather color was consistent with Line 0 having the birchen ER allele.  Line 0 was not a highly inbred line and also segregated for Db (dark brown Columbian restrictor) and caused some of the chick’s downs to be a solid brown instead of birchen black.  Since the initial sequencing I have found this ER allele in the Polish breeds believed to have color patterns based on the ER allele (White Crested Black, Silver laced and Gold laced Polish (H1 or H2, I did not test for the Arg213Cys polymorphism, unpublished results).

The phenotype of the birchen black alleles was previously discussed for the ERF allele.  Black down, birchen black restriction of black from the hackle.  Db likely turns ER birchen black down to brown, and I have produce laced Polish crosses with Salmon Favorolles that produced brown downed chicks and adult females that had coarsely stippled body feathered females when they likely had the ER/eWh, Db/db+ genotype (looked like eb brown hens with coarser black stippling).  The birchen alleles may be more amenable to secondary pattern formation than the E allele.  Autosomal barred Campines with the Fayoumi barred phenotype (male and females autosomal barred) should have the ER allele, and show a similar down type of Fayoumi of birchen brown marbled down (Carefoot, 1999) but the marbled down does not show the marbled stripe pattern of Fayoumi (Table 4 has descriptions).  So the possible difference between the H1 and H2 ER alleles and the ERF Fayoumi allele may be that striped marbled down may be created with the Fayoumi birchen allele, but not with the H1 and H2 birchen alleles in Campines with marbled down.

The tentative E allele varies from e+ (H11, Cys213) at Met71Thr and Glu92Lys.  Met71Thr is likely responsible for the increased expression eumelanin associated with the E allele because Met71Lys is associated with black coat color in sheep (Figure 1).  Met71 is highly conserved in all melanocortin receptors and may have something to do with desensitization, that occurs after ligand binding, that activates the associated G proteins because Ser69Leu (mouse Etob allele) increases the activity of the receptor, but does not inhibit ligand binding while Glu92Lys increases constitutive activity, but agonist ligand has no effect on the receptor activation.  Lys92 is thought to alter the ligand binding site, while Met71Thr is nearby Ser69Leu (included in TM2) that increases the activity of the receptor, but does not interfere with ligand binding.  This could mean that Thr71 and Leu69 may inhibit desensitization that is triggered by ligand binding and the receptor may be active at the cell surface for a longer period of time.  My take is that Thr71 is responsible for the difference in extension of black, and the reason that the ER allele is used to produce the laced and autosomal barred patterns rather than the E allele in breeds such as Sebright, laced Polish, and autosomal barred Campines.  The E allele may be less amenable to regulation of the production of these secondary feather patterns.  Though the E allele is associated with self black breeds some crosses have indicated that E/E homozygousity may not be enough to insure fully black plumage.  E/E homozygousity and E/ER heterozygousity may not be enough to insure fully self black plumage on an otherwise wild-type genetic background (Figure 2) on some genetic backgrounds, and eumelanin modifiers may be needed to produce the show quality self black breeds.  This may be due to modifiers that exist that remove black from the hackle of some wild-type and birchen breeds that gives them a clean hackle and saddle with no black.  Smyth 1990, page 119) notes that none of the birds heterozygous for the E or ER alleles showed fully black plumage.  The E allele sometimes segregates in breeds that should have the ER allele.  I found the presumptive E allele segregating in Murray McMurray Andalusian Blue birds as a minor allele (Table 2), and it is likely due to E-ER dimers having a more ER like function, and is likely the reason why blue birds are sometimes too dark (more black than gray) in some show stock (the occasional E/E homozygotes might be expected to have less eumelanin restriction to the outer lace and produce an overall darker body feather).  It is just speculation, but Ling et al., 2003 found that the ER allele had a higher constitutive cAMP level than the E allele.  It may be that the Thr71 substitution may alter receptor structure enough to reduce constitutive activation of Lys92 and inhibit the desensitization process so that the E allele receptors would have a longer active residence time in the plasma membrane than ER birchen alleles more subject to desensitization and internalization.

Kerje et al, 2003 and Kabir et al., 2020 found the Lys92-Ile126 (H15) haplotype in White Leghorns and their black feather breeds, so it may be an E or ER allele.  Val126 is supposed to be associated with agonist binding, but Lys92 is already supposed to disrupt agonist binding.  Val126Ile is not a highly conserved position, but it is in the 3rd transmembrane region (TM3) that includes Asp119Asn, associated with black fur in both pigs and sheep, Cys123Arg associated with gray and black pigmentation in Fox, and Leu133Gln associated with Fayoumi birchen, so it may increase eumelanin production, but it may alter the conformation of the receptor in a way that either decreases or increases the constitutive activation caused by Lys92.  In humans Met128Thr results in 80% reduction of the constitutive activity of the wild-type receptor, but I do not know what a nonpolar substitution would do at this position.

Horecka et al., 2024 identified another E allele Thr71-Lys92-Asn119-Cys213 (H21) haplotype in their black feathers skin and internal tissue Ayam Cemani.  Asn119 is associated with black coat color in sheep and pigs.  Asp119Asn and Glu92Lys are associated with ligand binding and Lys92 is known to increase the constitutive activity of the receptor and is not further stimulated by agonist nor down regulated by antagonist.

I may have found Lys92-Gln133 (allele 7, Table 2) segregating in Black Silkies that I obtained from Murray McMurray.  I only tested for 4 positions using PAMSA PCR so this may not be the complete haplotype.  I found two homozygotes out of 4 chicks tested.  This would combine two birchen black polymorphisms and may be a more E like allele rather than birchen.

Phenotypes associated with the E allele (H3 and H4) have already been discussed in the previous sections.  It is most associated with self black breeds, but both the E and ER alleles are routinely associated with self black breeds.  It is less likely to be associated with other feather color patterns, such as the laced tail and body phenotype of laced Polish and Sebrights, and autosomal barred birchen pattern of Fayoumi and Campines.  The ER allele appears to be more amenable to pattern gene manipulation than is the E allele.  The E allele may be less subject to Db modification.  I’ve produced crosses with Black Australorps (with the E allele) that should have had Db segregating, but instead of the Db, ER brown down I only obtained black downed chicks and some that had brown in their foreheads among the Db and E heterozygotes (unpublished results).  Carefoot, 1988 found what he described as the E allele segregating in Andalusian Blue bantams, but I found mostly ER with E as a minor allele in Andalusian Blue Murray McMurray birds (Table 2).  My guess is that Carefoot may have misidentified the major allele because Ml was fixed in both breeds that he used to determine the genetics of the laced pattern, and would assist the ER allele in producing a self black bird.  The E allele may segregate in Andalusian Blue breeds because as a heterozygote it may darken the gray color of the laced feathers, and E/E homozygotes may result in the show stock throwing birds that are too dark with less distinction between the black lace and the gray of the laced feathers that seems to be an issue in some show stock.

The eb allele (H12) varies from e+ (H11, Cys213) at Met71Thr, Glu92Lys, and His215Pro.  I expected that His215Pro would attenuate the constitutive activity of the receptor to some degree, but Ling et al., 2003 found the allele to produce higher constitutive levels of cAMP than the two other Glu92Lys alleles.  It does not seem reasonable that higher cAMP production would be associated with restriction of eumelanin production in the feathers, but the Pro215 substitution seems to be associated with decreasing eumelanin in the feathers turning black body feathers into stippled brown feathers, the wild-type female salmon breast is lost, replaced by stippled brown feathers, and the chick down can be a uniform brown to a brown striped pattern that does not have black stripes.  I found this allele in the Smyth Brown Tester line that was supposed to be fixed for the eb allele, and in Murray McMurray Partridge Rocks, but Kerje et al., 2003 found the allele in the Buttercup breed that was expected to have a related allele to eb that had been designated as ebc by Smyth, 1990.  The ebc allele was supposed to produce a similar adult feather color as the eb allele, but had different down color characteristics.  The coding sequence is identical, but we do not know the regulatory sequence at this time.  Modifier genes cannot be ruled out.  My guess is that the expression of the eb allele could be different in chicken melanocytes than it is in the HEK (human embryonic kidney) cell culture used by Ling et al., 2003.  As mentioned previously the eb allele was found to have a higher constitutive activity for cAMP production by Ling et al., 2003.  This could mean that it might not only stimulate the receptor to a higher degree, but it may also trigger desensitization of the receptor, so that the active receptor spends less time in the plasma membrane than do the other alleles with the Lys92 polymorphism.  Other possible eb alleles seem to be associated with internalization and desensitization because they all include the Lys92 constitutively active polymorphism.

Haplotype H9 (possible eb) Lys92-Thr137 identified by Davila et al., 2014 is an allele that they found in their eb Red Villafranquina line.  Ala137Thr is a conserved site.  Given the constitutive activity of Lys92 the Thr137 polymorphism likely would attenuate the signal in some way, but no testing has been done to see if it is like the H12 eb allele.

Haplotype H27 (possible eb) Lys92-Gly307 inferred from the Figure 5 Schwochow et al., 2021 sequence if the H9 haplotype is also segregating in their Dark Brahma (the Dark Brahma would be segregating for two different eb alleles, H9 and H27).  Dark Brahma Partridge penciled pattern is supposed to have the eb allele.  Arg307Gly is in the same C terminal region where three phosphorylation sites occur.  These phosphorylation sites are associated with internalization and desensitization of the receptor.  It may be that Gly307 may induce removal of the receptor from the plasma membrane so that the Lys92 constitutive activity is not fully expressed, and may result in brown feathers instead of black feathers.  The active receptor may spend less time in the plasma membrane.  The C terminal region is also associated with G protein activation, so Gly307 may compromise the receptor connection with the associated G proteins.

Phenotype associated with the eb allele:
The H12 eb allele cannot produce the wild-type striped down pattern in the chick down.  The down can range from a uniform brown with lighter ventral down pigmentation to a brown striped pattern with a brown head.  The eb allele seems to be unable to produce the black stripes of the wild-type pattern.  Adult males have the wild-type black breasted red plumage pattern, and females have the wild-type salmon breast replaced by brown stippled feathers similar to those on the rest of the body (Figure 2).  The eb allele appears to be more amenable to pattern gene (Pg) modification than is the e+ allele (Table 4 for descriptions).  The Partridge penciled pattern of Partridge Rocks seems to be the expression of Pg in the presence of eb on an otherwise wild-type genetic background (in the US, show quality Partridge Rocks have pheomelanin intensifiers that turns the gold between the Partridge lacing to a rich brown).  The single laced body with black tail feather pattern is associated with the eb allele in breeds such as Silver Laced Wyandottes.  Autosomal barred females and Columbian restricted male pattern of breeds like Penciled Hamburgs and Buttercups are associated with the eb allele (Smyth, 1990).  Lys92 would render the receptor unable to respond to both agonist and antagonist, so the patterns are produced by modifying genes that are able to use the constitutive moderate level of cAMP activation and form patterns in the feathers.  This likely means that the function of a normally regulated e+ allele (activated by alpha-MSH, and with ASIP blocking activation and decreasing constitutive activity) may interfere with the function of the pattern generating genes.  It also means that the salmon breast of wild-type females requires a functional MC1R that can be down regulated by ASIP, but the stippled feathers may not require ASIP to be associated with the stippling.  Though ASIP may be associated with fine tuning the stippling because eb stippling is coarser and often less evenly dispersed in birds that I have observed.  Ling et al., 2003 found the eb allele to be constitutively active and not subject to agonist activation, but its activity must be attenuated in some way that reduces the constitutive activation that would normally produce black feathers to be down regulated to produce the stippled brown feathers of the eb females.  This likely means that eb is favored for making patterns of eumelanin distribution in the feather because the constitutive production of a medium level of eumelanin can be manipulated by the modifying genes like Pg, Co, and Ml.  The fact that eb males remain wild-type black breasted red likely means that eumelanin and pheomelanin in the male’s sexually dimorphic feather tracts are not regulated by ASIP antagonist of the MC1R, but eumelanin or pheomelanin production must be regulated by some other means that can deal with the medium levels of constitutive MC1R activity.  The wheaten alleles associated with favoring pheomelanin production over eumelanin also indicate that the black breasted red phenotype of males is not regulated by a fully functional MC1R (Figure 2).  Co (Columbian restriction) interferes with this sexually dimorphic regulation and makes both male and female feather tracts susceptible to modification of the medium MC1R eumelanin production levels.  The Co locus has never been mapped, and we do not have candidate genes for the locus.



Pattern gene (Pg locus):
This seems to be a good place to describe the Pg locus.  Smyth, 1990 describes the secondary feather color patterns associated with the Pg locus.  This locus seems to determine how eumelanin is arranged in patterns on the feathers.  It has been identified as La (lacing locus) and Ab (autosomal barring locus) in the past, but this one locus seems to be responsible for all three phenotypes (Partridge penciled, laced, and autosomal barring (Table 4)) that are due to interaction with other feather color modifiers like Db, Ml, and Co.  The Pg locus works best in conjunction with certain E locus alleles to produce the various phenotypes associated with the Pg locus.  

My guess is that it was the association of the E locus with Db, Ml, and Pg that was responsible for the initial claim that the E locus was on chromosome 1 (Carefoot, 1993), when the MC1R gene was eventually identified on chromosome 11.  Schwochow, et al., 2021 may have made a similar mistake with associating the E locus with phenotypes associated with the Pg locus on chromosome 1.  Bitgood and Somes, 1990 described the linkage between genes in this region of chromosome 1.  Db, Ml and Pg were not mapped in one population.  What they ended up with is Db and Pg (Ab at the time of mapping) being found to be 17 cM (centiMorgans or map units) apart.  Ml was found to be 10 cM from Db, and later Ml was found to be between Db and Pg.  They ended up with a linkage of Db-10 cM-Ml-10 cM-Pg.  I have a detailed review of Schwochow et al., 2021 in the Appendix.  Schwochow et al., 2021 noted that Pg was associated only with the E and eb alleles in breeds that they recognized, but Pg based phenotypes are found associated with the E, ER, eb, and wheaten E locus alleles in various breeds.  Dark Cornish are supposed to be recessive wheaten and they have the double laced pattern generated by the combination of ML and Pg.  Barnvelders have the eb allele associated with ML and Pg to produce the double laced pattern.  Adding Co to the Barnvelder genotype would produce the single laced pattern of Silver laced Wyandottes (reviewed in Smyth, 1990).  

Pg is called the pattern gene because it seems to arrange and condense the stippling into patterns on a normally stippled (dispersed peppering of eumelanin) feather.  What patterns are formed are due to alleles at other loci.  Table 4 lists the patterns and genotypes associated with those patterns.  Pattern descriptions are included with Table 4 and illustrated in Figure 5.3 of Smyth, 1990.  In the Appendix I note that Pg appears to be associated with Red Junglefowl from Thailand.  I recall seeing the Partridge penciled pattern on some Red Junglefowl that were supposed to have been from Thailand and found some pictures online (Figure 4, Appendix).   One picture of Gallus gallus spadiceus female seems to definitely have Pg and exhibits the Partridge penciled pattern on some of her feathers.

