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Nonrodent large-animal genetic disease models are both useful 
and clinically relevant models of the corresponding human dis-
ease, particularly feline models of ophthalmologic disease. Cats 
are well suited as an eye disease model due to their history as a 
well-characterized and heavily used visual systems model4,37,44 
and because they are a long-lived, relatively outbred, and large-
eyed species. Several spontaneous feline models of inherited eye 
disease are now characterized at the genetic level,34,35 including 
a model of primary congenital glaucoma (PCG).12,13,28-31,43 This 
disease appears very similar in description and presentation to 
a condition reported in Siamese cats in both the United States 
and Europe and in fact may represent the same condition.1,36 The 
feline PCG line is maintained in a research breeding colony at 
Iowa State University. This colony is used as a glaucoma research 
resource and segregates PCG due to a mutation in latent TGFβ 
binding protein 2,12 a feline homolog of the mutant protein that 
causes PCG in humans.2

The foundation of nonrodent large-animal breeding colonies 
for studying spontaneous genetic diseases frequently includes 
the cosegregation of additional genetic diseases within the same 
pedigree.7 The occurrence of additional genetic diseases or traits 
in such colonies may complicate both the study of the phenotypes 
of primary interest and animal production. The genes for tyrosi-
nase (TYR), melanophilin (MLPH), and tyrosinase-related protein 
1 (TYRP1) all encode proteins of pigmentation (reviewed in refer-
ence 42). Two of these loci (TYR and TYRP1) have been associated 
with conditions affecting normal ocular function: oculocutaneous 
albinism type IA (OMIM 203100)18 and oculocutaneous albinism 
type III (OMIM 203290),6 respectively. To date MLPH mutations 
are associated with a discrete defect affecting only hair color.32 Of 
specific concern was the potential of genes influencing pigment 
to affect the phenotype of PCG, as has been described for the TYR 
and TYRP1 loci of mice.3,5,23 The PCG identified in Siamese cats 
has been shown to segregate independently of the Siamese coat 
color trait, and glaucomatous Siamese- and nonSiamese-colored 
cats appear to have a similar course of disease.13

Our PCG colony was founded in 2004 by using PCG-affected 
Siamese cats and phenotypically normal cats from a commercial 
source. Since that time, we have noted brown and gray hair coats 
segregating within our colony, ostensibly due to mutations in the 
feline TYRP1 and MLPH genes that were introduced by founders 
of the colony. The presence of 3 coat-color variants (Figure 1 B 
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Materials and Methods
Cats used in this study were produced and housed at Iowa 

State University (Ames, Iowa). Animals and animal samples were 
generated by using approved IACUC protocols. DNA samples 
from blood and tissue were extracted by using a standard phe-
nol–chloroform protocol.40

The founding glaucomatous Siamese cats were acquired from a 
private owner, and normal (nonglaucomatous) founder cats were 
obtained from a commercial laboratory animal supplier (Har-
lan Laboratories, Indianapolis, IN). All normal founding stock 
was blood-typed (Clinical Pathology Laboratory, Iowa State Uni-
versity), and all founders tested negative on consecutive ELISA 
tests for feline leukemia virus and feline immunodeficiency virus 
(Clinical Pathology Laboratory, Iowa State University). In addi-
tion, all founders were genotyped for the CMAH b allele that is 
associated with the feline B blood type. CMAH exon 2 was PCR-
amplified by using the published forward primer6 and a new re-
verse primer (5′ CCC CTG AGA GAG AGG AAA CC 3′) that was 
designed by using Primer3Plus (http://www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi). The resultant amplicon 
includes the G139A site that is consistent with the A and b CMAH 

