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ABSTRACT.	 Erythrocyte pyruvate kinase (PK) deficiency is an inherited glycolytic erythroenzymopathy caused by mutations of the PKLR 
gene. A causative mutation of the feline PKLR gene was originally identified in Abyssinian and Somali cats in the U.S.A. In the present 
study, a TaqMan probe-based real-time PCR genotyping assay was developed and evaluated for rapid genotyping and large-scale screening 
for this mutation. Furthermore, a genotyping survey was carried out in a population of four popular purebred cats in Japan to determine the 
current mutant allele frequency. The assay clearly displayed all genotypes of feline PK deficiency, indicating its suitability for large-scale 
survey as well as diagnosis. The survey demonstrated that the mutant allele frequency in Abyssinian and Somali cats was high enough to 
warrant measures to control and prevent the disease. The mutant allele frequency was relatively low in Bengal and American Shorthair cats; 
however, the testing should still be carried out to prevent the spread of the disease. In addition, PK deficiency should always be considered 
in the differential diagnosis of anemia in purebred cats in Japan as well as worldwide.
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Pyruvate kinase (PK, EC2.7.1.40) is a glycolytic enzyme 
that catalyzes transphosphorylation from phosphoenolpyru-
vate to ADP, yielding pyruvate and ATP [3, 7]. It is the last 
step of the glycolytic pathway and is essentially irreversible. 
Erythrocyte PK deficiency, an autosomal recessive inher-
ited glycolytic erythroenzymopathy resulting in a chronic 
hemolytic anemia, was first documented in humans in the 
early 1960s [16] (Online Mendelian Inheritance in Man [13], 
OMIM 266200), in dogs in the 1970s [14] and cats in the 
early 1990s [2, 4] (Online Mendelian Inheritance in Animals 
[12], OMIA 000844-9615 and 9685, respectively). This dis-
ease is caused by mutations of the PKLR gene encoding the 
liver and red blood cell PK isozymes [3, 12, 13].
Feline PK deficiency was originally identified in Abyssin-

ian and Somali cats in the U.S.A. in the early 1990s [2, 4, 12]. 
In contrast to affected dogs and humans, PK deficient cats 
have an intermittent rather than chronic hemolytic anemia. 
Bilirubin gall bladder stones and posthepatic obstruction 
are also characteristics in PK deficient cats. A causative 

mutation of the feline PKLR gene was detected in 1997 [4], 
while five mutations have been described in dogs [6, 15, 17] 
and approximately 240 DNA variants and/or mutations in 
humans [10]. The mutation causing feline PK deficiency is 
a deletion of the last 13 bases of exon 5 from mRNA due 
to a splicing defect, which is consequently correlated with 
a single nucleotide substitution mutation (c.693+304G>A) 
of intron 5 in genomic DNA [4, 5, 12]. Although expression 
studies have not yet been done, it seems likely that with var-
ied splicing, the normal and mutant alleles may be expressed 
in different quantities which could explain the intermittent 
signs.
A few studies have reported that the frequency of mutant 

allele for PK deficiency in Abyssinian and Somali cats is high 
in the U.S.A., Europe and Australia [1, 5, 8]. Furthermore, 
this mutation has been found in many purebred cats other 
than Abyssinian and Somali cats in the U.S.A. and Europe 
and even domestic shorthair cats [5]. However, there has 
been no information describing the mutant allele frequency 
of feline PK deficiency in Japan. In addition, an easy and 
reliable genotyping method is required for diagnosis and 
screening for this disease.

In the present study, a TaqMan probe-based real-time 
PCR genotyping assay was developed and evaluated for 
rapid genotyping and large-scale screening for the mutation 
of feline PK deficiency. Furthermore, a genotyping survey 
was carried out in a population of four popular purebred cats 
in Japan to determine the current mutant allele frequency.
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All experimental procedures involving animals and their 
samples were performed in accordance with the guidelines 
regulating animal use at Kagoshima University.
Control DNA samples from affected and carrier cats 

maintained at the University of Pennsylvania and wild-type 
healthy cats in Japan were used to evaluate the genotyping 
assay after the genotypes were confirmed by direct sequenc-
ing. In addition, whole blood samples were collected from 
35 Abyssinian, 48 Somali, 63 Bengal and 59 American 
Shorthair cats for the survey. The samples of Abyssinian, 
Somali and Bengal cats were collected from 29 contract cat-
teries (8, 13 and 12 catteries, respectively) of a single pet 
dealer (AHB Inc., Tokyo, Japan). These catteries had sepa-
rate breeding programs and were scattered throughout Japan. 
The samples of American Shorthair cats were randomly 
collected from several animal hospitals with the consent of 
owners. The whole blood samples (0.1–0.3 ml) were spot-
ted onto a Flinders Technology Associates filter paper (FTA 
card; Whatman International Ltd., Piscataway, NJ, U.S.A.) 
for storage.