The wheaten alleles eWh and ey:
We do not seem to have identified any gene knockout (no functional product) variants like the mouse and cattle e alleles that are associated with yellow and red coat color in mice and cattle respectively.  The wheaten alleles of chickens are similar in their effects as some red hair MC1R variants in humans.  As noted in the Figure 1 descriptions many of the red hair alleles are associated with defective transport of the receptor to the plasma membrane.  Some of the variants do not produce total failure for transport and varying amounts of functional receptor make it to the plasma membrane.  The Thr143Ala (H7) presumed wheaten allele affects one of the three phosphorylation sites in IL2 (Thr143, Ser152, and Thr155; human: Ser145, Ser154, and Thr157, respectively) that in humans are believed to be involved in phosphorylation and intracellular transport to the plasma membrane.  The Thr155Ala (human: Thr157Ala) polymorphism blocks transport and results in loss of function because no active receptor gets to the plasma membrane.  It is not known what the Thr143Ala polymorphism would do in human melanocytes, but Ling et al. 2003 did not note lack of functional receptor in the plasma membrane of their HEK-293 kidney cells used in their analysis to induce cAMP production using the chicken receptors.  Herraiz et al, 2012 tested the human red hair alleles using HEK-293 cells and were able to observe the reduction in cAMP production associated with these alleles.  Ling et al., 2003 did not perform the same type of comparison, but the wheaten allele did not seem to be handicapped in inducing cAMP production.  It may be that intracellular transport may be compromised or phosphorylation of this site may be involved in some type of conformational change associated with other cellular components like those involved in the desensitization and removal of the receptor from the plasma membrane.  Since the Ala143 receptors are getting to the plasma membrane the polymorphism might be involved in how long the receptor stays in the plasma membrane.   The red hair alleles favor pheomelanin production, but eumelanin is often not completely repressed (black breasted red phenotype of wheaten males).  In this regard the chicken wheaten alleles are unlike the recessive gene knockout alleles of mice (e) yellow coat color and cattle (e) red coat color alleles.  Instead of being due to a nonfunctional receptor, the wheaten receptors of chickens retain some MC1R functions.  The difference between dominant wheaten (eWh) and recessive wheaten (ey) may be due to regulatory differences, or modifier loci that may or may not be closely linked to the E locus because H7 (Ala143) haplotype has been identified in breeds that are supposed to be either dominant or recessive wheaten, and the H11 (Cys213) e+ associated haplotype has been found in recessive wheaten lines by Davila et al., 2014 (Table 1), and I found this same allele in Speckled Sussex that were supposed to have recessive wheaten (unpublished data).  Human and mice have Cys213 (Cys215 and Cys 213, respectively) at this position in their wild-type receptors.  Cys213 may not inhibit receptor function directly, but it may make the receptor more susceptible to other interactions that reduce the level of cAMP production induced by MC1R (it might be more sensitive to ASIP inhibition of G protein activation or expose the receptor to desensitization).

Ling et al., 2003 found that the H7 (Ala143) haplotype was associated with lower initial cAMP levels, and the receptor was positively regulated by alpha-MSH agonist.  The analysis to determine constitutive activity of the wild-type receptors was not done by Ling et al., 2003, but their results can be interpreted to be that the Ala143 polymorphism is associated with the loss of the low level constitutive activity of the wild-type receptors.  As noted before in mice and humans the constitutive activity of wild-type receptors is reduced by ASIP antagonist.

Dominant and recessive alleles:
In chickens two wheaten alleles were identified (reviewed in Smyth, 1990).  One allele (eWh) expressed some dominance with respect to the wheaten phenotype and the other allele (ey) was recessive.  The dominance may be explained by the fact that MC1R is a dimer and one copy of the wheaten allele could compromise the function of the heterodimer and not enough wild-type dimers are produced to express the wild-type phenotype.  I found Thr143Ala associated with breeds that had been associated with dominant wheaten or recessive wheaten.  In crosses with New Hampshire Reds (eWh) and Light Brown Leghorns (e+) I found dominant expression of wheaten down type (affected by Co) in the F1, but the adults were Columbian restricted with a gray undercolor instead of the wheaten cream undercolor (undercolor is the color of the fluff at the base of a feather).  There was dominance for some traits and not others.   Davila et al., 2014 found that the H11 (wild-type) coding haplotype was associated with their recessive wheaten line.  This could mean that this wheaten phenotype might be regulatory (lower rate of production of functional copies) or might be due to interaction of this allele with other genes needed to express the MC1R associated phenotypes.  I found the H11 haplotype in Speckled Sussex that are supposed to be recessive wheaten.  The chicks had wild-type striped down but the black down stripes were reduced to dark brown and eumelanin down in the ventral region was eliminated as it is in wheaten down compared to wild-type.  H11 did seem to be associated with some wheaten phenotypes.  There may be other candidates for recessive wheaten that will be discussed later.

Phenotype associated with wheaten alleles:
The H7 wheaten allele may have a lower base level of MC1R constitutive activity (does not require ASIP to knockdown receptor’s constitutive stimulation of cAMP production).  It may be that this results in wheaten down color instead of normal wild-type striping, and the wheaten female color pattern (Figure 2).  Wheaten also results in a cream to red undercolor (the fluff at the base of a feather) instead of the normal gray undercolor for both adult males and females.  I crossed New Hamshire Reds (supposedly dominant wheaten, eWh) and Light Brown Leghorns (e+).  The heterozygous chicks had Columbian (Co) restricted wheaten down, but the F1 adults of both sexes had poorly Columbian restricted feathering, with gray undercolor instead of the cream undercolor of the New Hampshire Red parent.  Since Co was coming from the New Hampshire Reds it may have affected the expression of wheaten.  Wheaten was recessive for undercolor, but seemed to have some incomplete dominance in the chick down.  Wheaten reduces the black in the hackle and saddle of males and the hackles of females of Co restricted birds.  Dominant wheaten is used to reduce the black on the backs of chicks with Co in the down of commercial color sexing cross that produces eWh/eb, Co/co+ silver (S) cockerals and gold (s+) pullets.  Without wheaten the eb/eb chicks would have gray to black backs due to Co and it would be more difficult to differentiate silver and gold chicks.  It was noted by Smyth, 1990 that silver and gold cannot be differentiated very well on wheaten down.  The wheaten down is a uniform straw color with both silver and gold, but when Co is added silver and gold can easily be differentiated with silver restricted to white or straw colored down while gold down can range from buff gold to red down color.  Co seems to convert the production of salmon pheomelanin (wheaten melanin) to a type of pheomelanin production that can be regulated by the S locus.

Salmon Faverolles are supposed to be based on dominant wheaten and they are sex-linked silver (S) and eWh/eWh on an otherwise wild-type genetic background.  The chicks have pale wheaten down with very little to no striping.  The adults have the wheaten phenotype depicted in Figure 2.  The wheaten gold coloration of the adult silver females indicates that the wheaten allele has allowed the distribution of the salmon breast pheomelanin pigment (the salmon pheomelanin is not diluted significantly by sex-linked silver) over the entire body of the hen.  The salmon pigment is also produced over the entire body of the male because Salmon Faverolle males have the salmon pigment in their hackles and saddle where pheomelanin would normally be repressed by the sex-linked silver S allele.  So the wheaten allele promotes pheomelanin pigmentation that is not regulated by the same mechanism as the pheomelanin produced on the backs of wild-type (e+) females or the hackles and saddles of males, that can normally be diluted by the sex-linked silver allele.  The addition of Co changes the salmon breast pheomelanin associated with the wheaten allele to pheomelanin that is amenable to dilution by sex-linked silver, and allows for greater pheomelanin production in the chick down producing gold to red down instead of the pale wheaten down in the presence of the sex-linked gold allele.  The sex-linked silver and gold S locus is SLC45A2 (reviewed in previous posts).  This solute carrier is likely involved in maintaining the pH within the melanosome.  Pheomelanin is produced under acidic conditions, but under higher pH basic conditions pheomelanin production is restricted and eumelanin production is favored.  The salmon pheomelanin production is able to either influence SLC45A2 effects or can be produced under more basic pH conditions within the melanosome.  Salmon pheomelanin production is also detected in the normally gold male wing bows (Figure 2) of black breasted red males and requires additional pheomelanin diluters to produce the white wing bows of silver breeds like Silver Leghorns.  Salmon Faverolles do not have these additional diluters and their male wing bows remain gold.

Morejohn, 1953 was dealing with recessive wheaten.  His Red Junglefowl had the wild-type down and feather color phenotype, but he obtained cream colored chicks in some of his backcross and F2 matings.  These cream colored chicks became wheaten females and black breasted red males.  Making crosses with Salmon Faverolles may tell us if the H7 allele might be both dominant and recessive in nature under certain conditions.  Of the possible wheaten alleles, one or more of them might be such a recessive wheaten allele (H10, H13, or H26).  

H10 (Pro133-Ala143) Davila et al., 2014:  Leu133Gln is associated with the Fayoumi birchen black allele, but Davila et al., 2014 found this Leu133Pro allele in their wheaten lines.  It is unknown how this polymorphism affects receptor function, but the Gln133 receptor does not seem to have a higher constitutive level of cAMP production, and can be regulated by alpha-MSH agonist.  It may be more sensitive to alpha-MSH than the wild-type receptors.  Somehow the Gln133 polymorphism is associated with production of black feathers.  My guess is that it may be that this position is involved in disrupting receptor desensitization, and the active receptor spends more time in the plasma membrane.  Pro133 at this position may have the opposite effect and trigger receptor desensitization and removal from the plasma membrane, or it might increase eumelanin production and make this allele more recessive than the Ala143 allele (H7).

H13 (Cys213-Pro215) Kabir et al., 2020:  I may have identified this allele using PAMSA tests (Table 2, unpublished results), but I did not test for the Arg213Cys among those samples.  Cys213 (H11) was associated with recessive wheaten lines by Davila et al., 2014.  I found the allele in Murray McMurray Buff Rocks.  Buff Rocks are supposed to be recessive wheaten, but they seemed to have 3 different possible wheaten alleles (H7, H10 and H13, Table 2).    Pro215 is an addition to the E allele (H4) that produces the eb allele (H12).  The addition of Pro215 to the H4 haplotype produces brown feathers instead of black feathers, but Ling et al., 2003 found that it increased the constitutive production of cAMP.  My guess is that Pro215 does not just increase the G protein activation, but may also trigger the desensitization process so that the active receptor is more rapidly removed from the plasma membrane than wild-type or the consitutively active E allele H4 haplotype.

H26 (Gly307) Li et al., 2024:  Li et al., 2024 identify a new possible haplotype in their yellow line that might be a wheaten type allele.  The Arg307Gly polymorphism was identified in two haplotypes (H24 and H25) identified by Kabir et al., 2020.  H24 and H25 both involved the Lys92 polymorphism, so my guess is that Gly307 may have a similar effect on receptor function as the Pro215 substitution.  The C terminal region of the receptor is involved in the phosphorylation sites (Ser299, Thr305, and Ser313) associated with desensitization and internalization of the receptor.  My guess is that this polymorphism reduces the time active receptor functions in the plasma membrane and that the usual trigger for desensitization is not required by this haplotype.  Since this variant is in the C terminal region of the receptor it may be that the variant is unable to interact effectively with the G proteins.  It could be a recessive wheaten because it is unknown how heterodimers with other alleles would function.  This might be a recessive wheaten allele because it was segregating at a 0.52 allele frequency in their black breasted red line.  Their backcross produced salmon breasted wild-type females and may have produced some wheaten type birds among those that did not seem to be affected by the Co and Db that was likely coming from the Yellow Columbian restricted buff line.  It looks like dominant dilute (Di) or dominant champagne blond (Cb) may have been in their yellow breed since both dilute gold and have been claimed to be segregating in Buff breeds.  I would note that Pg seems to be segregating among their F2 birds.  Autosomal barring and Partridge penciling can be observed among the females Li et al., 2024, Figure S1.  

MC1R haplotypes with unknown phenotypic effects:

H14, Asp119Gly and His215Pro:  this haplotype might not exist.  Zhang et al., 2020 looks like it was plagued by the same sequencing miscalls and inferred haplotype issues as Guo et al., 2010.  If it exists it may be some type of eb brown allele.  Asp119Asn is associated with black coat color in sheep and pigs and Horecka et al., 2024 found Asn119 associated with H21 in their black feathered birds.  Pro215 results in increased constitutive cAMP production associated with the Lys92 polymorphism, but somehow results in the attenuation of eumelanin production producing brown feathers instead of black.  My guess is that this haplotype would result in the intermediate brown feather phenotype.

H16, Cys33Ser and Arg213Cys:  Guo et al., 2010 found this allele in their silver Columbian restricted birds (they called them gray birds).  This would be expected to be some type of wheaten allele since Cys33 is believed to be involved in receptor dimerization and trafficking to the plasma membrane.  The Cys33Gly mutation in humans (Cys35Gly) completely inactivates both the cAMP and ERK pathways of the receptor, and Cys35Ala also had complete loss of function, but was found to be retained within the  cell and did not get transported to the plasma membrane.  Cys33 polymorphisms may result in total loss of function, and would be equivalent to the mouse e knockout allele.

H17, Ala60Thr, Glu92Lys, and Arg213Cys:  this is a haplotype that Guo et al., 2010 found in their gold Columbian restricted yellow birds.  As noted previously Guo et al., may have identified too many haplotypes due to possible sequencing miscalls and subsequent incorrect inference of haplotypes of heterozygotes.  It may be another eb-like brown allele or wheaten depending on how much restriction of receptor function is associated with Thr60.  Thr60 may attenuate the constitutive cAMP production of Lys92 in some way to produce the brown phenotype commonly used to produce the Columbian restriction pattern.  This might be expected because Val49Ala and Val58Leu are red hair alleles in humans and reduce cell surface expression of the receptor.  Trafficking to the plasma membrane is interfered with and results in intracellular retention of some of the receptors.  Val58Leu reduces cell surface expression by 50%.

H25, Ala60Thr, Glu92Lys, Arg213Cys, and Arg307Gly:  Kabir et al., 2020 found this allele among their white birds, so the allele effects are unknown.  Gly307 may reduce receptor function.  The C terminal region is involved in phosphorylation and desensitization of the receptor.  This haplotype may have eb-like or wheaten-like effects.  It might have wild-type male plumage, but I would not expect it to produce salmon breasted wild-type females.

H18, Ala60Thr and Glu92Lys:  this is the H17 haplotype without Cys213.  Guo et al., 2010 found the allele in their black feathered birds.  It might have more black expression than H17 due to being wild-type Arg213) but their black birds may not be true breeding blacks, and this could be more eb-like.

H23, Ala60Thr, Glu92Lys, and Ile294Thr:  Zhang et al., 2020 identified this haplotype among their “partridge” birds, and my guess is that it has eb-like effects.  Ile294 is a conserved position among melanocortin receptors, but the effect of the Thr294 polymorphism is unknown.  Asp291His is associated with red hair in humans and decreases cAMP production, but does not inhibit the ERK pathway.  Thr294 may interfere with G protein activation, and it could decrease the constitutive activity of the Lys92 polymorphism.

