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Abstract 

Background:  Longevity-related genes have been found in several animal species as well as in humans. The goal of 
this study was to perform genetic analysis of long-lived Cane corso dogs with the aim to find genes that are associ-
ated with longevity.

Results:  SNPs with particular nucleotides were significantly overrepresented in long-lived dogs in four genes, TDRP, 
MC2R, FBXO25 and FBXL21. In FBXL21, the longevity-associated SNP localises to the exon. In the FBXL21 protein, trypto-
phan in long-lived dogs replaced arginine present in reference dogs.

Conclusions:  Four SNPs associated with longevity in dogs were identified using GWAS and validated by DNA 
sequencing. We conclude that genes TDRP, MC2R, FBXO25 and FBXL21 are associated with longevity in Cane corso 
dogs.
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Background
Longevity and lifespan extension represent a subject of 
interest and research in various organisms from yeasts 
to vertebrates including humans [1–3]. According to 
recent studies, extended lifespan is a polygenic trait influ-
enced not only genetically, but also by epigenetic, envi-
ronmental, and behavioural factors [4–6]. Heritability of 
extended lifespan varies from 20 to 35% in humans [5]. So 
far, 33 genes have been associated with longevity in mice 
and thanks to genetic mapping, next generation sequenc-
ing and genome-wide association studies (GWAS), doz-
ens of candidate genes and hundreds of associated single 
nucleotide polymorphisms (SNPs) were described in 
humans [2, 5–7]. Nevertheless, the recent knowledge 
does not allow any significant extension of the lifespan in 
humans and animals.

In the last years, GWAS have been done in dogs with 
the aim to map genetic loci associated with general or 
breed-specific diseases [8–10] and eliminate the risk 
alleles. In addition to that, understanding the genetic 
component of longevity in dogs is also important for 
selective breeding. Extended lifespan, especially in large 
dog breeds with a generally short lifespan, is a desirable 
goal. Interestingly, long co-evolution of dogs and humans 
led to sharing not just their lifestyle, but also common 
diseases such as diabetes [11, 12]. In combination with 
artificial selection, genetic diversity among breeds and 
health care comparable to humans, dogs represent an 
interesting model organism for longevity research.

So far, only a few studies have investigated the genetic 
background of the dog longevity. A whole-genome 
sequencing study of two extremely old dogs showed mul-
tiple potential loci that could be closely associated with 
longevity [13]. Another study focusing on genes associ-
ated with cancer mortality and longevity also suggests the 
need for further research in this field [14]. Such results 
are challenging for further identification of genes and loci 
associated with longevity in dogs.
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This study focuses on finding genes associated with 
longevity in purebred Cane corso dogs. Cane corso is a 
large Molossian breed with a median lifespan of merely 
9.29 years [15], which exemplifies the fact that the lifes-
pan of large dog breeds is significantly shorter compared 
to small breeds [16]. Shorter lifespan in larger breeds is 
often caused by gastrointestinal and musculoskeletal dis-
eases, such as canine hip dysplasia (CHD) [16–19]. The 
most frequent causes of death, such as cancer, cardiac 
and urological diseases, have been described using statis-
tical methods. Young dogs commonly died from gastro-
intestinal disorders or as a result of an infection, whereas 
older dogs suffered from neurological and neoplastic dis-
eases [17]. Balanced nutrition and generally good body 
condition, particularly appropriate physical activity and 
preventing obesity is important for extending the lifespan 
in large dog breeds. Lifelong maintenance of lean body 
mass and attenuated accumulation of body fat were key 
factors in achieving an exceptional lifespan in Labrador 
retrievers [20].

The inheritance of CHD [21–23] and coat colour [24] 
have been described in the breed Cane corso. This study 
identifies four candidate genes associated with longev-
ity in the Cane corso dogs using the GWAS method and 
subsequent confirmative sequencing.