through D) in our PCG colony was a concern, because exhaus-
tive studies to determine definitively the influence of coat and 
eye color on PCG phenotype were beyond the scope of our on-
going program of glaucoma research. For practical reasons, we 
therefore elected to characterize this colony at the molecular level 
for the feline mutations known to cause these traits22,25,26,41 and 
subsequently use these genotypes to limit the future production 
of PCG animals to those with ‘normal’ eye and coat color. Herein 
we report our investigation of the Siamese (cs) allele at TYR,45 the 
brown (b) allele at TYRP1,39 and the dilution allele (d) at MLPH11 
within our PCG colony. Animals were genotyped by using novel 
(MLPH) or modified (TYR and TYRP1) PCR–RFLP-based assays. 
Using these diagnostics, we documented the introduction of these 
3 alleles into the colony and have developed a simple screening 
test for these alleles that can be used to limit the associated pheno-
types in our colony and to aid in characterizing the coat color ge-
netics in other feline colonies. In addition, founding animals were 
screened and genotyped for blood type and at loci with disease-
associated alleles known to segregate in Siamese cats.

Figure 1. Photos of the (A) phenotypically normal founding tom and (B–D) 3 coat-color variants in the PCG colony. (B) Siamese coat coloration. (C) The 
brown coat coloration in a nonagouti animal. (D) The gray, color-dilute coat coloration on a blotched tabby animal.
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The TYRP1 diagnostic also was based on the published as-
say and primers.25 The mutation occurs in intron 6 at the exon 
6 downstream splice–donor recognition signal (c. 1262+5G>A), 
leading to large and variable inframe insertions (c.1262ins51/54) 
and introduction of a BsmAI restriction site.25,41 The PCR reac-
tion used the same components and concentrations as listed for 
MLPH, with substitution of the TYRP1 primers and a reaction 
profile of denaturation at 95 °C for 10 min; 30 cycles of 95 °C for 
30 s, 60 °C for 30 s decreasing by 0.5 °C every cycle, and 72 °C for 
30 s; 20 cycles of 95 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s; 
final extension at 72 °C for 15 min; and cooling to 4 °C for 10 min. 
This procedure yielded a predicted 318-bp amplicon, which was 
digested with 5 U BsmAI (New England Biolabs) in 25 μL for 3 
h at 55 °C, resulting in predicted fragments of 268 and 50 bp for 
normal (nonbrown) animals (Figure 2).

Results
The normal founding cats for our PCG colony were shown to 

have blood type A, and all founders were found to be free of the 
b allele at CMAH, except for the normal tom, which was hetero-
zygotic at this locus. Further genotyping of all current breeders 
identified 2 queens that were carriers for the b allele at CMAH 
(Figure 3 C). Genotyping of the Siamese founders revealed them 

alleles. Each PCR reaction (20 µL) used 1× buffer (Denville Scien-
tific, Metuchen, NJ), 0.2 mM each dNTP, 1 µM each primers, and  
0.1 U Taq polymerase (Denville). PCR conditions were initial de-
naturation at 95 °C for 5 min; followed by 35 cycles of 95 °C for 
45 s, 63 °C for 30 s, and 72 °C for 45 s; and a final extension step of 
72 °C for 10 min. PCR product purification, sequencing, and align-
ment was performed as described.17 Siamese founders were geno-
typed (Section of Medical Genetics, University of Pennsylvania 
School of Veterinary Medicine, Philadelphia, PA) for the severe 
feline mucopolysaccharidosis type VI (MPS VI) allele (L476P) 
of the feline arylsulfatase B (ASB) gene.10 The Siamese founders 
also were genotyped for the D520N hypomorphic allele of the 
ASB gene, which only causes disease when found in combination 
with the L476P allele,10 for the feline GM1 gangliosidosis allele at 
the feline GLB1 locus,27 and for the retinal degeneration in Abys-
sinian and Somali cats (rdAc) allele of the feline CEP290 gene,34 
according to the published protocols. PCR amplicons generated 
from affected animal samples were sequenced (Core Sequencing 
Facility, Iowa State University) to confirm that the mutations of 
target genes that were segregating in our colony were identical to 
those previously published.