H24, Glu92Lys, Ala137Thr, and Arg307Gly:  Kabir et al., 2020 classed this allele as wild-type like, but found it among white birds, and it is not clear what they base their wild-type designation on.  With the Lys92 polymorphism this allele is unlikely to produce a salmon breasted female, but might produce a black breasted red male.  My guess is that this allele may be eb-like or wheaten like.  Ala137 is a conserved site among melanocortin receptors in TM3.  Arg140His is a red hair allele in humans, but Leu133Gln is associated with the birchen black phenotype in chicken.  The Arg307Gly polymorphism seems to be associated with non black alleles.

H19, Arg112Cys:  Guo et al., 2010 found this allele among their black village chickens.  They likely did not know if the birds were true breeding for black, so the effects of this allele is unknown.  Arg112 is not a conserved site among melanocortin receptors, but Asp119Asn is associated with black fur and feathers, and Lys92 is associated with constitutive receptor activity.

H20, Asn184del:  is a three base deletion that removes Asn140.  Guo et al., 2010 found this allele in their silver Columbian restricted birds (their grey birds with black spots, likely smutty silver Columbian restricted birds).  It may have minimal effect or be some type of wheaten allele.  It is in the relatively non conserved extracellular loop 2.  I haven’t found any functional variants in this loop in other animals.

H22, Asn184Ser:  Zhang et al., 2020 identified this allele in birds that they classified as partridge.  It might be a wild-type allele or it might be eb-like.  Like H20 the substitution occurs in a relatively non conserved loop that has not been associated with change in function for the receptor.


                                                     3
                                                     3
                                                     G 
                                                     A
                                                     S     
Chick   MSMLAPLRLL -------REP WNASEGN--Q SNATAGAGGA WCQGL  36
Pigeon  MSTLAPLRLL -------REP WNTSKGN--Q SNVTTVGSST WCQGL  36
Ostrich MSTLAPLRLL -------REP WNASEGN--Q SNATAGAGGA GCQGL  36
Human   MAVQGSQRRL -------LGS LNSTPTAIPQ LGLAANQTGA RCLEV  38
Mouse   MSTQEPQKSL -------LGS LNSNATS--H LGLATNQSEP WCLYV  36
Newt    MSAVPLL--- -------STT VNASNQS--- ---ASNVTNT TCTGV  29
Fish    MNVTTSFSNL GLWTE--VST ANYSVLN--S TNDTANATYS ACQKF  41
Shark   MNISSLTPLG TLPRD--ASS HWIPKDS--- -NSSHNVSTL QCEQV  39

cMC2R   MSTEKPFNLI LSAHA----- -GQTSIPSLE NITDFSLNIT DCNQV  40
cMC5R   MNTSSQLYV- --------SE LNLSAFGSNF TVPTVKSKSS PCEQV  36
cMC3R   MNSTHFTFSF QPVLL----- --NVTEDISD SILNNRSSDG FCEQV  38
cMC4R   MNFTQHRGTL QPLHFW--NQ SNGLHRGASE PSAKGHSSGG CYEQL  43
lMCa    MNLSEALFPN PFV------G TSGPDDNGTA SASANRTRFS PCHNF  39
lMCb    MTFSAGGVGG VVNNHHHGAN HQGGGNHSGH GNATGGGHGR PCEQV  45


                                             7
                     4         5 6         6 1          88          9   
                     9         8 0         9 K          12          2   
                     A         L T         L T          FE          K   
Chick   DIPNELFLTL GLVSLVENLL VVAAILKNRN LHSPMYYFIC CLAVSDMLVS VSNLAETLFM  96
Pigeon  DIPNEFFLTL GLVSLVENLL VVAAILKNRN LHSPMYYFIC CLAISDMLVS VSNLVETLFM  96
Ostrich DIPNELFLTL GLVSLVENVL VVAAILKNRN LHSPMYYFIC CLAVSDMLVS VSNLVETLFM  96
Human   SISDGLFLSL GLVSLVENAL VVATIAKNRN LHSPMYCFIC CLALSDLLVS GSNVLETAVI  98
Mouse   SIPDGLFLSL GLVSLVENVL VVIAITKNRN LHSPMYYFIC CLALSDLMVS VSIVLETTII  96
Newt    YTPNELFVVL SLLSLLENIL VVIAILKNRN LHSPMYFFIC CLAVSDMLVS ASHLVETSVI  89
Fish    TIPHELFLTL GLLSLVENTL VMTAIIKNKN LHSPMYCFIC CLAVSDMLVS VSNLVETIVM  101
Shark   NIPEEIFLTL GIVSLVENIL VIIAIVKNQN LHCPMHYFIC CLAVADMLVS LSNVIETIVL  99

cMC2R   VVPEEVFFTV AAAGILENLL VLVAVIRNKN LHLPMYFFIC SLAISDMLGS LYKTLENIFI  100
cMC5R   VIAAEVFLTL GIVSLLENIL VICAIVKNKN LHSPMYFFVC SLAVADMLVS VSNAWETITI  96
cMC3R   FIKAEVFLTL GIISLMENIL VILAVLKNGN LHSPMYFFLC SLAVADMLVS TSNALETIMI  98
cMC4R   FVSPEVFVTL GIISLLENVL VIVAIAKNKN LHSPMYFFIC SLAVADMLVS VSNGSETIVI  103
lMCa    SIPTEVFLAL GIVSLVENAL VIAAIARNRN MHSPMYCFIC SLAVADLLVC LSNAWETIAI  99
lMCb    LIPIEVFLIL GVISLLENIL VITAILKNKN LHSPMYYFIC SLAVADMLVS VSNAWETIIM  105
                     TM1              IL1               TM2



                                1              1                   
                        1       1   1  1       3    1  1  1      1   1 1  
        99              1       9   2  2       3    3  4  4      4   5 5    
        78              2       G   3  6       P    7  0  3      9   3 5   
        PP              C       N   R  I       Q	  T  H  A      C   T A      
Chick   LLMEHGVLVI RASIVRHMDN VIDMLICSSV VSSLSFLGVI AVDRYITIFY ALRYHSIMTL  156
Pigeon  LLMEHGMLVI RASIVRHMDN VIDMLTCSSV VSSLSFLGVI AVDRYITIFY ALRYHSIMTL  156
Ostrich LLMEHGVLVI RATIVRHMDN VIDMLICSSV VSSLSFLGVI AVDRYITIFY ALRYHSIMTL  156
Human   LLLEAGALVA RAAVLQQLDN VIDVITCSSM LSSLCFLGAI AVDRYISIFY ALRYHSIVTL  158
Mouse   LLLEAGILVA RVALVQQLDN LIDVLICGSM VSSLCFLGII AIDRYISIFY ALRYHSIVTL  156
Newt    LMIQHGVVDI PQNVLRQMDN IFDMMICSSV VSSLSFLGVI AVDRYITIFY ALRYHSIMTI  149
Fish    VLMEQDVLVV KIDVLRHMDN VIDMMICSSV VSSLSFLGAI AADRYITIFY ALRYHSIMTV  161
Shark   ILMEREILIV RNDILKEIDN LIDVMICSSM VSSLSFLGAI AADRYITIFY ALRYHTIMTT  159

cMC2R   ILCKMGYLTR RGDFEKKLDD AMDSMFILSL LGSIFSLLAI AADRYITIFY ALRYHNIMTL  160
cMC5R   YLINNRHIIM EDAFVRHIDN VFDSLICISV VASMCSLLAI AVDRYITIFY ALRYHNIMTV  156
cMC3R   AILSSGYLII DDHFIQHMDN VFDSMICISL VASICNLLVI AIDRYITIFY ALLYHSIMTV  158
cMC4R   TLLNN-TDTD AQSFTINIDN VIDSVICSSL LASICSLLSI AVDRYFTIFY ALQYHNIMTV  162
lMCa    ALVHGRHVHI PARILQHVDN VFDSFICISV VASMCNLLAI AVDRYVTIFY ALQYHSIVTM  159
lMCb    ALLQNGSLAM QEDTLKQMDN IMDSMICTSV VASMCSLLAI AVDRYVTIFY ALRYHNIMTV  165
               EL1                       TM3                     IL2


                                     1
         1                           8                               2 2     
         5                           4                               1 1
         8                           S                               3 5 
         W                           -                               C P    
Chick   QRAVVTMASV WLASTVSSTV LITYYRNNAI LLCLIGFFLF MLVLMLVLYI HMFALARHHV  216
Pigeon  QRAVVTMASV WLASTISGTV FIIYYRNNAI LLCLISFFLF MLVLMLVLYI HMFALARHHL  216
Ostrich QRAVVTIASV WLASTVSSTI FITYYRSNAI LLCLIGFFLF MLVLMLVLYI HMFTLARHHL  216
Human   PRARRAVAAI WVASVVFSTL FIAYYDHVAV LLCLVVFFLA MLVLMAVLYV HMLARACQHA  218
Mouse   PRARRAVVGI WMVSIVSSTL FITYYKHTAV LLCLVTFFLA MLALMAILYA HMFTRACQHA  216
Newt    HRAMIIIILI WVLSTISSTI FIAYHSSNVV IICLISFFLF MLILMVTLYI HMFVLARQHA  209
Fish    HRAVIIIVAI WVASLSSSII FIVYSSTNAV IICLISFFLA MLIIMAALYI HMFTLARIHA  221
Shark   RRAVIIIVTI WLVSSISSIL FIVYSDNSAV IICLISFFFA MLVIMGALYL HMFTLARIHA  219

cMC2R   QRALVILAII WTFCAGSSIA IALFSHEVAT VIPFTILFPL MMIFILCLYI HMFLLARSHA  220
cMC5R   KRSGLIIACI WTFCTGCGII FILYYESTYV IICLITMFFT MLFLMVSLYI HMFLLARTHV  216
cMC3R   KKALTLIVLI WISCIICGII FIAYSESKTV IVCLITMFFT MLFLMASLYV HMFLFARLHV  218
cMC4R   KRVGVIITCI WAACTVSGIL FIIYSDSSVV IICLISMFFT MLILMASLYV HMFMMARMHI  222
lMCa    RRAAVVIACV WAACVVSGTL FITYWDHRTV IVCLIALFVT MLVLMASLYA HMFALARSHA  219
lMCb    RRAASIIGAI WGTCTLCGVI FIVYSDSTAV IICLITMFFT MLVLMASLYV HMFMLARLHA  225
                    TM4             EL2               TM5


                                                               2     2 2
                                 2                             6   2 7 7     
                                 3                             4   6 0 2   
                                 7                             G   8 G G 
                                 T                             A   H A A   
Chick   RSISSQQKQP ---TIYRTSS LKGAVTLTIL LGVFFICWGP FFFHLILIVT CPTNPFCTCF  273
Pigeon  HLRSMSSQQK Q--PVYRSSS LKGAVTLTIL LGVFFICWGP FFFHLILIVT CPTNPFCTCF  274
Ostrich RSISSQQKKP ---TVYRTSS LKGAVTLTIL LGVFFICWGP FFFHLILIVT CPTNPFCTCF  273
Human   QGIARLHKRQ R--PVHQGFG LKGAVTLTIL LGIFFLCWGP FFLHLTLIVL CPEHPTCGCI  276
Mouse   QGIAQLHKRR R--SIRQGFC LKGAATLTIL LGIFFLCWGP FFLHLLLIVL CPQHPTCSCI  274
Newt    RSISNLNKRR ---SAPHRTS LKGAVTLTIL LGIFFLCWGP FFLHLTLIVS CPKNPICTCV  267
Fish    RRIITLHKTD ---TAPQTTS LKGAFTLTIL LGVFIICWGP FFLHLTLIVI CPRSPYCTCF  278
Shark   KKIMTQHKKR ---TAHPATN MKGAVTMTIL LGLFLICWSP FFLHLLLIII CPKNPYCLCF  276

cMC2R   KKIASLP-TS ---AVHQRTN MKGAITLTIF LGVFLCCWAP FVLHILLARF CPHNPYCACY  276
cMC5R   KKIAALPGYN ---SVHQRTS MKGAITLTML LGIFIVCWAP FFLHLILMIS CPQNLYCVCF  273
cMC3R   KRIAALPVDG ---VPSQRTC MKGAITITIL LGVFIVCWAP FFLHLILIIS CPMNPYCVCY  275
cMC4R   KKIAVLPGTG ---PIRQGAN MKGAITLTIL IGVFVVCWAP FFLHLIFYIS CPYNPYCVCF  279
lMCa    QRISAQPRSS RQGQQNGAAS LKGAVTLSIL LGVFVFCWAP FFLHLTFIIS CPANPYCCAY  279
lMCb    KRIAALPASG ---IIQHKTS MRGAITLTIL LGVFIVCWAP FFLHLILIVS CPRSPYCVCY  282
           IL3                                TM6                   EL3



                                                 3         
                          2   2             3    1    
                          9   9             0    2    
                          1   4             7    A   
                          H   T             G    G
Chick   FSYFNLFLIL IICNSVVDPL IYAFRSQELR RTLREVVLCS W  314
Pigeon  FSYFNLFLIL IICNSVVDPL IYAFRSQELR RTLWEVVLCS W  315
Ostrich FSYFNLFLIL IICNSVVDPL IYAFRSRELR RTLREVVLCS W  314
Human   FKNFNLFLAL IICNAIIDPL IYAFHSQELR RTLKEVLTCS W  317
Mouse   FKNFNLFLLL IVLSSTVDPL IYAFRSQELR MTLKEVLLCS W  315
Newt    FSYFNLFLIL IICNSVIDPI IYAFRSEELR KTLKEIAFCS W  308
Fish    FNHFNLFLIL IICNSLIDPI IYAFRSQELR KTLKEIILCY W  319
Shark   TSHFKMFLIL IICNSVIDPI IYAFRSQELR KTLKEFISCS W  317

cMC2R   MSIFHVNGTL IMCNAIIDPM IFAFRSPELR STFKKMFCCA RYNWNWWKLN EGEY  330
cMC5R   MSHFNMYLIL IMCNSVIDPL IYAFRSQEMR KTFKEIICCY SVRMV--CGL SNKY  325 
cMC3R   TSHFNTYLVL IMCNSVIDPL IYAFRSLEMR KTFKEIVCCC YGVSV--GQC ML    325
cMC4R   MSHFNFYLIL IMCNSIIDPL IYAFRSQELR KTFKEIICCC NLRGL--CDL PGKY  331
lMCa    IAYFPLYLLL IMINSVIDPL IYAFRSPELR VIIRDTLRKC GRGRGRGANG TRGSSCCCVQ VR  341
lMCb    MSHFNLYLVL IMLSSVIDPI IYAFRSHEMR HTFKEIVCCY SGSLYCALPA TWKY  336
                    TM7
cMC2R   -------------------------YRSTPMQ HHFAELKILT QNDTT--LAG NCR   358

MC1R for Human, Homo sapiens, NP_002377.4, Mouse, Mus musculus, NP_032585.2, Newt, Pleurodeles waltl, XP_069072911.1, Pigeon, Columba livia, XP_013223239.1, Ostrich, Struthio camelus, XP_068812021.1, Fish, Latimeria chalumnae, XP_005999265.1, Shark, Rhincodon typus, XP_020390153.1.  Gallus gallus cMC2R (NP_001026686.1), cMC3R (XP_004947293.2), cMC4R (NP_001026685.2), and cMC5R (NP_001026186.2).  For the Gallus gallus MC1R sequence I used the sequence we derived from the Richardson strain of Red Junglefowl as the e+ allele.  The Richardson strain was the only red junglefowl accession that I found with combless females and a red junglefowl mitochondrial sequence.  Lampetra fluviatilis MCa (ABB36647.1) and MCb (ABB36648.1) were used.  