Methods
Buccal swab samples from purebred Cane corso dogs 
were collected during the years 2016–2020. The health 
status of the dogs was not evaluated. For the purpose 
of this research, samples were divided into two groups 
defined by the age of the dogs examined. For the refer-
ence group, we sampled dogs at the age between 2 and 
9 years. The group of long-lived dogs contained samples 
from individuals older than 12 years, which were consid-
ered as long-lived dogs according to a previous study of 
the Cane corso breed longevity [15]. 12 years as a limit 
for the category of long-lived dogs was chosen because 
12 years is in the fourth quartile of the distribution pat-
tern for age at death of Cane corso dogs and the probabil-
ity that the dogs from the reference group would reach 
this age is less than 7% [15]. Overall, 20 samples of long-
lived dogs and 20 samples of reference dogs were used 
for this study. Since dogs from the reference group could 
possibly be long-living, monitoring of these dogs will 
continue to confirm our results.

DNA was isolated from buccal swab samples using a 
Qiagen DNeasy Blood & Tissue Kit and standard phenol-
chloroform DNA isolation protocol. DNA was eluted in 
15 to 50 μl elution solution. Concentration and purity 
of isolated DNA was checked using a spectrophotom-
eter. The required length of 5000 base pairs (bp) for the 
SNP genotyping was checked in 2% agarose gel. Suitable 

samples were diluted or concentrated to the required 
concentration of DNA for 20–30 ng/μl. Out of all the iso-
lated samples, 9 samples from the long-lived group and 
15 reference samples had sufficient concentration and bp 
length and were suitable for SNP genotyping. Samples 
were genotyped using Illumina CanineHD Beadchip at 
Neogen laboratory, 4131 N. 48th St. Lincoln, NE 68504, 
USA. This chip allows analysis of 172,115 SNPs.

Genome wide association study (GWAS) was per-
formed on 24 samples (9 long-lived and 15 reference) 
suitable for SNP genotyping to identify candidate lon-
gevity-associated SNPs. Statistical significance and over-
representation of candidate SNPs in long-lived dogs were 
then validated by sequencing whole sample panel of 40 
dogs (20 samples of long-lived dogs and 20 samples of 
reference dogs).

Statistical analysis and necessary steps that preceded 
the association analysis were performed using PLINK 
v1.90b6.16 [25]. Received data were checked according 
to commonly used quality parameters. Firstly, SNPs that 
were missing in more than 10% (geno 0.1) of the sam-
ples were excluded from further analysis. Of the rest of 
the markers, those that were missing in more than 1% 
(geno 0.01) of all samples were also excluded. All sam-
ples kept for further analysis have more than 95% of SNP 
markers genotyped (mind 0.05). After this first step of 
data cleaning, 71,660 variants and 24 dogs (9 long-lived 
and 15 reference) passed the data clean up. SNPs with 
minor allele frequencies lower than 5% (maf 0.05) were 
also excluded from the association analysis. Although the 
number of samples was low and the model organism was 
a highly inbred domestic animal, markers that did not fit 
in Hardy Weinberger Equilibrium in threshold 0.0001 
were excluded. 47,915 SNP variants and 24 (9 long-lived 
and 15 reference) dogs passed for further genome-wide 
association analysis. Association analysis was performed 
using 1df chi-square allelic test. P-values were adjusted 
by Benjamini-Hochberg correction [26]. Principal com-
ponent analysis (PCA) vectors and values were also 
exported using PLINK.

PCA plot, Manhattan plot for visualization of the asso-
ciation analysis and qqplot of the association analysis 
were constructed in R Studio [27] using packages ggplot2 
[28], qqman [29] and lattice [30] that are available on the 
CRAN repository. All analyses and plotting were done 
using R programming language version 4.1.3 [31].

According to the result of GWAS, genomic position of 
all candidate SNPs was checked in the CanFam 3.1 refer-
ence genome. Seven candidate SNPs and their close sur-
roundings, located in seven genes, were PCR amplified 
and sequenced in 40 samples including those used for 
GWAS. Samples were sequenced in SEQme s.r.o., 26,301 
Dobris, Czech Republic.
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Statistical significance of the distribution of genotypes 
from all sequenced samples within the long-lived and ref-
erence groups was tested in R Studio [27] using Fisher’s 
exact test [32].