The TYR diagnostic (Figure 2) was generated based on the pub-
lished PCR assay and primers for exon 2,26 with the exception 
that the primer used was corrected for a slight error relative to 
the published primer’s sequence. Comparing the forward primer 
with the cited sequence of the Felis catus tyrosinase gene (Gen-
Bank accession nos. AY012029 and U40716) revealed a typograph-
ic error: the published forward primer lacked a guanine residue 
at primer position 16 from the 5′ end, when compared with refer-
enced accession sequence. We added the missing guanine residue 
to our forward primer; the reverse primer was not altered. These 
primers amplify a region of exon 2 containing a point mutation 
(nucleic acid, 940G>A; protein, G302R); this mutation obliterates 
an HpaII restriction site, which when present results in amplicon 
digestion into 62 and 117 bp fragments. PCR amplification was 
performed in a 20-μL reaction volume with final concentrations 
of 2.0 mM MgCl2, 0.2 mM each dNTP, 0.63 μM each primer, 1 × 
of supplied buffer, 0.8 U GoTaq Flexi DNA polymerase (Promega, 
Madison, WI), and approximately 5 to 50 ng genomic template 
DNA in a Techne Thermal Cycler (model no. TC312, MidSci, St 
Louis, MO) by using the published profile.26 Resultant amplicons 
were digested with 5 U HpaII in supplied 1× buffer 1 (New Eng-
land Biolabs, Ipswich, MA) in a 25-μL volume for 3 h at 37 °C. Re-
action products were separated electrophoretically and assessed 
on 3% agarose gels (Figure 2).

We developed the MLPH diagnostic by using a published22 
single-nucleotide deletion in exon 2 (nucleic acid, 83delT; protein, 
L28RfsX11) that generates a frameshift, introduces a premature 
stop codon and an Hpy188III restriction site, and leads to trunca-
tion of the predicted protein. Primers (forward, 5′ TGA CAG GCA 
GAG ATG GGG AAA AA 3′; reverse, 5′ GGA ATG CAG GCT 
GGG GAG TCG 3′) were designed by using Lasergene (version 
7.2, DNASTAR, Madison, WI). The reaction was performed as 
described for TYR, with substitution of the MLPH primers and 
a reaction profile of initial denaturation at 95 °C for 10 min; 40 
cycles of 98 °C for 10 s, 65 °C for 30 s, and 72 °C for 1 min; final 
extension at 72 °C for 15 min; and cooling to 4 °C for 5 min. This 
reaction yielded a 323-bp product, which was digested with 5 U 
Hpy188III in 1× digestion buffer 4 (New England Biolabs) in 30 
μL at 37 °C for 4 h. This digestion resulted in predicted fragment 
lengths of 227 and 96 bp for the dilute allele (Figure 2).

Figure 2. Scheme of the TYR, MLPH, and TYRP1 PCR–RFLP diagnos-
tics. The images are of the electrophoresis gels of the PCR amplicons and 
resultant fragments. Control PCR reactions included: complete reaction 
mixtures minus DNA template (W), complete reactions with only the 
forward (Fwd) or reverse (Rev) primer, and control DNA samples from 
known affected (Aff), carrier (Het), and normal (Norm) cats. For each 
representative genotyped, there are 2 lanes: 1 containing the uncut PCR 
product (–) and the other the PCR product cut with the enzyme indi-
cated at the left of the illustration (+). On the left is the DNA ladder with 
ladder marker sizes indicated.
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Figure 3. Pedigrees detailing the history and segregation of the brown and dilute alleles within the feline PCG colony and the pedigree of the current 
breeding animals within the PCG colony. The key contains information on the sex and genotype of individual presented. Each animal within the (A) 
brown and (B) dilute pedigrees is listed by their coat color phenotype with their genotype indicated symbolically as indicated by the key; genotyping 
for pedigree A assessed TYRP1, and that for pedigree B used MLPH. Pedigree A clearly implicates the founding Siamese queen as the source of the 
brown allele, and pedigree B clearly implicates the commercial tom as the source of the dilute allele within the colony. Animals in pedigree C are cur-
rent breeding stock. In pedigree C, the shaded symbols indicate animals that are no longer used in the breeding program, which therefore were not 
genotyped, whereas open symbols represent current breeding stock with their genotypes indicated in text above the symbol. The frequencies of the 
Siamese, brown, dilute, and D520N alleles within the colony are 77%, 23%, 18%, and 9%, respectively.