Figure 1.  Various melanocortin 1 receptor MC1R protein sequences compared to chicken MC1R, MC2R, MC5R MC3R, MC4R and lamprey lMCa and lMCb.  This is modified from Figure 1 of the Melanocortin Receptor Evolution blog post.  The polymorphisms have the chicken sequence position numbers.  The transmembrane regions (TM) are underlined (from Yang et al., 2007 (The designations do differ from other publications)), and the intracellular loops (IL) or extracellular loops (EL) are labeled between the TMs.  The transmembrane residues involved in ligand orthosteric binding are in bold red and the conserved transmembrane residues identified by Yang, 2011 are in bold black.  The conserved CWXP sequence associated with melanocortin ligand binding is highlighted in green.  The position numbers of the functional polymorphisms are of the chicken MC1R polypeptide.  The Cysteine residues in bold blue are believed to be involved in dimerization (Zanna et al., 2008).  Known polymorphisms found in chickens are noted in bold purple (Table 3).  Change in function variants from other species are noted in bold green (Garcia-Borron et al., 2005, Garcia-Borron et al., 2014, Herraiz et al., 2012, and Ji and Tao 2022 ).  Yellow highlight for polymorphisms that result in change of function in humans (Garcia-Borron et al., 2014, and Herraiz et al., 2012).  Possible N terminal glycosylation sites (NXS and NXT) are noted in bold orange (Garcia-Borron et al., 2014).  Phosphorylation sites are highlighted in blue (Garcia-Borron et al., 2014).  The gray highlight is identifying positions that are associated with increased eumelanin pigmentation.  The polymorphism references are given in the description of the functional polymorphisms.  I aligned the sequences by eye, and where there was a lack of similarity I used amino acid size and hydrophobicity and minimized in/del events to align sequences in regions with insertion/deletions between genes, so parts of the alignment are best guess fiction.  I aligned the C terminal additional sequence of MC2R as shown because it seemed to have a similar amino acid size and hydrophobicity pattern as the C terminal sequences of MC3R, 4R, and 5R.  I list more polymorphisms in Table 5 that have made it into the Ensembl database.  I placed Table 5 in the Appendix because these SNP need to be verified and most are likely sequencing errors.

Functional polymorphisms of MC1R (Chicken sequence amino acid position numbers):
Cys33Gly: Gly or Ala at this position inactivates the receptor (Garcia-Borron et al., 2005) both cAMP and ERK pathways are inactivated (Cys35Ala, Herraiz et al., 2012).  Ala33 disrupts trafficking of MC1R to the plasma membrane, and Cys33 residue may be involved in dimerization of the receptor, but is also involved in getting the receptor to the plasma membrane (Zanna et al., 2008).
Cys33Ser: was identified in chickens by Guo et al., 2010 and would be expected to have the same effect on dimerization as replacement with Gly or Ala, and might interfere with trafficking of MC1R to the plasma membrane.  Gly33 and Ala33 severely restricts transport, and no functional receptor may get to the plasma membrane.  Cys33 polymorphisms may have total loss of function.
Val49Ala: Ala49 results in some loss of cAMP induction, but the ERK pathway is unaffected ((Herraiz et al., 2012).  Associated with reduced cell surface expression (Perez Oliva et al., 2009).
Val58Leu: Leu58 may be associated with red hair (r allele) (Garcia-Borron et al., 2005) and results in 50% loss of function for cAMP pathway, but the ERK pathway showed normal function (V60L, Herraiz et al., 2012).  Associated with mistrafficing and intracellular retention (Garcia-Borron et al., 2014).
Ala60Thr: Guo et al., 2010 found this polymorphism in 3 chicken haplotypes.  Mouse and human have this same Thr/Ala difference with no major difference between receptor function with this polymorphism at a relatively conserved position among melanocortin receptors.  Mouse Ala60 for this position may have a higher constitutive activity without agonist binding than Human with Thr62, but there are other differences between the human and mouse receptors.
Ser69Leu:  Leu69 leads to receptor hyperactivity in tobacco mice, and Ser69 is a potential phosphorylation site (Garcia-Borron et al., 2005).  Constitutive activation and epistatic to agouti (ASIP) antagonist in mice (Robbins et al., 1993).  Similar phenotype to Glu92Lys (sombre-3J allele).  Ser69Leu is the mouse tobacco allele.  Expression is not uniform.  The dorsal region becomes darker with age.  The Leu69 substitution produces some constitutive activity, but eumelanin production is not uniformly up regulated, and the receptor continues to respond to agonis                                                                  t binding that increases the production of cAMP.
Met71Thr: Thr71 was found in the presumptive E allele (extended black) (Ellett, 2000) and in black feathered breeds (Davila et al., 2014).  
Met71Lys:  Lys71 is combined with Asn119 to form a haplotype associated with black coat color in sheep (references in Ji and Tao, 2022).
Ser81Phe: Phe81 is associated with chestnut coat color in horses (e, Phe83) (Ji and Tao, 2022)
Asp82Glu: Glu82 results in nearly a complete loss of the receptor’s ability to couple with cAMP stimulation and associated with red hair (R allele) and is due to decreased cell surface expression (Garcia-Borron et al., 2005, 2014).  Asp82 is a highly conserved residue among melanocortin receptors.
Glu92Lys: Lys92 was found in the presumptive E and ER alleles (extended black and birchen black) (Ellet, 2000) and black feathered breeds (Davila et al., 2014), and causes constitutive activity in the Sombre mouse (Garcia-Borron et al., 2005).  Gain in function cAMP activation, but normal ERK signaling in humans (E94K, Herraiz et al., 2012).
Leu97Pro:  Pro97 is the ED black coat color allele in cattle (Pro99) and ED1 black coat color in pigs (Pro102) (Ji and Tao, 2022).
Leu98Pro:  Pro98 may be associated with receptor activation (Garcia-Borron et al., 2005).  Mouse Sombre allele Pro98 produces darker fur than Glu92Lys, but has a similar phenotype in that it constitutively activates the receptor and is not responsive to ASIP antagonist.
Arg112Cys: The site is not highly conserved among melanocortin receptors, but Cys112 (Guo et al., 2010) is near other polymorphisms associated with increased eumelanin production in chickens or other animals (Lys92, Pro97, Pro98, Asn119, Arg123, and Gln133).
Asp119Asn: Asn119 is associated with black coat color in pigs (Asn124) and black coat color in sheep (Asn121).  In sheep the Asn121 substitution is combined with Lys71 (references in Ji and Tao, 2022).  Found in the Black feather skin and tissue Ayam Cemani Horecka et al., 2024 associated with Thr71 and Lys92.
Cys123Arg: Arg123 is associated with the fox EA allele that is the Alaska silver allele (gray and black, Arg125) (Ji and Tao, 2022).
Val126Ile: Kerje et al., 2003 found Lys92-Ile126 haplotype in White Leghorns.  Kabir et al., 2020 also found the Lys92-Ile126 haplotype associated with black feathered birds.  It is not a highly conserved position among melanocortin receptors.
Leu133Gln: Gln133 was found in the Fayoumi birchen allele (Ellet, 2000) and in black feathered breeds (Davila et al., 2014).
Leu133Pro: Pro133 was found in Buff Prat and Red-barred Vasca (Davila et al., 2014).
Ala137Thr: Thr137 was found in Red Villafranquina (Lys92-Thr137 haplotype, eb?) (Davila et al., 2014).
Arg140His:  His140 inhibits cAMP stimulation, associated with red hair (R allele) (Garcia-Borron et al., 2005).
Thr143Ala: Ala143 was found in breeds likely having dominant wheaten (eWh) and or recessive wheaten (ey) (Ellet, 2000).  It is also a potential phosphorylation site and phosphorylation of this loop (Thr155, human Thr158) is associated with trafficking MC1R to the cell surface (Garcia-Borron et al., 2014).
Arg149Cys: Cys149 inhibits cAMP stimulation may be associated with red hair (R allele) and impairs MC1R trafficking, but is capable of activating ERK (Garcia-Borron et al., 2014).
[bookmark: _Hlk201859563]Ser152: is a potential phosphorylation site associated with trafficking MC1R to the cell surface (Garcia-Borron et al., 2014).
Ile153Thr: Thr153 is found in humans, associated with red hair (R allele) and results in 50% loss of function for cAMP pathway, but the ERK pathway showed normal function (Herraiz et al., 2012).
Thr155Ala: Ala155 blocks phosphorylation at this site and MC1R is misrouted and is retained in an intercellular compartment and does not get to the cell surface (Garcia-Borron et al., 2014) and results in loss of function for cAMP and ERK pathways (human Thr157Ala, Herraiz et al., 2012).
Arg158Trp: Trp158 inhibits cAMP stimulation may be associated with red hair (R allele) and impairs MC1R trafficking due to inhibiting phosphorylation of Thr155, but remains capable of activating ERK (Garcia-Borron et al., 2014).
Asn184del:  3 base in frame deletion (550-552).  Identified by Guo et al., 2010 found in their silver Columbian restricted line.  It may be a table error, but they have a single base deletion identified in their gold Columbian restricted line (552delC) and two SB individuals instead of one with the 552delC.  This is not a conserved position among melanocortin receptors.
Asn184Ser: Zhang et al., 2020 claim to have found this polymorphism segregating in partridge (wild-type) and Rhode Island Red.  This is not a highly conserved position in MC1R.
Arg213Cys: Cys213 was found in e+ Welsummers and San Diego zoo red junglefowl (Ellet 2000) but was found in ey (recessive wheaten) breeds (Davila et. al., 2014).  I also found this polymorphism in Speckled Sussex that were supposed to be ey (unpublished sequence).  Humans and mice have a Cysteine at this position in their wild-type sequence.
His215Pro: Pro215 was found in the eb brown allele of the Smyth Brown line (Ellet, 2000) and Buttercup (Kerje et al., 2003).  Was found to increase the constitutive production of cAMP over that of the E allele (Thr71-Lys92 and Thr71-Lys92-His215, Ling et al., 2003), but the phenotype is less black plumage than the E allele.
Ala237Thr: Thr237 is associated with red coat color in pigs (Thr243) (Ji and Tao, 2022)
Cys264Gly: Gly or Ala at this position inactivates the receptor and is believed to be involved in dimerization (Garcia-Borron et al., 2005).
Pro268His:  His268 was found in green junglefowl (more eumelanic plumage) unpublished sequence (just speculation).
Cys270Ala: retains some signaling potential, and is believed to be involved dimerization, but may also be involved in metal ion binding while Gly270 results in total loss of function for the receptor (Garcia-Borron et al., 2005).
Cys272Gly: Gly or Ala at this position inactivates the receptor and may be involved in dimerization (Garcia-Borron et al., 2005).
Asp291His: His291 inhibits cAMP stimulation and associated with red hair (R allele) but remains capable of activating ERK (Garcia-Borron et al., 2014).  Sanchez-laorden et al., 2006 showed that His291 exhibited a dominant negative effect on cAMP stimulation with heterodimers with wild-type.  
Ile294Thr: Zhang et al., 2020 (Partridge/wild-type) found in two breeds among partridge birds.  No effect or reduced receptor activity?  Highly conserved position among melanocortin receptors.
[bookmark: _Hlk201859403]Ser299: is a potential phosphorylation site and may be involved in internalization and desensitization (Garcia-Borron et al., 2014).
[bookmark: _Hlk201859352]Thr305: is a potential phosphorylation site and may be involved in internalization and desensitization (Garcia-Borron et al., 2014).
Arg307Gly:  Kabir et al., 2020 found in black and white breeds.  Lys92 is in the same haplotype.
Cys312Ala: Ala312 greatly impairs melanocortin binding sites, Gly312 completely inhibits receptor signaling, but does not inhibit ligand binding, and Cys312 is believed to be an acylation site (high probability palmitoylation site) (Garcia-Borron et al., 2014).
Ser313: is a potential phosphorylation site and may be involved in internalization and desensitization 
(Sanchez-Laorden et al., 2007 and Garcia-Borron et al., 2014).


Yellow highlighted human functional polymorphisms (Human sequence amino acid position numbers):
Asn15Gln: Gln15 results in less than 50% loss of function for cAMP pathway, but the ERK pathway showed normal function (Herraiz et al., 2012).  The double mutant Gln15 and Gln29 results in 80% reduction of cAMP activation (Herraiz et al., 2012).
Asn29Gln: Gln29 results in 50% loss of function for cAMP pathway, but the ERK pathway showed normal function (Herraiz et al., 2012).  The double mutant A15Q and N29Q resulted in 80% loss of function for cAMP pathway, but normal for ERK (Herraiz et al., 2012).  Glycosylation may be involved in trafficking the receptor to the plasma membrane.
Val38Met:  Met38 results in 50% loss of function for cAMP pathway, but the ERK pathway showed normal function (Herraiz et al., 2012).  Associated with reduced cell surface expression (Perez Oliva et al., 2009).
Ile40Thr: Thr40 results in decreased affinity for NDP-MSH and potency (Jimenez-Cervantes et al., 2001).
Ser41Phe: Phe41 results in loss of function for cAMP and ERK pathways (Herraiz et al., 2012) and show severe intracellular retention and classified as an R allele (Garcia-Borron et al., 2014).
Val92Met: Met92 results in 25% decrease in cAMP, but normal ERK pathway and increased MSH ligand binding compared to wild-type (Herraiz et al., 2012) associated with red hair (r allele) (Garcia-Borron et al., 2005).
Leu93Arg: Arg93 results in loss of function for cAMP and ERK pathways (Herraiz et al., 2012) and show severe intracellular retention (potential R allele) (Garcia-Borron et al., 2014).
Val122Met: Met122 has decreased affinity for NDP-MSH (Jimenez-Cervantes et al., 2001).
Met128Thr: Thr128 results in 80% loss of function for cAMP pathway, but the ERK pathway showed normal function (Herraiz et al., 2012) (potential R allele Garcia-Borron et al., 2014).
Arg162Pro: Pro162 results in loss of function for cAMP and ERK pathways (Herraiz et al., 2012) and show severe intracellular retention (potential R allele) (Garcia-Borron et al., 2014).
Arg163Gln: Gln163 does not impair cAMP activation, but does reduce ERK, associated with red hair (r allele) (Garcia-Borron et al., 2014).
Cys289Arg: Arg289 results in loss of function for cAMP and ERK pathways due to decreased constitutive activity and failure of agonist binding (Herraiz et al., 2012) (potential R allele Garcia-Borron et al., 2014).
Arg307Gly:  Gly307 is a Neanderthal allele that may be associated with red hair (potential R allele) due to reduction in cAMP signaling (Garcia-Borron et al., 2014).
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Figure 2.  Eumelanin and pheomelanin distribution in adult plumage for the known E locus alleles.  E (extended black (E)), R (birchen black (ER)), N (wild-type (e+)), B and BC (brown (eb) and buttercup (ebc)) and Y (recessive wheaten (ey) and dominant wheaten (eWh)).  I created this figure for the feather color chapter (Anderson et al., 2020).
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Figure 3.  A box of chicks from Murray McMurray.  There are 3 to 6 of each breed.  Red arrows indicate two Silver Pheonix chicks.  The blue arrow indicates a Silver Spangled Hamburg.  The brown arrow indicates a Black Minorca.  Another Black Minorca is between the two Silver Pheonix chicks and it shows the white ventral down that can invade the face and head of black downed chicks.  The two black arrows indicate Buff Minorca.  The green arrow indicates one of the White Crested Black Polish chicks.  The yellow arrow indicates a Silver Fayoumi chick.  Of note is that the Spangled Hamburg and Fayoumi display the marbled chick down pattern that is thought to be due to the combination of ER, Db and Pg.  Smyth (1990) has Fayoumi with ER, Db, Pg, and, possibly, Co, and the Spangled Hamburg with ER, Db, Pg and Ml, but Carefoot (2002) did not find evidence for Co in his Fayoumi bantams.