Genomic region figures were created using NCBI 
Genome Data Viewer [33] and were simplified for easier 
understanding.

Results
SNP genotyping and GWAS
Overall, 24 SNPs passed through the set significance 
threshold (1.0e-04) (Fig.  1). The lower significance 
threshold was chosen because GWAS served only as 
a search tool to find candidate SNPs that were subse-
quently sequenced using a larger sample set. Eleven 
SNPs that passed the significance threshold were local-
ized within the described genes in the CanFam 3.1 refer-
ence genome. Four SNPs located in the intron region of 
the genes and one SNP located in the 3’UTR part of one 
gene were selected for sequencing in the entire sample 
panel. Next, two SNPs located in the exon region with the 
highest P-value were also sequenced in the entire sample 
panel. Results from the association analysis for the seven 

selected SNPs and their position in particular genes are 
shown in Table 1.

Sequencing
After sequencing of the whole sample panel of 40 dogs 
(20 long-lived, 20 reference), differences were found 
between long-lived and reference samples (Fig. 2).

In the most significant SNP BICF2P365740 (CHR 25, 
BP position 37,486,799) according to GWAS, located 
in the 3’UTR part of the TDRP gene (Fig. 3), nucleotide 
T was considered as an allele associated with longev-
ity. After sequencing of the whole sample panel, 25% of 
the long-lived group were homozygous with genotype 
TT compared to 0% in the reference group. 50% of the 
long-lived group were heterozygous with genotype TC 
compared to 30% of the reference group. Only 25% of the 
long-lived group were homozygous with genotype CC 
compared to 70% of the reference group (Fig.  2). Asso-
ciation of allele T with longevity in homozygous and 
heterozygous form was significant in Fisher’s exact test 
(p = 0.04712). Genotype TT was proved to be associated 
with longevity, as it was found exclusively in long-lived 
dogs.

Fig. 1  Manhattan plot of the GWAS results. Blue line represents a significance threshold (1.0e-04). Red line represents a significance threshold 
(1.0e-03). SNPs chosen for further analyses are circled

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 4 of 9Korec et al. BMC Veterinary Research          (2022) 18:188 

Next to the TDRP gene on chromosome 25, FBXO25 
gene is located. In the second intron of the FBXO25, 
SNP BICF2P999174 (CHR 25, BP 37425075) is located 
(Fig.  3). According to GWAS, allele A was considered 
as an allele associated with longevity (Fig.  1). After 
sequencing of the whole sample panel, 5% of the long-
lived group were homozygous with genotype AA com-
pared to 0% in the reference group. 47% of the long-lived 
group were heterozygous with genotype GA compared 
to 15% of the reference group. 47% of the long-lived 
group were homozygous with genotype GG compared to 
85% of the reference group (Fig. 2). Association of allele 
A with longevity in either homozygous or heterozygous 
form was significant in Fisher’s exact test (p = 0.04074). 
Genotype AA was proved to be associated with longev-
ity, as we have found it exclusively in long-lived dogs.

The second most significant SNP BICF2P1140956 
(CHR 1, BP 24364734) according to GWAS is located in 
the first intron of the MC2R gene (Fig. 4). For this posi-
tion, nucleotide G was considered as an allele associated 
with longevity (Fig.  1). After sequencing of the whole 
sample panel, 37% of the long-lived group were homozy-
gous with genotype GG compared to 5% in the reference 
group. 32% of the long-lived group were heterozygous 
with genotype GA compared to 37% of the reference 
group. 32% of the long-lived group were homozygous 
with genotype AA compared to 58% of the reference 
group (Fig.  2). Association of allele G with longevity in 
homozygous and heterozygous form was significant in 
Fisher’s exact test (p = 0.01966).