to be neither affected by nor carriers for MPS VI, feline GM1 gan-
gliosidosis, or retinal degeneration (the rdAc mutation). The Sia-
mese founders were both heterozygous for the D520N allele at 
ASB, which is an allele not documented to cause disease on its 
own.10 Sequencing of the PCR amplicons from samples of affected 
coat-color variants within our colony confirmed the presence of 
the published mutations in TYR, TYRP1, and MLPH within our 
colony.22,25,41 On the basis of pedigree analysis, the glaucomatous 
Siamese queen and the ostensibly normal (nonglaucomatous) 
tabby tom were implicated as potential sources of the brown and 
dilute alleles within our PCG feline colony (Figure 3 A and B). 
Genotyping confirmed these assumptions: the Siamese queen 
was the source of the brown allele, and the normal tom was the 
source of the dilute allele. The introduction of the Siamese allele 
by Siamese founder stock was self-evident.

With confirmation of the path of introduction of the alleles in 
question, current breeding animals in the feline colony were gen-
otyped to screen for the presence of the Siamese, brown, dilute, 
and D520N alleles. Of the 14 cats used in the breeding program, 
12, 4, 5, and 9 cats were found to segregating the Siamese, brown, 
dilute, and D520N alleles, respectively. Overall, allele frequencies 
within the current colony stock were 61% (TYR), 18% (TYRP1), 
18% (MLPH), and 43% (D520N; Figure 3 C).

Discussion
The creation of a research breeding colony for a single disease 

of interest can often be complicated by the presence of confound-
ing phenotypes. Indeed, nonrodent large-animal genetic disease 
research colonies often segregate multiple genetic diseases, as 
recently reported and reviewed.7 This phenomenon is not uncom-
mon, as demonstrated by the feline model of severe MPS VI (2 
allelic disorders), 10 canine model of MPS I (2 disorders),7 Brittany 
spaniel model of spinal muscular atrophy (3 disorders),8,24,38 and 
giant schnauzer model of canine Imerslund–Gräsbeck syndrome 
(3 disorders).14-16,21 We screened our feline PCG colony for known 
disease-causing alleles identified in, or known to segregate in, 
Siamese cats, namely those alleles causing or contributing to fe-
line MPS VI (both the severe and attenuated forms), feline GM1 
gangliosidosis, and rdAc.9,10,33,34 Of particular concern were the 
D520N allele, which has an allelic frequency of greater than 11%, 
and the rdAc allele, which occurs in Siamese at an allelic frequen-
cy exceeding 26%.9,33 Of these alleles of concern, only the D520N 
allele of ASB was present in our colony. No clinical phenotype is 
associated exclusively with the D520N allele, for which the colony 
founders were heterozygous. This allele causes attenuated MPS 
VI only in cats also carrying the severe allele at ASB. Homozygos-
ity for the D520N allele has thus far only been associated with 
variable WBC granulation and mild, occasional inclusions seen 
histologically in chondrocytes.10 This allele has been speculated, 
but not substantiated, to lead to late-age onset of arthritides.10 