Table 1.  E locus alleles/haplotypes
Line/	        Amino Acid Positions
Haplotype 	 33  60  71  92 112 119 126 133 137 143 184 213 215 294 307 
H0  e+   	Cys Ala Met Glu Arg Asp Val Leu Ala Thr Asn Arg His Ile Arg   RJF (Richardson strain)
       	TCG GCC ATG GAG CGC GAC GTC CTG GCC ACC AAC CGC CAC ATC CGG
H11 e+   	... ... ... ... ... ... ... ... ... ... ... Cys ... ... ...   RJF (B&D Farms)
        	                                            TGC
H11 e+   	... ... ... ... ... ... ... ... ... ... ... Cys ... ... ...   Light Brown Leghorn
       	                                            TGC
H1  ER 	... ... ... Lys ... ... ... ... ... ... ... ... ... ... ...   White Leghorn ADOL Line 0
          	            AAG                     
H2  ER  	... ... ... Lys ... ... ... ... ... ... ... Cys ... ... ...   Davila black feather lines
          	            AAG                             TGC
H3  E  	... ... Thr Lys ... ... ... ... ... ... ... ... ... ... ...   Davila black feather lines
	   	        ACG AAG                     
H4  E  	... ... Thr Lys ... ... ... ... ... ... ... Cys ... ... ...   Barred Rock
        	        ACG AAG                             TGC  
H4  E  	... ... Thr Lys ... ... ... ... ... ... ... Cys ... ... ...   Black Australorp
	   	        ACG AAG                             TGC
H4  E  	... ... Thr Lys ... ... ... ... ... ... ... Cys ... ... ...   Black Langshan
        	        ACG AAG                             TGC
H5  ERF 	... ... ... ... ... ... ... Gln ... ... ... ... ... ... ...   Fayoumi
        	                            CAG     
H6  ER 	... ... ... ... ... ... ... Gln ... ... ... Cys ... ... ...   Davila birchen lines
        	                            CAG             TGC
H12 eb 	... ... Thr Lys ... ... ... ... ... ... ... Cys Pro ... ...   Smyth Brown Line
         	        ACG AAG                             TGC CCC
H12 eb 	... ... Thr Lys ... ... ... ... ... ... ... Cys Pro ... ...   Partridge Rock
       	        ACG AAG                             TGC CCC 
H7  eWh 	... ... ... ... ... ... ... ... ... Ala ... ... ... ... ...   New Hampshire Red
         	                                    GCC 
H7  eWh/ey	... ... ... ... ... ... ... ... ... Ala ... ... ... ... ...   Commercial Rhode Island Red
       	                                    GCC 
H7  eWh/ey	... ... ... ... ... ... ... ... ... Ala ... ... ... ... ...   Buff Minorca
       	                                    GCC     
H9  eb  	... ... ... Lys ... ... ... ... Thr ... ... Cys ... ... ...   Davila eb lines
     	            AAG                 ACC         TGC
H10 eWh/ey 	... ... ... ... ... ... ... Pro ... Ala ... ... ... ... ...   Davila Wheaten
        	                            CCG     GCC     
Haplotype 	 33  60  71  92 112 119 126 133 137 143 184 213 215 294 307 
H0  e+   	Cys Ala Met Glu Arg Asp Val Leu Ala Thr Asn Arg His Ile Arg   RJF (Richardson strain)
       	TCG GCC ATG GAG CGC GAC GTC CTG GCC ACC AAC CGC CAC ATC CGG
H13 ey?   	... ... ... ... ... ... ... ... ... ... ... Cys Pro ... ...   Kabir wheaten    
  		                                            TGC CCC
H14 ?   	... ... ... ... ... Gly ... ... ... ... ... ... Pro ... ...   Zhang White Plymouth Rock?    
  		                    GGC                         CCC
H15 E/ER   	... ... ... Lys ... ... ILe ... ... ... ... ... ... ... ...   Kerje White Leghorn
          	            AAG         ATC             
H16 ey?	Ser ... ... ... ... ... ... ... ... ... ... Cys ... ... ...   Guo YB, GB (GB Columbian Silver?)
		AGC                                         TGC 
H17 ey?	... Thr ... Lys ... ... ... ... ... ... ... Cys ... ... ...   Guo YB (YB Columbian gold)
       	    ACC     AAG                             TGC
H18 E?   	... Thr ... Lys ... ... ... ... ... ... ... ... ... ... ...   Guo B, GB (B Black)
       	    ACC     AAG                     
H19 E?    	... ... ... ... Cys ... ... ... ... ... ... ... ... ... ...   Guo B
        	                TGC               
H20 ? 	   	... ... ... ... ... ... ... ... ... ... --- ... ... ... ...   Guo GB
       	                                        del
H21 E   	... ... Thr Lys ... Asn ... ... ... ... ... Cys ... ... ...   Horecka Black Ayam Cemani
	   	        ACG AAG     AAC                     TGC
H22 ?		... ... ... ... ... ... ... ... ... ... AGC ... ... ... ...   Zhang Partridge?
       	                                        Ser
H23 ?    	... Thr ... Lys ... ... ... ... ... ... ... ... ... Thr ...   Zhang Partridge?
       	    ACC     AAG                                     ACC
H24 e+?   	... ... ... Lys ... ... ... ... Thr ... ... Cys ... ... Gly   Kabir classed as wild-type like among white
 		            AAG                 ACC         TGC         GGG	  birds?
H25 ?     	... Thr ... Lys ... ... ... ... ... ... ... ... ... ... Gly   Kabir white breed unknown allele
       	    ACC     AAG                                         GGG
H26 ? 		... ... ... ... ... ... ... ... ... ... ... ... ... ... GLY   Li yellow, red, brown and partridge breasts
          	                                                        GGG                     		                                            
H27 eb     	... ... ... Lys ... ... ... ... ... ... ... Cys ... ... Gly   Schwochow Dark Brahma
       	            AAG                             TGC         GGG

Table 1: Haplotypes of amino acid substitution polymorphisms of the coding region of the MC1R gene.  Sequences were unpublished or from Ellett 2000.  RJF is Red Junglefowl.  Haplotype (H0 – H11) designations are from Davila et al., 2014.  Davila et al., 2014 did not find the eb allele segregating in their lines, so it is designated H12.  Guo et al., 2010 their YB and GB birds may have been Columbian restricted (gold (YB) or silver (GB).  B was Black feathered, HL was Hi-Line Brown and LM was Lohmann brown.  In the 1990’s all the Hy-line Brown commercial hybrids that I tested were eWh/eb heterozygotes and also heterozygous for dominant white (I/i+).  Guo et al. 2010 might not be picking up all the heterozygotes or they are dealing with a change in the commercial product or a backcross to the wheaten parent.  Traditionally the silver female parent is eb and the gold male parent is eWh in the down color sexing cross.  There is the possibility that Guo et al., 2010 probably missed identifying many of their heterozygous positions, and they seemed to have identified an unusually high number of haplotypes that over lap with other haplotypes, so I have not added all their haplotypes to this table.  Their genotype frequencies indicate that they are claiming to have derived 2 sequences from each animal.  That means that both sequences are inferred haplotypes if they PCR sequenced the MC1R gene (the paper has no Materials and Methods section).  My lab initially cloned the PCR amplification and sequenced, at least, 5 clones to determine heterozygousity, but straight PCR sequencing is less labor intensive, and you get data much faster.  Calling heterozygous positions is still tricky, and you need to sequence the PCR product in both directions in order to have the best chance of identifying polymorphisms.  The possibility that they may have missed identifying many heterozygous positions among the commercial birds indicates that some of their inferred haplotypes may not be real haplotypes.  I did not include their alleles 2 and 3 (Pro133 and Gln133-Ala143) because they were only identified in heterozygotes and it looks like they mixed up the Fayoumi birchen allele (H5) with the Davila wheaten allele (H10) in their black feather line.  They should have identified a Gln133/Pro133-Ala143 heterozygote instead of separating Pro133 and Ala 143, and the Davila wheaten allele (H10) with the e+ allele (H0) in their GB line.  I think that they misidentified the H10 allele in both cases, but I could be wrong, but I am leaving the H10 haplotype to represent Pro133.  I am not listing Guo et al., 2010 haplotype that includes Ala143 or Pro215.  Instead, I have listed the Kabir et al., 2020 Pro215 allele associated with wheaten.  It looks like Guo et al., 2010 are claiming too many Ala143 homozygotes (missing a lot of heterozygotes among their commercial crosses) and they are claiming too many His215 homozygotes when they should be His215Pro heterozygotes.  I only list one of Guo et al., 2010 Arg112Cys haplotypes (I do not know which one might be real) because they seem to be haplotype misidentifications.  The Black Ayam Cemani haplotype comes from Horecka et al., 2024.  The Ayam Cemani is known for its black feathers, skin, and meat.  I only took Three haplotypes from Zhang et al., 2020 because their paper seems to be affected by the same deficiencies of Guo et al., 2010.  Too many haplotypes and probably sequencing miscalls.  I do not know if the haplotypes are correct, but the polymorphisms (Asp119Gly, Asn184Ser and Ile294Thr) may exist.  It should be noted that others have found the eb (H12) in Chinese White Plymouth Rocks instead of H14 that Zhang et al., 2020 identified.   Li et al., 2024 claim to have found a different Arg307Gly haplotype (H26).  Their H2 is Met71, Glu92, His215 and Gly307.  H2 was segregating in their black breasted red line and they found it in their F2 yellow birds and birds with red brown partridge breasts.  The eb (H12) allele was found to be segregating in the same color types.  Several alleles were identified by Kabir et al., 2020 among their Japanese breeds.  I do not list any of the haplotypes nor new polymorphisms identified by Yang et al., 2019 because their sequences may not be accurate.  They claim to have sequenced commercial White Leghorns and what they called Barred Plymouth Rocks and failed to identify the Lys92 polymorphism.  They identified a new polymorphism (Arg307Pro) that no one else has found and claimed that it was found in 3 different haplotypes.  I just cannot trust such crazy results.  H27 was inferred from Figure 5 Schwochow et al., 2021 and would be the expected allele if H9 is also segregating among the Dark Brahma.


Table 2.  PAMSA tested Murray McMurray:
Line/	        Amino Acid Positions
Allele 	 71  92 133 143 213 215 
              Met Glu Leu Thr Arg His 
1   E  	Thr Lys ... ...  ?  ...     Black Cochin
        	ACG AAG         
2   E  	Thr Lys ... ...  ?  ...     Barred Rock
        	ACG AAG          
3   ER 	... Lys ... ...  ?  ...     Andalusian Blue
          	    AAG        
4   E  	Thr Lys ... ...  ?  ...     Andalusian Blue (1 out of 4 birds was heterozygous (3/4) for this allele) 
        	ACG AAG          
5   ER 	... Lys ... ...  ?  ...     White Crested Black Polish
          	    AAG        
6   ERF 	... ... Gln ...  ?  ...     Fayoumi Probably Gln133 H5
        	        CAG     
7   E?  	... Lys Gln?...  ?  ...     Black Silkie, my guess is Gln133.
        	    AAG C?G     
8   ?  	... ... Pro?Ala  ?  ...     Ameraucana, eb like down color, Possibly Pro133 instead of Gln133, H10: 
        	        C?G GCC    		 Pro133-Ala143
9   ey? 	... ... ... ...  ?  Pro     Buff Rock (Allele genotypes 1: 9/9, 2: 9/11, 1: 9/10) 
		                    CCC     
10  ?  	... ... Pro?Ala  ?  ...     Buff Rock, Possibly Pro133 instead of Gln133, H10: Pro133-Ala143
        	        C?G GCC    
11  eWh/ey	... ... ... Ala  ?  ...     Buff Rock (1 Ala143/Ala143)
        	            GCC    
12  eWh/ey	... ... ... Ala  ?  ...     Commercial Rhode Island Red
       	            GCC 
Table 2.  I developed 5 PAMSA (PCR amplification of specific alleles) SNP tests for the E locus (unpublished results).  Arg213Cys did not seem to be informative for feather color so I did not test for it.  I created a test for Leu133Gln (T398A).  I never had the control DNAs to test if it would differentiate Leu133Pro (T398C) from T398A (Leu133Gln).  There is a chance that I may have been identifying Pro133 instead of the intended Gln133 allele.  That is why there are ? marks in that column.  6 is Gln133 because those birds came from the same source (Murray McMurray) that I sequenced to initially identify the allele, and were basically controls for the assay.  7 may be Gln133 and would create a new E allele that was Lys92-Gln133 that can be found in Black Silkies.  8 and 10 are likely haplotype H10, probably a wheaten allele.  9 was the major allele that I identified in Buff Plymouth Rocks.  All the birds were obtained from Murray McMurray hatchery.  I would not have picked up any other linked polymorphisms that might exist in this group of birds so the haplotypes may not reflect the actual alleles that may exist in these lines.  This is just additional evidence that some of the alleles in Table 1 exist, and what E allele they are associated with.