For SNP chr11_23,852,542 (CHR 11, BP 23852542), 
located in the third exon of the FBXL21 gene (Fig.  5), 
nucleotide T was considered as an allele associated with 
longevity (Fig. 1). After sequencing of the whole sample 
panel, 31% of the long-lived group were homozygous with 
genotype TT compared to 0% in the reference group. 38% 
of the long-lived group were heterozygous with genotype 

TC compared to 30% of the reference group. 31% of the 
long-lived group were homozygous with genotype CC 
compared to 70% of the reference group (Fig.  2). Asso-
ciation of allele T with longevity in either homozygous or 
heterozygous form was significant in Fisher’s exact test 
(p = 0.0111). With this nucleotide substitution from C to 
T in the SNP position, amino acid arginine is replaced by 
tryptophan. Genotype TT was proved to be associated with 
longevity and we observed it exclusively in long-lived dogs.
P-value adjusted according to Benjamini-Hochberg 

correction in GWAS was statistically significant only for 
the TDRP gene. For MC2R, FBXO25 and FBXL21, the 
adjusted P-value was not statistically significant.

Statistical evaluation using the Fisher’s exact test per-
formed on a larger set of sequenced samples showed 
statistically significant differences. Therefore, we believe 
that the MC2R, FBXO25 and FBXL21 genes are associ-
ated with longevity.

For SNP chr33_25,671,811 (CHR 33, BP 25671811), 
located in the second exon of the PARP9 gene, nucleo-
tide A was considered as an allele associated with lon-
gevity (Fig.  1). Association of allele A with longevity 
was not significant in Fisher’s exact test (p = 0.08968). 
For SNP BICF2P384545 (CHR 8, BP 3705090), located 
in the first intron of the NGDN gene, nucleotide C was 
considered as an allele associated with longevity (Fig. 1). 
Association of allele C with longevity was not signifi-
cant in Fisher’s exact test (p = 0.3044). Results for SNP 
BICF2G630382633 (CHR 23, BP 18647529), located in 
the third intron of the RARB gene, suggested that nucle-
otide C was considered as an allele associated with lon-
gevity (Fig. 1). Association of allele C with longevity was 
not significant in Fisher’s exact test (p = 0.1523). No sta-
tistically significant association with longevity was dem-
onstrated for this gene. We did not find enough evidence 
to suggest that these three genes are associated with 
longevity in Cane corso dogs.

Table 1  Table of GWAS results for 7 candidate SNPs sorted by the highest P-value. P-value, unadjusted P-value; P-value_BH, P-value 
adjusted according to Benjamini-Hochberg correction; CHR, chromosome; SNP, single nucleotide polymorphism; BP, genomic position 
(base-pair); A1, minor allele; F_A, frequency of minor allele in long-lived group; F_U, frequency of minor allele in reference group; A2, 
major allele; CHISQ, basic allelic chi-square test; OR, estimated odds ratio

Gene P-value P-value_BH Position CHR SNP BP A1 F_A F_U A2 CHISQ OR

TDRP 3.705e-07 0.01006 3’UTR​ 25 BICF2P365740 37,486,799 T 0.7222 0.03333 C 25.84 75.4

MC2R 2.772e-05 0.09404 intron 1 BICF2P1140956 24,364,734 G 0.7778 0.1667 A 17.57 17.5

NGDN 3.969e-05 0.09404 intron 8 BICF2P384545 3,705,090 C 0.6111 0.06667 T 16.89 22

RARB 3.969e-05 0.09404 intron 23 BICF2G630382633 18,647,529 C 0.6111 0.06667 T 16.89 22

FBXO25 6.334e-05 0.138 intron 25 BICF2P999174 37,425,075 A 0.4444 0 G 16 NA

FBXL21 1.478e-04 0.1766 exon 11 chr11_23,852,542 23,852,542 T 0.6667 0.1333 C 14.4 13

PARP9 3.413e-04 0.2636 exon 33 chr33_25,671,811 25,671,811 A 0.7222 0.2 C 12.83 10.4
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Fig. 2  Distribution of genotypes in the SNPs of the investigated genes after sequencing of the whole sample panel. Green, long-lived group; grey, 
reference group
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Discussion
Longevity-associated genes have been found in several 
animal species as well as in humans [1–3]. Such genes 
have not yet been described in dogs. In this study, we 
describe four SNPs that are associated with longevity in 
the Cane corso breed. We used GWAS as a prediction 
tool for selecting candidate SNPs for further sequencing 
in larger sample set. Even though the size of the GWAS 
dataset was quite small and none of the SNPs reached 
the genome-wide significance threshold, we sequenced 
selected candidate SNPs in 20 samples of long-lived dogs 
and 20 samples of reference dogs including those used for 
GWAS to validate our findings.