For the real-time PCR assay, primers and TaqMan minor 
groove binder (MGB) probes listed in Table 1 were designed 
based on the sequences of the feline PKLR gene in a wild-
type cat and a cat affected with PK deficiency (GenBank 
accession numbers XM_006943090.1 and JX951425.1). 
These primers and probes, bound each with a fluorescent 
reporter dye (6-carboxyrhodamine or 6-carboxyfluorescein) 
at the 5ʹ-end and a nonfluorescent quencher dye at the 3ʹ-end, 
were synthesized by a commercial company (Applied Bio-
systems, Foster City, CA, U.S.A.). For the DNA template, 
a disc punched out of the FTA cards was used for DNA 
extraction as previously described [11]. The amplifications 
were carried out using the OneStep real-time PCR system 
(Applied Biosystems) in a final volume of 10 µl consisting 
of 2× PCR master mix (TaqMan GTXpress Master Mix, Ap-
plied Biosystems), 80× genotyping assay mix (TaqMan SNP 
Genotyping Assays, Applied Biosystems) containing the 
specific primers, TaqMan MGB probes (Table 1) and tem-
plate DNA. Before PCR, the prepared PCR mixtures were 
held at 25°C for 30 sec. The cycling conditions consisted of 
20 sec at 95°C followed by 50 cycles of 3 sec at 95°C and 
20 sec at 60°C. The holding stage after PCR was carried out 
at 25°C for 30 sec. The obtained data were analyzed with 
StepOne software version 2.3 (Applied Biosystems), and the 
calculations were based on the results obtained using DNA 
samples from control cats.

Pedigree analysis was performed for Abyssinian, Somali 
and Bengal cats to elucidate the genetic relationship of af-
fected and carrier cats identified in Japan. The genetic rela-
tionships were analyzed using pedigree information by the 
pet dealer and a few pedigree databases. Pedigree analysis 
was not performed in American Shorthair cats, because pedi-
gree information was not available.
The real-time PCR assay clearly identified all the geno-

types according to three patterns in the amplification of the 
wild-type and/or mutant alleles (Fig. 1). The total required 
time for 50-cycle amplification was within 50 min. Although 
very minor nonspecific allelic amplification was observed in 
the homozygous mutant genotype in which false wild-type-
allelic amplification was slightly increased together with 
true mutant-allelic amplification because of an incomplete 
specificity in the probe for the mutant allele, it was possible 
to distinguish between the allelic types clearly.
The results of the survey among four popular purebred 

cats in Japan are shown in Table 2. The mutant allele was 
present in all breeds examined in this study. The mutant al-
lele frequency was high in Abyssinian (0.214) and Somali 
cats (0.229) and relatively low in Bengal (0.016) and Ameri-
can Shorthair cats (0.008). The mutant allele frequency of 
the cohort of the four breeds together was 0.098. In this 
survey, two affected kittens were identified, but could not be 
followed up clinically and hematologically.

The pedigree analysis demonstrated some relationships 
between cats of the same breed, but not all carrier and af-
fected cats in each breed were closely related with one an-
other in Abyssinian and Somali cats (data not shown). These 
cats were widely distributed in different parts of Japan and 
among many families in these two breeds. However, two 
Bengal carriers identified in the present survey had a com-
mon grandsire (data not shown).

In the present study, a real-time PCR assay using TaqMan 
MGB probes was developed to provide clear-cut genotyping 
results for the mutant and wild-type alleles to detect in PK 
deficiency in cats (Fig. 1). The required time for the PCR 
was short (about 50 min). The use of FTA cards for sampling 
eliminated the need for traditional multistep extraction and 
purification procedures [11], allowing for early reporting of 
the results within 2 hr after sample collection in combination 
with the real-time PCR technique. The results in the present 
study showed that the assay is a simple, rapid and reliable 
tool for large-scale epidemiological surveys as well as a 
diagnostic method for feline PK deficiency.

Table 1.	 Primers and probes used in real-time PCR assay for rapid genotyping and large-scale screening for the mutation of 
feline pyruvate kinase deficiency

Primer/probe Sequence 5ʹ→3ʹ (mer) Reporter (5ʹ) Quencher (3ʹ) Concentration (nM)
Forward primer GACACGGGTTCCTGATTTCCT (21) NA NA 450
Reverse primer CCTGCAGGCATGGGAAGAG (19) NA NA 450
Probe for wild-type allele CCACGACTCTGCC (13) FAM NFQ 100
Probe for mutant allele CTCCACAACTCTGCC (15) VIC NFQ 100

NA=not applicable; FAM=6-carboxyfluorescein; VIC=6-carboxyrhodamine; NFQ=nonfluorescent quencher. Underlines letter in 
the sequence of the probe indicates adenine corresponding to a substitution mutation (c.693+304G>A) in feline pyruvate kinase 
deficiency.
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The results of the survey in the present study demon-
strated that the current mutant allele frequency in Abyssinian 
and Somali cats in Japan is similarly high compared to that 
in other countries (Table 3). The pedigree analysis indicated 
that the mutant allele of PK deficiency is distributed widely 
in the population of Abyssinian and Somali cats in Japan. 