Table 3.  Polymorphisms found in the Chicken MC1R coding region
C69T		AA(C/T)	Asn23			Kerje et al., 2003		rs737266739
T97A		(T/A)GC	Cys33Ser		Guo et al., 2010
G178A		(G/A)CC	Ala60Thr		Guo et al., 2010
G207A		TC(G/A)	Ser69			Guo et al., 2010
T212C		A(T/C)G	Met71Thr		Takeuchi et al., 1996b		rs312264213
G274A		(G/A)AG	Glu92Lys		Takeuchi et al., 1996b		rs314881228
C334T		(C/T)GC	Arg112Cys		Guo et al., 2010
G355A		(G/A)AC	Asp119Asn		Horecka et al., 2024
A356G		G(A/G)C	Asp119Gly		Zhang et al., 2020
G376A		(G/A)TC	Val126Ile		Kerje et al., 2003		rs316651020
T398A		C(T/A)G	Leu133Gln		Ellett, 2000			rs737523889
T398C		C(T/C)G	Leu133Pro		Guo et al., 2010
G409A		(G/A)CC	Ala137Thr		Guo et al., 2010		rs3388187307
A427G		(A/G)CC	Thr143Ala		Takeuchi et al., 1996b		rs313704501
del 550-552	AAC/---	Asn550-552del	Guo et al., 2010
A551G		A(A/G)C	Asn184Ser		Zang et al., 2020
G636A		GC(A/G)	Ala212			Kerje et al., 2003		rs740334882
C637T		(C/T)GA	Arg213Cys		Takeuchi et al., 1996b		rs731413142
A644C		C(A/C)C	His215Pro		Ellett, 2000			rs735789743
C834T		AA(C/T)	Asn278		Kabir et al., 2020		rs315815196
T881C		A(T/C)C	Ile294Thr		Zhang et al., 2020
C919G		(C/G)GG	Arg307Gly		Kabir et al., 2020		rs1058809438

Table 3.  I did not include all the published polymorphisms.  I left out some that may have been sequencing errors, and that have not been replicated, but some of the polymorphisms that I have included have not been verified.  We did not list the silent substitutions for our alleles (Ellett, 2000 and Ling et al. 2003), and did not submit the sequences to Genbank.  I used Takeuchi et al., 1996b for the initial polymorphisms identified because they are more clearly sorted and haplotypes designated than in the first paper even though they likely mistook a wheaten line for Light Brown Leghorns, and they found some polymorphisms that have never been replicated.  The rs SNP numbers link to the ensembl.org SNP data.





Table 4: Genetic interactions
Phenotype			E alleles	Pattern Gene	     Columbian      Dark Brown      Melanotic      Mottling
Stippling		    e+,eb,eWh,ey 	    pg+  	      co+   		  db+          ml+		 Mo+
Penciling			  eb	          Pg   	      co+  		  db+           
Autosomal barring
   Hamburg type		  eb 		    Pg                          Db          
   Buttercup type		  eb		    Pg      	     		  Db          
   Fayoumi			  ERF		    Pg          co+,Co	        Db          
   Campine			  ER		    Pg              		  Db          
Single lace	
   Wyandottes		  eb		    Pg   	      Co  		     		  Ml        
   Sebrights		 E,ER		    Pg  	      Co  		  Db  	  Ml        
   Andalusian Blue	 E,ER 		    Pg		Co		  db+		  Ml
Double lace		     eb,eWh,ey	    Pg              		     		  Ml        
Spangling			 E,ER?		    Pg 	         		  Db 		  Ml        
Mottling			  E		    ?   	      ?   		      	  ?         mo
Speckling (Sussex)	eb,ey,?	    ?   	    co+,Co              		  ?         mo

Taken from Table 5.3 (page 127) and feather patterns depicted on Figure 5.3 (page 125) of Smyth, 1990 with my own modifications.  I could be wrong in some instances.
Stippling is the dispersed specks of eumelanin on a silver or gold background of female body and wing feathers.  Males are black breasted red.  On an e+ background the spots of eumelanin can be very small and finely dispersed in a dense pattern.  On an eb background the stippling is usually coarser and not as finely and evenly dispersed.  On a wheaten background the stippling is brown, but can be rearranged and blackened by the combination of Pg and Ml (double lace).  The coarse black stippled pattern of the Quail pattern on a wheaten background is probably due to Ml without Pg.
Penciling is also called the Partridge pattern where the stippling is arranged in a concentric circular pattern on females.  Males are black breasted red.  The Partridge penciled pattern is best expressed on an eb genetic background.
Autosomal barring is also called penciling and is the pattern of transverse black bars on a silver or gold background.  On an eb background the males are Columbian restricted due to Db, and the females have the autosomal barred pattern.  For some reason Db is not a Columbian black restrictor for female stippling, and the stippling can be arranged into barring with the addition of Pg.  Buttercups have paired oval barring while Hamburgs have linear bars.  Smyth thought that this was due to the difference between eb and ebc, but Kerje et al., 2003 found the same eb allele (H12) that we found in the Smyth brown tester line and Partridge Rocks in their Buttercups.  Moore and Smyth, 1972b did note that some Buttercup like barring was observed in their mapping population cross between Fayoumi and the Smyth brown line.  It may be that Hamburgs have the eb allele identified by Davila et al., 2014 (H9) or there may be linked modifiers involved.  Fayoumi and Campines have the barred pattern for both males and females.  Moore and Smyth, 1972ab had Fayoumi modified by the introduction of Co, due to the New Hamshire Reds cross used to create the line, and described the males as more like the Columbian restricted Hamburg males.  Carefoot, 2002 did not find Co in his bantam Fayoumi.
Single laced Wyandottes with black tails is based on an eb background with Co and Pg, while the laced tail phenotype of Sebrights has the E or ER allele and Db involved.  Carefoot, 1992a found the E allele in Sebright bantams, but I found the ER allele in laced Polish with the same phenotype (unpublished results).  Molecular identification was not available to Carefoot in the early 1990’s, and his birds would have Ml that would make the ER allele appear to be more like E.  Carefoot, 1988 found that the Andalusian Blue single laced phenotype to be due to heterozygosity at the Bl (blue) locus (Bl/bl+) to make the gray plumage, and that the combination of Pg, Co, and Ml produced a black lace on the gray background when the E allele was present.  I found the ER allele to be the major allele in Blue Andalusians (Table 2).  For Andalusian Blue the Bl/Bl homozygotes are mostly white, the Bl/bl+ heterozygotes are gray laced, and the bl+/bl+ homozygotes are black.  The ER/ER and bl+/bl+ homozygotes are self black and not birchen black due to Ml and likely other eumelanin intensifiers needed to produce this color.
Double lace is a female pattern where there is a thick outer lace and a second inner lace on the female body feathers.  Standard breeds have the pattern on both the eb (Barnvelders) and wheaten (Dark Cornish) backgrounds.  Ml modifies the Partridge penciled pattern increasing eumelanin deposition on the outer edge of the feather and maintaining the Partridge pattern with a single inner lace and pigment around the feather shaft.  The addition of Co produces the single laced pattern with a single black edge lace.
Spangling is Columbian restricted feathers with black tips for both sexes.  Schwochow et al., 2021 identified the Fayoumi birchen allele (H6) and a possible E or ER allele (H15) segregating in their Spangled Hamburgs.  My guess is that ER is needed because it is needed for the autosomal barred pattern, and adding Ml restricts the eumelanin to the tip of the feather.  If Co is added you get the laced tail pattern of Sebrights.  The E allele was probably misidentified due to the presence of Ml.  Ml and ER would combine to produce E like phenotypes.
Mottling on an E background produces a white tip and black band below the white tip, but this black band is difficult to identify on black feathers and shows up as a denser black band below the white tip.  With E or ER alleles only around 1 out of 5 feathers have a white tip, but with other E locus alleles such as eb or wheaten mottling is called Speckled or the Mille Fleure pattern where nearly all feathers can have a white tip and black band.  Speckling occurs in breeds with Columbian restriction, but I’ve seen it in mongrel flocks and it does not appear to require Co to express the white tip and black band on nonblack feathers.
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Appendix:
Google gets it wrong about Glu94Lys:
10/4/2025
Google Query:
“Glu94Lys polymorphism Human MC1R”
Response:
The Glu94Lys polymorphism is a variant of the human melanocortin 1 receptor (𝑀𝐶1𝑅) gene, formally known as rs1805006, which changes a glutamic acid (Glu) to a lysine (Lys) at amino acid position 94. In scientific notation, the change is written as Glu94Lys or E94K. This variation affects the function of the 𝑀𝐶1𝑅 gene, which is a key regulator of skin and hair pigmentation. 
Overview of 𝑀𝐶1𝑅 gene function 
· The 𝑀𝐶1𝑅 gene provides instructions for the melanocortin 1 receptor, a protein on the surface of melanocytes (pigment cells).
· When activated by melanocyte-stimulating hormone (𝛼-MSH), the receptor prompts the production of dark brown-black eumelanin pigment.
· When the receptor is not fully functional, it shifts production toward the yellow-red pheomelanin.
· The Glu94Lys (E94K) polymorphism is a loss-of-function variant, causing a partial reduction in receptor activity. This leads to lighter pigmentation and is classified as a "red hair color" (RHC) allele. 
Associated phenotypic traits 
This polymorphism is associated with several phenotypic traits, particularly in people of European descent: 
· Red hair and fair skin: As a loss-of-function variant, Glu94Lys can cause or contribute to red hair and light skin, especially when inherited as homozygous or compound heterozygous (paired with another variant).
· Poor tanning ability: Due to the shift towards pheomelanin production, individuals with this variant often have fair skin that tans poorly and is sensitive to the sun.
· Freckles: The Glu94Lys variant and other 𝑀𝐶1𝑅 polymorphisms are strongly linked to freckling. 
Effects beyond pigmentation 
The Glu94Lys polymorphism has been shown to have effects beyond its role in determining outward pigmentation. 
· Increased risk of melanoma: The presence of 𝑀𝐶1𝑅 variants like Glu94Lys is a risk factor for developing melanoma. This risk is partly explained by the lack of sun-protective eumelanin pigment, but some evidence suggests an increased risk independent of a person's visible skin type.
· Increased risk of non-melanoma skin cancer (NMSC): A 2015 study found that carriers of the Glu94Lys variant had a higher risk of developing NMSC, including basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). 
Molecular consequences 
At a molecular level, the Glu94Lys substitution has several effects: 
· Altered cAMP response: Like other RHC variants, Glu94Lys can impair the receptor's ability to stimulate the intracellular cAMP signaling pathway, reducing eumelanin synthesis.
· Potential for reduced expression: Research has indicated that some variant 𝑀𝐶1𝑅
receptors, including Glu94Lys (specifically D84E, referring to the same variant), may have reduced expression on the cell surface. This compromises the receptor's function by limiting the binding of regulatory hormones.
· In-silico functional impact: A 2015 study that used computational analysis to predict the effects of various 𝑀𝐶1𝑅 variants classified the mutation as potentially damaging to the receptor's function. 
END Google response:

Google is just wrong in their response.  Glu94Lys is not considered to be a loss of function allele, but a gain in function polymorphism.  It causes a higher level of constitutive activity of the receptor and a higher basal cellular level of cAMP than wild-type.  It does lose the function of the receptor to be able to respond to agonist binding, and antagonist does not affect the constitutive activity of the receptor.  It is not associated with red hair in humans, but it is associated with black feathers and fur in multiple species of birds and mammals.


Fan et al., 2022:
https://pmc.ncbi.nlm.nih.gov/articles/PMC9593195/

This paper should have never been published.  It is a case of bad handling of the DNA sequence data, GIGO (garbage in garbage out) analysis due to incorrect sequence alignments, and they couldn’t even label some of their SNPs and figures correctly, and were unable to designate their SNPs and functional sequences consistently in their text and figures.  Their SNP association with egg production is invalid because they did not consider the differences between lines that are obviously two distinct populations.  The HTH black feather line is fixed for a single haplotype, and the likely recessive MTH brown feather line is the one segregating for different alleles of MC1R.  This segregation of haplotypes is unlikely to occur within a single population.  They might have mixed up the lines and it is the black feathered birds that are segregating haplotypes.  Black feathers have been understood to be dominant over the gold Columbian restriction pattern since the beginning of chicken genetics.  It was the basis for the original E and e allele designations where the presumed e allele was incorrectly associated with the Columbian restriction of black (Co locus) for decades.

Figure 4: Except for the avian species this seems to be an alignment of arbitrary sequences identified in mammals and fish.  As an example the human sequence has no clear similarity of it or surrounding human sequence with chickens.  There might be some significant similarity with sequence a couple hundred base-pairs upstream, but that doesn’t mean that the human sequence chosen for Figure 4 has any relationship to the chicken sequence.  The human sequence is 9,000 base-pairs from the human MC1R ATG start site.  The red box is incorrectly placed for SNP g.18838712.  In their paper they incorrectly refer to Figure 3 as Figure 2 and Figure 4 as Figure 3.  “Sequence analysis of the promoter region of the MC1R gene in different species showed that chickens share high homology with Japanese quail, followed by duck, and poor homology with Zebra fish (Figure 2), and that MC1R g.18838712 T>C is not highly conserved across species (Figure 3)”  In this quote “(Figure 2)” should be Figure 3 and “(Figure 3)” should be Figure 4.  Their Figure 4 sequence comparison should have told them that their Figure 3 phylogenetic analysis should have never been attempted.

The wrong sequence may have been chosen for Figure 4 comparison because they claim that the g.18883824 SNP is the one that creates the ZEB1 regulatory binding site, and was the sequence that they used to create their expression vectors in their Materials and Methods, but they obviously are not consistent with this designation.  So the C position that they incorrectly identified (g.18838712) in their Figure 4 may not be the C>T change that might cause the regulatory difference.

[image: ]
For their g.18838712 SNP they boxed the wrong C position (red boxes).  Their mammal and fish alignments should have told them that their Figure 3 phylogenetic analysis should have never been attempted and that they were likely dealing with random sequence matches.



TGATTCCCCC AGCTGCTCTC CTGAGCTCTG TCCTCTACTT AATCATGGGA  18838645
GATCTCTTCC TTGTGCTTCT CCTGTCCTTT GTGCCTCCTC GGGGTGAAAG  18838695
CTCCTTCCCC TCCTCCCTGC TGCTGGCTGC GGGGGCTGCT CCCTGGGGGC  18838745
AGAGATGGAC CGGGCTGCAC GGAGCAGCTC TGTTGTGCCT GGCTGGTGGG  18838795
This is the sequence of chr 11 galgal6 that they are discussing in the paper.  The actual g.18838712 C>T polymorphism is highlighted in blue.  The C>T polymorphism that they incorrectly designated in Figure 4 is highlighted in pink.  The sequence and SNPs can be identified by the sequence given in their Figure 1 and the base-pair positions in galgal6.