Thanks to the sequencing of larger sample size, we were 
able to find 4 genes in which particular genotypes were 
significantly overrepresented in long-lived dogs.

According to GWAS and DNA sequencing the most 
significant SNP associated with longevity was located in 
the 3’UTR of the TDRP gene. TDRP was not previously 
described as associated with longevity, but it is associated 

with spermatogenesis and sperm motility [34]. Untrans-
lated regions at the 3′ end can play an important role in 
the regulation of translation and mRNA stability [35]. 
The role of 3’UTR SNPs in longevity was also previously 
described in humans [36]. Regulation of gene expres-
sion could play an important role in longevity and thus 
it should be further investigated. On the chromosome 
25 close to the TDRP gene, we found another SNP sig-
nificantly associated with longevity in an intron of the 
gene FBXO25. FBXO25 plays a role in promoting tumour 
growth [37, 38]. Finding two significant SNPs in closely 
located genes suggests that this region on chromosome 
25 can play an important role in longevity of Cane corso 
dogs.

Another significantly associated SNP is located in 
intron of MC2R (adrenocorticotropic hormone recep-
tor) gene. Change in expression of the receptor could 
possibly cause a change in regulation of the secretion 
of adrenocorticotropic hormone which often leads to 
hyperadrenocorticism and adrenocortical tumor. Both 

Fig. 4  Genomic region of chromosome 1 including MC2R gene with SNP associated with longevity

Fig. 3  Genomic region of chromosome 25 showing longevity-associated SNPs in closely located genes FBXO25 and TDRP
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of those conditions lead to earlier death in affected dogs 
[39]. MC2R was also previously described as associated 
with longevity in humans [6]. These results suggest that 
the association of this gene with longevity could be spe-
cies independent.

Determining the causal relationship between a particu-
lar nucleotide substitution and longevity can be crucial in 
identifying the predisposition to longevity at the genetic 
level. From this point of view, SNPs located in gene exons 
could be of greatest importance. We detected one gene 
where the SNP associated with longevity is located in 
an exon. In the FBXL21 gene, a nucleotide substitution 
leads to an amino acid change resulting in tryptophan 
presence in long-lived dogs, while arginine is produced 
in reference dogs. FBXL21 has an important role in the 
oscillation of the circadian clock [40]. Optimal circadian 
rhythms seem to have an influence on aging [41]. Circa-
dian rhythms have most often been described in terms 
of their phases and amplitudes, and how these respond, 
in both health and disease, to a single exposure to syn-
chronizers. Daily fluctuation of several physiological 
functions, which has been studied in dogs, demonstrates 
a daily rhythmicity [42, 43]. Substitution of one amino 
acid can lead to a change in the structure of the protein 
produced, which can then cause a change in its function. 
Analysis of the structure of such proteins will be the sub-
ject of our further research.

All the described genes could have a direct influence 
on extending lifespan. Three of the investigated genes, 
PARP9, NGDN and RARB, were not significantly associ-
ated with longevity in the Cane corso breed.

Testing the SNPs in genes that are associated with 
longevity determined in this study could allow predic-
tion of the possible longevity of the tested dog. Cross-
ing dogs with longevity potential could allow breeding 
of long-lived dog lineages which is very important for 

every breeder and dog owner. The development of such 
test will be the subject of our further study. We how-
ever need to confirm our results in a longitudinal study 
of additional dogs before the longevity-associated SNPs 
could be used as breeding markers.

Conclusions
Four SNPs shown to be associated with longevity in 
Cane Corso dogs were identified using GWAS and 
DNA sequencing. Genes TDRP, MC2R, FBXO25 and 
FBXL21 are associated with longevity in Cane corso 
dogs.