Therefore, the testing of Abyssinian and Somali cats for 
breeding is strongly recommended to reduce the mutant 
allele frequency and finally lead to the control and preven-
tion of the disease in these two breeds. Screening prior to 
breeding can avoid any breeding of PK deficient cats and 
breeding between carriers and thereby prevent production of 
any affected cats in the future while preserving the gene pool 
in each breed.
Bengal cats are a hybrid of the Asian leopard cat and 

domestic cats, such as an Abyssinian cat, and was devel-
oped in the 1970s and 80s. In this survey, the mutant allele 
frequency was low in Bengal cats in Japan, which is about 
one-tenth of that in cats in the U.S.A. and Europe (Table 
3). The pedigree analysis indicated that two related Bengal 
carriers identified in this survey were with a limited pedi-
gree, suggesting that many of the Bengal cat pedigrees in 
Japan are currently free from the PK mutation. However, if 
cats carrying the mutation are imported from the U.S.A. or 
Europe, where the mutant frequency is much higher, the fre-
quency in Japan may increase rapidly. In American Shorthair 
cats, the most popular breed in Japan, the mutant allele for 
PK deficiency was detected for the first time in the present 
study, although at a low frequency. Population stratification 
is the presence of a systematic difference in allele frequen-
cies between subpopulations in a population and is mainly 
caused by nonrandom mating between groups, often due to 
their physical separation. In inherited diseases, population 
stratification in purebred animals can easily occur unknow-
ingly in a geographical region and/or in a limited cattery by 
breeding animals with a mutant PK allele (i.e., founder effect 
by popular sires with a mutant allele), resulting in an eleva-
tion of the mutant allele frequency and disease prevalence in 
that region. Therefore, the testing of Bengal and American 
Shorthair cats intended for breeding is also recommended as 
a control and prevention of the disease.

Fig. 1.	 Real-time PCR amplification plots of wild-type and mutant 
alleles in feline pyruvate kinase deficiency. Amplification was plot-
ted as fluorescence intensity (ΔRn value) against cycle number. 
The ΔRn value is the reporter dye signal normalized to the internal 
reference dye and corrected for the baseline signal established in 
the first few cycles of PCR. Each of the three amplification plots 
showed the wild-type (A), heterozygous carrier (B) and mutant 
genotypes (C). Solid and dotted lines indicate amplification in the 
presence of wild-type and mutant alleles, respectively.

Table 2.	 The number of cats (carrier and affected) with genotypes for pyruvate kinase defi-
ciency and allele frequency for the feline PKLR mutation in various cat breeds

Cat breed Number of  
examined cats

Number of  
carriers (%)

Number of  
affected cats (%)

Mutant allele 
frequency

Abyssinian 35 13 (37.1) 1 (2.9) 0.214
Somali 48 20 (41.7) 1 (2.1) 0.229
Bengal 63 2 (3.2) 0 (0) 0.016
American Shorthair 59 1 (1.7) 0 (0) 0.008
Total 205 36 (17.6) 2 (1.0) 0.098

Table 3.	 The mutant allele frequency of feline PK deficiency in 
Japan and other countries

Cat breed Japan* U.S.A.** U.K.** Germany† Australia††

Abyssinian 0.214 0.126 0.111 0.276 0.125
Somali 0.229 0.085 0.138 0.205 0.292
Bengal 0.016 0.164 0.170 ND ND
American Shorthair 0.008 0 0 ND ND

*Data reported in the present study. **Data reported in 2012 [5]. †Data 
reported in 2005 [8]. ††Data reported in 2009 [1]. ND: not determined.
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The study examining clinical signs, laboratory parameters 
and a course of disease in Abyssinian and Somali cats with 
PK deficiency demonstrated that this disease shows variation 
in age of onset and severity of clinical signs [9]. In addition, 
since many affected cats remain completely asymptomatic 
for years after birth, the associated anemia may not be the 
primary reason for a PK-deficient cat’s illness [3]. These 
facts suggest that additional factors may be required to in-
duce the disease, such as stress and activity level [9]. Other 
genetic backgrounds may be associated with variation in 
clinical course and features in PK deficient cats. In the pres-
ent study, two affected kittens identified by the survey could 
not be followed up; therefore, there has been no feedback 
information toward the genotype-phenotype correlation. 
In the near future, the accumulated clinical follow-up data 
will help provide a better overall picture of the feline PK 
deficiency.

In conclusion, the present study demonstrated that the 
prevalence of PK deficiency varies in four popular purebred 
cats in Japan to warrant the measures for the control and 
prevention of the disease in Abyssinian and Somali cats and 
for the screening in Bengal and American Shorthair cats 
imported for breeding. In addition, PK deficiency should 
always be considered in the differential diagnosis of anemia 
in purebred cats.
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