Query  28       CTGTCCTCTACTTAATCATGGGAGATCTCTTCCTTGTGCT-TCTCCT-GTCCTTTGTGCC  85
                ||| ||| | ||||||  | | ||  || ||| |  |||| |||||| ||||||||||| 
Sbjct  1337351  CTGCCCTGTGCTTAATGGTCGTAGC-CTTTTCTTCCTGCTGTCTCCTTGTCCTTTGTGCT  1337293
                                            Chick
Query  86       TCCT-CGGGGTGAAAGCTCCTTCCCCTCCTCCCTGCTGCTGGCTGCGGG-GGCT------  137
                |||| | || |||| || |||        ||||||| || || || ||| ||||      
Sbjct  1337292  TCCTCCAGGCTGAAGGCGCCT--------TCCCTGCGGCGGGGTGGGGGCGGCTGCCCTG  1337241
                                                      Duck
Query  138      ---GCTCCCTGGGGGCAGAGATGGACCGGGCTG  167
                   ||||||| ||||| | || |||| ||||||
Sbjct  1337240  CAAGCTCCCTTGGGGCTGGGAGGGACTGGGCTG  1337208
This is the match with ducks using BLAST.  Their Figure 4 misaligns the chick and duck sequences.  No BLAST matches were found with human, mouse, or pig on the weakest match setting “Somewhat similar”.  Around the first and last 30 base-pairs of sequence (18838596-18838795) did not have enough similarity to duck to include in the BLAST alignment.  The yellow highlighted sequence is what they aligned in Figure 4.  The highlighted deletion ---- can be filled with the underlined TCCC with no difference in matches.  Either way you may have an 8 base-pair deletion in the duck sequence that they tried to align and compare.

The Figure 3 phylogeny is likely fictional due to the incorrect sequences being used for the analysis.  The avian sequences are likely OK, but the mammalian sequences (diverged around 300 million years ago from birds) and fish sequence (diverged around 400 million years ago from tetrapod vertebrates) are likely not much better than random matches.  There was likely no real match between the mammal sequences and the bird sequences.  The mammal and bird sequences have likely diverged so much that no 2,000 base-pair non coding sequence could have been accurately chosen for comparison between birds and mammals if they did not contain a highly conserved sequence, and their chosen sequence does not contain such a highly conserved sequence.

One of their 5’ flanking SNPs is mislabled.  The g.18838624, g.188387694, and g.18838712 are consistent with the galgal6 genome build, but g.18838722 is misidentified and their Figure 1 sequence identifies this SNP as g.18838770.

Their E1 and E2 sequences were never disclosed except to say that they included the g18838624 SNP.  According to the Materials and Methods E1 had the T polymorphism and E2 had the wild-type C sequence.  They do not disclose how much flanking sequence was incorporated in their expression vectors, and all their SNPs were within 200 base-pairs of each other.  The flanking sequence matters because there appear to be, at least, two different C haplotypes in the Taihang chickens.  The black HTH variety is fixed for the GTGC (g.18838770, g.18838712, g.188387694, and g.18838624, respectively) haplotype and the brown MTH variety is segregating for a GCGC haplotype and the CCAT (E1 Materials and Methods) haplotype.  The haplotypes can be deduced using Table 3 and 4 (Table 4 has the g.18838722 genotypes mislabeled they should be GG, GC, and CC).  This means that what C haplotype was chosen matters in the interpretation of their results.  The T haplotype was associated with higher expression, and does not respond to ZEB1 (I am going by the E1 and E2 designations in the Materials and Methods section.  They may have mixed up the SNPs and genotypes in Figure 5 and 6).  If ZEB1 can influence melanocytes their results would be consistent with the brown feather MTH variety and, possibly, the black feather HTH variety having an allele (The C haplotype E2 Materials and Methods) that could be down regulated by ZEB1.  It would be interesting to find out what coding sequence haplotypes are associated with the C and T flanking sequence haplotypes.  It would likely be more interesting to find out that Fan et al., 2022 did not mix up their expression vector sequences, and that reliable results are reported.

It should be noted that no ZEB1 binding site seems to be generated by any of the polymorphisms, and it is unclear what effect the g.18838624 SNP would have on ZEB1.  The possible ZEB1 binding sites would have to not include the E box consensus sequence.  ZEB1 is supposed to use the same E box as is the basis for the core of the MITF binding site (CANNTG), and may interfere with MITF regulation of the gene.  There are two E box sequences on the 5 prime side of the g.18838624 SNP.  Fan et al., claim that the T>C substitution creates a new ZEB1 binding site, but no E box sequence is created by any of the polymorphisms.  The g.18838624 SNP is 14 base-pairs from the nearest E box sequence.

CCCTCAGCAG CTTAGGCCCC TTCTGGCCCC CTGCAGATGC ATTCGTTGCC  18838595
TGATTCCCCC AGCTGCTCTC CTGAGCTCTG TCCTCTACTT AATCATGGGA  18838645 g.18838624
GATCTCTTCC TTGTGCTTCT CCTGTCCTTT GTGCCTCCTC GGGGTGAAAG  18838695 g.18838694
CTCCTTCCCC TCCTCCCTGC TGCTGGCTGC GGGGGCTGCT CCCTGGGGGC  18838745 g.18838712
AGAGATGGAC CGGGCTGCAC GGAGCAGCTC TGTTGTGCCT GGCTGGTGGG  18838795 g.18838722
                                                                 g.18838770
The potential E box sequences are highlighted in blue and the SNPs (underlined) and flanking sequence are highlighted in yellow.  The correct g.18838722 SNP designation is in red.  The position designations are galgal6.

The sequence above is galgal6 and a T>C change at g.18838624 does not appear to create an E box sequence.  What Fan et al., 2022 demonstrated may be (it is mislabeled throughout the paper) that the galgal6 Red Junglefowl MC1R gene might not be down regulated by ZEB1.  The CCAT haplotype (E1 from Materials and Methods) that was not down regulated by ZEB1 is the wild-type sequence.  It would be the C haplotypes that would be down regulated by ZEB1, and this would be inconsistent with the black feathered HTH breed with the GTGC (GCGC in the brown line) (E2 in Materials and Methods) haplotype that would be down regulated by ZEB1.  The CCAT haplotype that is segregating in the brown feathered variety may be the one that cannot be down regulated by ZEB1.  This depends on if you believe that Fan et al., 2022 did what they claimed to have done, and that they did not mix up their results or expression vectors.  But they have clearly mixed up their SNPs and what they call E1 and E2.

The data seems to be thoroughly mixed up.  In their materials and methods they claim that E1 is the TT genotype of SNP g.18838624 and that E2 is the CC genotype.  In the results section they have SNP g.18838712 in the title of two sections “Effect of MC1R g.18838712 T>C on the Activity of the MC1R Promoter” and “Effect of MC1R g.18838712 T>C Polymorphism Adds a Novel Transcription Binding Site”, but claim in both sections that SNP g.18838624 is the SNP polymorphism with those effects.  In both sections they claim a T>C change when g.18838712 would be a C>T change from galgal6.  Things get even more messed up when in Figure 6 the E1 genotype is claimed to be g.18838712 CC and E2 is g.18838712 TT which is opposite of what they claim in their Materials and Methods for SNP g.18838624.  In the figure legend for Figure 6 they claim the opposite for g.18838712 stating that E1 is TT and E2 is CC when the figure itself says the opposite.  “(E1: MC1R g.18838712 T>C TT; E2:MC1R g.18838712 T > C CC.”  It seems crazy that data this poorly presented could get published.  Figure 5 and Figure 6 present incompatible data for g.18838712.  Figure 5 has the CC genotype associated with no ZEB1 binding resulting in black feathers, but Figure 6 presents the CC genotype as being associated with the brown line with no suppressing effect.  In the text Figure 5 is supposed to be about g.18838624 instead of g.18838712 (“The results showed that the MC1R g.18838624 T > C polymorphism creates a new binding site for the transcription factor ZEB1(Figure 5).”), and the vectors used to produce the data for Figure 6 are claimed to have been based on g.18838624 and not g.18838712 in that section of the Materials and Methods.   It doesn’t look like the polymorphism at either SNP g.18838712 or g.18838624 would create a ZEB1 binding sequence.  They are correct in claiming that SNP g.18838712 is the best SNP to identify feather color because CC is fixed in the brown feather line and TT is fixed in the black feather line.  This makes their difference in egg production due to a line difference and not associated with the SNP, so they can’t conclude anything about egg production and SNP g.18838712.  To make matters worse Figure 5 has the g.18838712 genotypes mixed up.  It has the CC genotype associated with the black feather line when Table 3 has the TT genotype associated with the black feather line.  Black feathers are usually dominant so you would expect heterozygousity to occur among the black feathered birds, but since it does not, it means that they are probably dealing with two lines selected for feather color that are not a mixed population, or they have mixed up the lines, and the black birds are the ones segregating haplotypes.  They have the black birds fixed for a single haplotype, while the (expected to be recessive) brown birds are segregating different haplotypes.  Such a segregation of genotypes for black and brown is very unlikely to happen within a single segregating population.  The black birds of a single population are the ones that should be segregating for multiple haplotypes because they can be heterozygous at the E locus and still be black feathered.  In Figure 5 they do make the claim that the black line has the brown line genotype for SNP g.18838712, so they may have the lines mixed up in Table 3.

There are so many misidentifications, and mislabelings of the data that not much can be concluded about what they were supposed to have been doing in this paper.  The paper should likely be retracted and rewritten correcting all the errors and mislabeling and remove the sequence comparisons that are mostly fiction.  They should remove the egg production association since it is obviously a line difference and not a difference among segregating haplotypes.  They can likely try to associate egg production within the brown breed, but they may not have enough genotyped animals.  They need to define the sequence of their expression vectors so that readers can determine just what is being compared.  They need to reanalyze their data to determine if any ZEB1 binding sites are being produced in their haplotypes.  They likely need to deal with haplotypes and not individual SNPs for any type of expression analysis.

Frankly, I do not understand how Fan et al., 2022 could have ever passed peer review.



Schwochow, et al., 2021 and autosomal barring:
https://onlinelibrary.wiley.com/doi/10.1111/pcmr.12975

The Pg (pattern gene) locus is associated with multiple secondary feather color patterns (Table 4).  Autosomal barring has been found to be associated with the combination of Db and Pg (Smyth, 1990 for review).  Schwochow, et al., 2021 did not find evidence for the existence of Pg, and instead found autosomal barring to be highly associated with the E locus.  They assumed that their Fayoumi were ER, Pg, and Db, and that their Light Brown Leghorns were e+, pg+, and db+.  They need to check to see if Pg is segregating in their Light Brown Leghorns.  They did not note any of the Pg phenotypes that may have been associated with the e+ allele, and they only looked for the phenotype expected on a birchen background.  They did not observe a skew in something like sex (183/180, Males/Females), but had a severe skew for the inheritance of the Fayoumi birchen ER allele (206:159, e+:ER).  This is problematic because they found the autosomal barred phenotype only among individuals that inherited the Fayoumi ER allele when Db-Pg on chromosome 1 should have segregated 1:1 with the ER allele on chromosome 11.  Half the ER carriers would be expected to inherit the Db-Pg haplotype or a recombinant (Db-pg+) haplotype.  Instead, they identified 36 autosomal barred birds with the db+/db+ genotype, and a skew of (36:66, db+/db+:Db/db+) among autosomal barred birds with the ER allele.  The db+/db+ ER/e+ birds are not supposed to exhibit the autosomal barred phenotype for either sex.  Birchen is dominant over e+ and the males should have been birchen black (though secondary flights can have a brownish color rather than black), and the females should have been birchen black, but could have shown some brown in their feathers because birchen is incompletely dominant.  Since they claim to have observed autosomal barring on the db+/db+ birds my guess is that they were observing some interaction between the Fayoumi ER and the Light Brown Leghorn e+ allele.  The Fayoumi ER allele (Gln133) is not constitutively active like the Leghorn birchen allele (Lys92), and produces the birchen extension of black by some other means.

Decades ago, I may have observed the Pg allele segregating among e+ birds, and Pg is very poorly expressed on an e+ genetic background, and it mostly looks like a semi organized stippled pattern in some of the feathers of the adult female plumage, but the birds with some poorly Partridge penciled feathers would produce chicks that had an autosomal barred feather pattern in their first chick feathers.  The barred chick feathers were similar to but less well defined and not as uniform than the autosomal barred first chick feathers produced by the Pg/Pg Partridge Rocks that I was raising at the same time.  I was likely dealing with Pg/pg+ heterozygotes, but the first chick feathers had a noticeable autosomal barred like pattern in some of their offspring.  Pg doesn’t seem to have any effect on an e+ wild-type down pattern, nor adult male feather pattern.  The salmon breasted females that would produce these autosomal barred chicks only had a poorly defined Partridge penciled pattern on some of their feathers.  Pg did not seem to be very good at reorganizing the stippling into the Partridge penciled pattern on an e+ background.    Schwochow, et al., 2021 make no note about observing the Partridge penciled feather pattern among their mapping population, but it looks like the picture of their nonbarred “wild-type” female has a possible Partridge penciled feather on the side of its breast above the wing (Figure 2).  Since the picture is small and magnification blurs the image it might be some type of shafting pattern instead, but it looks like the description of Moore and Smyth 1972b in their description of Pg/pg+ heterozygotes possibly in the presence of Db “Observed in the test cross and F1 female progeny, the Ab/ab+ genotype combined with Db, causes one or two black concentric rings which conform to the margin of the feathers of the breast, and irregular bars on the back feathers.”  The F1 would be dealing with the birchen allele and Co.  Some of the progeny of the Moore and Smyth, 1972b test crosses involving F2 birds may not have had the birchen allele nor Co.   If the Leghorns used by Schwochow, et al., 2021 are segregating Pg that would mess up their analysis, and they would not be able to identify Pg segregation.  Moore and Smyth note observing some poorly Partridge penciled feathers on some of their females, but it was coupled with autosomal barring on their backs due to Db and possibly Co.  Schwochow et al., 2021 do not note the phenotypes associated with Pg that Moore and Smyth, 1972b noted when they mapped the Db-Pg linkage.  Schwochow et al., 2021 may not have typed the correct phenotypes to identify Pg segregation on their e+ genetic background.  In Light Brown Leghorns, the first chick feathers are the same for both males and females, but by the time the 8 to 12 week feathers come in they have begun their sexual differentiation.  I noted the autosomal barred feather pattern observed in the first chick feathers of Partridge Rocks, and Moore and Smyth, 1972b call this pseudo barring, and they note that it is lost in the molt to adult feathers, so Schwochow et al., 2021 would have had to catch the birds in transition from chick feathers to adult colored feathers to type the phenotype accurately.  Schwochow et al., 2021 do not mention identification of any Pg associated phenotypes in their e+/e+ birds and claim only identification of autosomal barring on the birchen heterozygous background.  Because of the linkage Moore and Smyth, 1972b may not have identified any Pg/Pg birds that did not have Db and or Co.  If they had produced db+-Pg/db+-Pg co+/co+ on their eb tester genetic background it would have been the Partridge Rock penciled pattern.