Nevertheless, we are eliminating the D520N allele from the col-
ony to avoid potential confounding effects on ocular phenotype. 
Founders of the colony were blood-typed to avoid the compli-
cation of neonatal isoerythrolysis, which can result from breed-
ing animals discordant for A and B blood types.20 Subsequent 
molecular testing predicted the blood type of all founders to be 
A, although the normal tom was a carrier for the b allele, which 
persists at a low and manageable frequency in the current breed-
ing stock. These findings are consistent with the observation that 
B blood type has not been documented in Siamese cats.19

Our PCG feline colony is an example of the introduction of 
potentially confounding phenotypes, by a founder effect, into a 
colony created to study a single disease of interest. In the case of 
the tyrosinase allele, we were aware from the onset of the need to 
limit this genotype, given the locus involved and its known effect 
on eye phenotype. In contrast, we were unaware of the brown and 
dilute alleles in our colony, which were introduced by carriers. In 
retrospect, had we anticipated the need, we could have tested the 
founders and F1 crosses (if needed) to fully limit the penetration 
of these alleles within the pedigree. Through this study we were 
able to confirm by sequencing and restriction enzyme digests 
that the mutations leading to the Siamese, brown, and dilute coat 
coloration observed within our colony were consistent with the 
published mutations.22,25,26,41 We first confirmed this finding by 
sequencing, because colony pedigree data were unclear regarding 
whether the brown and dilute alleles originated with the female 
Siamese or male commercially acquired cat. Conceivably one of 
the alleles might have been novel, especially if the brown allele 
had been associated with the normal cat, because the published 
brown allele has not been documented in nonpedigreed or ran-
dombred cats. A novel allele was less likely for the dilute allele, 
which is well recognized in the nonpedigreed–randombred cat 
population.22,25,41 Using published and newly developed proto-
cols, we were able to create reliable PCR–RFLP diagnostics based 
on unique restriction sites that identify carrier animals and trace 
the introduction of the brown allele to the founding Siamese 
queen and the dilute allele to the phenotypically normal, com-
mercially acquired tom.

Identification of carrier cats will allow us eventually to eliminate 
the Siamese, brown, dilute, and D520N alleles from the breeding 
colony. We have already documented that the inheritance and 
phenotype of feline PCG is not influenced by the Siamese coat 
phenotype. We would not predict prima facie that the brown or 
dilute phenotypes would influence the feline PCG phenotype, 
but studies in mice indicate a need for caution in making such an 
assumption.3,5,23 Furthermore, we cannot reliably model or pre-
dict the effect of the 3 coat-color phenotypes in combination on 
the feline PCG phenotype. The testing presented here will allow 
selective breeding of current stock of known genotype and the 
selection of additional fully homozygous, normally pigmented 
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animals as future breeding stock. These practices will ensure a 
more thoroughly genetically defined and phenotypically homo-
geneous nonrodent large-animal model of glaucoma. In most 
cases, we pursued molecular diagnostics using inhouse testing 
due to efficiency concerns and because of the need for ongoing 
testing for the coat colors we knew were segregating within the 
colony. Other research institutions could very easily access com-
mercial providers of these molecular tests for one-time screening 
purposes.

In conclusion, founder animals should be screened appropri-
ately when establishing research colonies. Blood-type screening 
should be considered for any cats except those breeds in which 
the B blood type is not recognized. Breed risk should influence 
the testing of disease-causing alleles; in the current study, we 
focused on disease alleles known to occur at high frequency in 
Siamese cats. In light of the pleiotropic effects of various genes in-
volved in pigment production on the development and function 
of the visual, nervous, and immune systems, screening founding 
cats for coat color alleles is prudent. Although the 3 phenotypes 
of concern have not been implicated individually as confounding 
factors, one cannot discount that their combination may lead to 
unanticipated effects. In addition, the alleles in question are not 
uncommon, as evidenced by our current findings. The PCR–RFLP 
diagnostics that we used or developed can facilitate such screen-
ing. Finally, these diagnostic resources can be accessed by labora-
tory animal resource facilities and are available to community cat 
breeders who may wish to select for desirable coat-color traits.
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