Partridge pattern and autosomal barring are both called penciling.
At this point I should admit that my guess is that both the concentric laced Partridge pattern and the autosomal barred pattern were both originally called penciling by the early breeders that first bred the patterns is because the original breeders understood that those patterns were likely due to the same factor even if they did not know what genes were at the time.  Both penciled patterns would have been showing up among the birds that they were breeding in order to obtain one pattern or the other.  Until the correct linkage was established for Partridge (db+-Pg) or autosomal barred (Db-Pg) you would not get true breeding stock for either secondary feather pattern.  You need to establish the correct linkage and fix the lines for the linkage arrangement needed to produce the two patterns, so both Partridge lacing and autosomal barring were originally called penciling.  We now have breed color varieties such as Silver Penciled Rocks that have females with the Partridge laced pattern and Silver Penciled Hamburgs that have females with the autosomal barred pattern.  Carefoot (reviewed by Smyth, 1990) through a series of papers was able to determine that Pg (pattern gene), Ab (autosomal barring) and La (lacing) were all likely associated with the same locus that is now identified as the Pg (pattern gene) locus.  Autosomal barring and Partridge penciling require specific Db-Pg and db+-Pg chromosome 1 haplotypes while double lacing and single laced patterns depends on the Ml-Pg linkage on chromosome 1 (Table 4).

Schwochow, et al., 2021 attempted pooled sequencing of Dark Brahma, Buttercup, Fayoumi, Spangled Hamburg, Partridge Plymouth Rock, and Sebright breeds and found no common IBD (identical by descent) regions around the E locus on chromosome 11.  No IBD would have been expected considering the classic identification of Pg that was once also called Ab (autosomal barring) and La (lacing).  Because Pg was found to be linked to Db and Ml (melanotic) on chromosome 1.  We do not know if there is only one Pg incompletely dominant allele, and there may be multiple sequence variants that produce the same phenotype.  Their E locus results (their Figure 5) demonstrate that their Partridge Plymouth Rocks (Pg) and Buttercups (Ab) have the same eb allele (H12) as is found in the Smyth Brown tester line, but their Dark Brahma (Pg, also expected to have eb) is segregating for the eb allele H9, (Lys92-Thr137-Cys213) identified by Davila et al., 2014 in their brown lines and, possibly, another brown allele H27 (Lys92-Cys213-Gly307, inferred from Figure 5 if H9 is segregating).  Their Spangled Hamburgs (Pg) are segregating for two different birchen E locus alleles (H5 and H15), and the Sebrights (La) have H15 found in White Leghorns (E or ER).  Pg is definitely not associated with only the Fayoumi birchen E locus allele, but is associated with all the different E locus alleles except e+ in Standard Breeds.  Dark Cornish are supposed to be recessive wheaten with the double laced phenotype.  They may want to check for IBD in these lines in a region about 20 cM (centiMorgans) from the Db locus on chromosome 1, but there is no guarantee that there is only one incompletely dominant Pg allele that produces the phenotypes.  Ab was mapped to around 17 cM from Db, and La was found to be around 10 cM from Ml.  Ml is around 10 cM from Db and is believed to be between Db and Pg (Bitgood and Somes, 1990).  They know that Db is due to a deletion near SOX10 coding sequence, so Pg may be around 20 cM from Db (on a macro chromosome this would be around 6 Mb (megabase)).  

Pg from wild Junglefowl?:
There may be an original Pg allele from wild populations because I recall that I saw some Red Junglefowl when I was in College that were supposed to be from Thailand, and they had the Partridge penciled pattern on some of the feathers of the females.  I Googled for pictures of Red Junglefowl females and Figure 4 came up among Adobe Stock photos.  I did their free trial to get the pictures.  The caption claimed that it was Gallus gallus spadiceus from Thailand.  It could be due to domestic introgression, but it is possible that Pg came from Thailand’s wild Junglefowl.  The picture clearly shows the Pg Partridge penciled pattern on an e+ background of a hen with a salmon breast.  Pg is less well expressed on an e+ background than it is expressed on the eb background of Standard breeds with the Partridge penciled pattern of Plymouth Rocks.  The bird in Figure 4 is likely Pg/Pg because the possible heterozygotes that I was working with did not have as distinct of a penciled pattern.  I probably worked with heterozygotes on an e+ background that produced the autosomal barred first chick feathers, and the heterozygous adult females had some less distinct penciled feathers than in this stock photo.  If Schwochow et al., 2021 had produced any db+-Pg, e+/e+ recombinants they may have seen some partial Partridge penciled patterns among their backcross e+/e+ females and the autosomal barred first chick feathers among their backcross chicks.  Moore and Smyth, 1972b note that Db-Pg/db+-pg+ heterozygotes produce the “pseudo” autosomal barred pattern in their first chick feathers.  I used to raise Partridge Rocks and db+-Pg/db+-Pg homozygotes produce a well defined autosomal barred pattern on their first chick feathers for both sexes on an eb/eb background.  If Pg is due to an ancient introgression into domestic chickens it may exist as a short bit of DNA like the 23.8 kb region associated with yellow skin (Eriksson et al., 2008).  Gallus gallus spadiceous has been claimed to be one of the Red Junglefowl used to create domestic chickens.
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Figure 4.  Left: Picture of a Thailand Red Junglefowl female from Adobe Stock.  Information with the picture: “Red Junglefowl or Gallus gallus spadiceus, beautiful chicken was scratching for food on the ground in forest, Phetchaburi-Thailand”.  This female has the Partridge penciled pattern (Pg) on some feathers.  Right: Picture of a Red Junglefowl female from Adobe Stock.  Information with the picture: “Portrait of a female Red Junglefowl (Gallus gallus)”.  This female has a normal stippled pattern on her feathers (pg+).  Pg seems to make the stippled pattern look more organized as lacing and restricts eumelanin stipling from the edge of the feather.
Phenotyping Db and Pg has issues when associated with Fayoumi birchen:
Phenotyping Db-Pg segregating chicks was found to be far from straight forward by Moore and Smyth, 1972b when they mapped the two loci to be around 17 map units (17 centiMorgans) apart.  Schwochow et al., 2021 cite this paper, but do not consider the complications when they phenotyped their birds.  Moore and Smyth, 1972b results were affected by the added complication that they had added Co to their Fayoumi line by crossing Fayoumi to New Hampshire Reds to produce their gold Fayoumi barred line.  Moore and Smyth 1972a described their Fayoumi line as most similar to Gold Penciled Hamburgs.  This is not the Fayoumi autosomal barred pattern.  The Fayoumi is not accepted as a Standard Breed by the American Poultry association, but existing stocks that I have seen both males and females have the autosomal barred pattern on a birchen black adult feather pattern (Figure 2), but less well defined barring than is found in Campines.  The Gold Fayoumi that Moore and Smyth 1972ab started with was likely more like Penciled Hamburgs with Columbian restricted males and autosomal barred females because they got Co from New Hamshire Reds.  My guess is that the addition of Co was responsible for their Columbian restricted male Gold Fayoumi (Gold Penciled Hamburgs have Columbian restricted males and autosomal barred females on an eb genetic background.).  If they did not have Co they would have identified the marbled down pattern produced by the homozygousity of the combination of Db-Pg linkage that Carefoot, 1999 identified in Silver autosomal barred Campines.  The marbled down pattern would be lost in the F1 and backcrosses to Light Brown Leghorns or Smyth brown line because it requires Db-Pg homozygousity.  Figure 3 shows Fayoumi chicks with the marbled down pattern (obtained from Murray McMurray hatchery).  The marbled down pattern is not like the down described by Moore and Smyth 1972ab.  My guess is that the Fayoumi that Schwochow et al., 2021 used also had marbled chick down if they were dealing with stocks similar to what is available in the US.  Co seemed to modify the marbled pattern into what Moore and Smyth, 1972a and 1972b called brown with white spots.  Co is known to increase the black on the backs of the chicks (Db turns black to brown), and this likely interfered with the visualization of the marbled striped down.  

[bookmark: _Hlk213858318]When Moore and Smyth crossed their gold Fayoumi (ER/ER Db/Db Pg/Pg Co/Co) to their Light Brown Leghorn (e+/e+ db+/db+ pg+/pg+ co+/co+) they produced brown downed (due to Db effect on ER black down) F1 chicks (Moore and Smyth, 1972a) and lost the white spots due to the loss of marbling among the heterozygotes.  They produced an F2 population that segregated multiple “unique” chick down types, solid black or brown-black, solid brown down, and brown down with white spots (Moore and Smyth 1972b).  Moore and Smyth, 1972a claim that both parental down types were recovered in the F2, as well as some chicks with an irregular striped down pattern with brown heads (could be marbled chick type identified in Figure 3).  It may not be firmly understood what a Db/db+, Pg/pg+, e+/e+ female looks like in terms of feather pattern.  Moore et al., 1978 described Db/db+ e+/e+ females as showing some indistinct autosomal barred secondary pattern and slightly different gold pheomelanin coloration on their backs, but a slightly lighter salmon breast color.  This is in contrast to the bright ginger breast that Co/co+ produces on an e+/e+ background.  They note that their Db came from Fayoumi, so it may still have had the linkage with Pg (Ab at that time).  So e+/e+ Db-Pg/db+-pg+ female may have produced an indistinctly autosomal barred pattern on some of the feathers on their backs, possibly, like is seen in the “unclear” type (Schwochow, et al., 2021 Figure 2) but adult females might be expected to continue to have salmon breast phenotype, but a slightly lighter shade of salmon.  Moore et al., 1978 did not observe the autosomal barred pattern on their e+/- Db/db+ Pg? males.  Instead they found the males to have various degrees of Columbian type restriction of black with some breast feathers having a red tip on black breast feathers, some having “smutty brown-red coloration in the mid-lateral regions of the breast feathers”, with some males having completely brown-red breasts.  Schwochow, et al., 2021 may not have been typing the relevant traits to identify recombinants needed to verify the existence of Pg.  The db+/db+ Pg/pg+ e+/e+ female recombinants might be expected to have had some partridge penciled feathers, and the Db/db+ pg+/pg+ e+/e+ recombinants may have had a slightly different colored back with a lighter salmon breast.  The e+/e+ males would not have been informative for typing recombinants.  Some recombinants could be identified among the ER/e+ heterozygotes.  Black non barred males and females could be tested for having the Db allele.  These birds could be Db-pg+ recombinants.  You would not be able to tell the db+-Pg recombinants from the Light Brown Leghorn linkage of db+-pg+ among the ER/e+ heterozygotes.  The problem is that Schwochow et al., 2021 did not identify any possible recombinants.  Instead, they found that all the birds that they genotyped as having the Fayoumi E locus allele exhibited what they called autosomal barring even though Db had not been inherited in some of the cases.  They could not confirm that it was Gln133 polymorphism because their sequencing failed to identify that sequence.  Instead they identified the Fayoumi allele by flanking markers.  My guess is that the lack of recombinants observed among the backcross ER/e+ birds was due to the interaction of the Fayoumi birchen allele with the e+ allele obscuring the difference between Db-Pg and Db-pg+, while db+-Pg is expected to have no phenotypic difference from db+-pg+ in the the presence of the ER allele for either sex.  All this means that it would have been difficult to identify the phenotypes of recombinants using the cross that Schwochow et al., 2021 used in their analysis.

Mapping the Pg locus:
In this day and age of molecular markers and genomic sequencing we do not need linked phenotypic markers to map Pg.  A simple cross can be made between Partridge Rocks (eb/eb Pg/Pg) and the Smyth brown tester line or Dark Brown Leghorns (eb/eb pg+/pg+).  Observe the phenotype of the F1, and the two Parental types, and then backcross to the eb/eb pg+/pg+ line.  The F1 first chick feathers should be autosomal barred like the Partridge Rock parental type (both sexes), but likely less distinct barring pattern, and the adult female F1 should have less distinct Partridge penciling on some of their feathers.  The backcross should type as normal or autosomal barred first chick feathers, and females should have normal stippling or be partially penciled.  Genotype for markers (probably chromosome 1) to determine approximate location of the Pg locus and then look for IBD regions in the Schwochow, et al., 2021 Pg genomic sequencing pools.  If there is only one Pg allele producing all the phenotypes it might be identified using the six Pg genomic sequencing pools.

If you need to fine map the locus to identify possible causative mutations there is a Fayoumi X commercial broiler cross at Iowa state.  The population has been intercrossed for more than 10 generations so a lot of recombination has gone on.  Genotype the population and identify the animals that have various bits of the Fayoumi chromosome 1 in the expected region.  The Fayoumi was highly inbred so there should be only one haplotype to worry about.  The animals with promising regions of chromosome 1 can be test mated to a brown line to determine which Pg allele they have, and determine if the phenotype tracks with the Fayoumi haplotype.  The commercial broiler could have segregated for Pg, and this could complicate the analysis.  Vantress claimed to have used Dark Cornish (Ml-Pg linkage) to create his Vantress Red Cornish line (Columbian restricted pattern similar to commercial Rhode Island Reds).  Vantress turned the line into a dominant white synthetic male by crossing in White Leghorns in the 1950’s.  My guess is that other dominant white genetics may have been added later.  This is the line Cobb-Vantress sent to Iowa State to start their Broiler research line crosses.





Table 5.  SNPs in the Ensembl database for MC1R
T/C	Leu7Pro	rs741038820
T/G	Val52Gly	rs734171640
A/C	His68Pro	rs741709240
G/A	Met71Ile	rs3386776588
C/A	Cys76*	rs734095902
T/C	Val80Ala	rs741220734
T/G	Val85Gly	rs730932703
C/A	Leu90Met	rs738860683
T/A	Leu90Gln	rs731269200
T/C	Leu98Pro	rs739398561
A/G	Glu100Gly	rs735984729
A/T	Asn116Tyr	rs738089374
T/C	Ser129Pro	rs740021364
T/C	Leu130Pro	rs735191713
A/C	Asp139Ala	rs732686854
A/C	Thr162Pro	rs736672485
G/C	Ser 170Thr	rs733275784
A/C 	Thr 171Pro	rs734269722
A/C	Thr 179Pro	rs741764681
A/C	Tyr181Ser	rs732812551
G/C	Arg182PPro	rs734817793
A/C	His214Pro	rs741277972
T/C	Ile228Thr	rs738502393
A/C 	His257Pro	rs740517046
A/C	Thr263Pro	rs731593527
A/C	Thr 266Pro	rs738066472
A/C	Asn267Thr	rs740020725
A/C	Thr271Pro	rs735211962
A/C	Ile282Leu	rs739514438
T/G	Val310Gly	rs315956596
C/G	Cys312Trp	rs314074493

Table 5.  These are missense (one nonsense) SNPs identified on ensembl.org.  The rs numbers link to the SNP details, but my guess is that most of these SNPs are likely sequencing errors.  I have placed Table 5 in the Appendix because these MC1R coding sequence polymorphisms may be mostly sequencing errors, and they all need to be verified.  Even though the transition:transversion (t:v) ratio would be expected to be skewed due to selection for MC1R phenotypes there should still be more transitions than transversions.  The expected t:v ratio for coding sequence polymorphisms is usually 2:1 or higher.  The above data set has a t:v ratio of around 1:3, and the ratio for the published polymorphism data of Table 3 is around 4:1.
https://www.ensembl.org/Gallus_gallus_GCA_000002315.5/Gene/Variation_Gene/Table?db=core;g=ENSGALG00000054486;r=11:18840387-18841759;t=ENSGALT00000096195
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