Abbreviations
CHD: Canine hip dysplasia; GWAS: Genome-wide association study; SNP: single 
nucleotide polymorphism.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12917-​022-​03290-9.

Additional file 1. 

Acknowledgments
We would like to thank all the donors of buccal swab samples from Cane 
Corso dogs. We would like to also thank Gabriela Suchanová for proofreading 
and English correction.

Authors’ contributions
Conceptualization, Evžen Korec; Methodology, Lenka Ungrová, Jiří Hejnar and 
Adéla Grieblová; Project administration, Evžen Korec; Supervision, Evžen Korec 
and Jiří Hejnar; Validation, Evžen Korec and Jiří Hejnar; Visualization, Lenka 
Ungrová; Writing – original draft, Evžen Korec and Lenka Ungrová; Writing – 
review & editing, Jiří Hejnar. All authors have read and agreed to the published 
version of the manuscript.

Funding
This research received no external funding.

Fig. 5  Genomic region of chromosome 11 including FBXL21 gene with SNP associated with longevity

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 8 of 9Korec et al. BMC Veterinary Research          (2022) 18:188 

Availability of data and materials
The datasets used in this study are available from https://​www.​ebi.​ac.​uk/​eva/?​
Study-​Brows​er&​brows​erType=​sgv, project accession: PRJEB51024.

Declarations

Ethics approval and consent to participate
All samples were obtained non-invasively. Owners of the dogs collected and 
provided all samples.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Zoologická zahrada Tábor a.s., Dukelských Hrdinů 19, 170 00 Prague 7, Czech 
Republic. 2 Institute of Molecular Genetics of the Czech Academy of Sciences, 
Vídeňská 1083, 142 20 Prague 4, Czech Republic. 

Received: 24 January 2022   Accepted: 11 May 2022

References
	1.	 Arne S, Bens M, Szafranski K, Holtze S, Groth M, Görlach M, et al. Long-

lived rodents reveal signatures of positive selection in genes associated 
with lifespan. PLoS Genet. 2018;14(3):1–22. https://​doi.​org/​10.​1371/​journ​
al.​pgen.​10072​72.

	2.	 Singh PP, Demmitt BA, Nath RD, Brunet A. The genetics of aging: a verte-
brate perspective. Cell. 2019;177(1):200–20. https://​doi.​org/​10.​1016/j.​cell.​
2019.​02.​038.

	3.	 Christensen K, Vaupel JW. Determinants of longevity: genetic, environ-
mental and medical factors. J Intern Med. 1996;240(6):333–41. https://​doi.​
org/​10.​1046/j.​1365-​2796.​1996.​d01-​2853.x.

	4.	 Gravina S, Vijg J. Epigenetic factors in aging and longevity. Pflugers Arch - Eur 
J Physiol. 2010;459(2):247–58. https://​doi.​org/​10.​1007/​s00424-​009-​0730-7.

	5.	 Shadyab AH, LaCroix AZ. Genetic factors associated with longevity: A 
review of recent findings. Ageing Res Rev. 2015;19:1–7. https://​doi.​org/​10.​
1016/j.​arr.​2014.​10.​005.

	6.	 Pilling LC, Kuo C-L, Sicinski K, Tamosauskaite J, Kuchel GA, Harries LW, et al. 
Human longevity: 25 genetic loci associated in 389,166 UK biobank partici-
pants. Aging. 2017;9(12):2504–20. https://​doi.​org/​10.​18632/​aging.​101334.

	7.	 Liu X, Song Z, Li Y, Yao Y, Fang M, Bai C, et al. Integrated genetic analyses 
revealed novel human longevity loci and reduced risks of multiple 
diseases in a cohort study of 15,651 Chinese individuals. Aging Cell. 
2021;20(3):e13323. https://​doi.​org/​10.​1111/​acel.​13323.

	8.	 Hédan B, Cadieu É, Rimbault M, Vaysse A, Dufaure de Citres C, et al. Iden-
tification of common predisposing loci to hematopoietic cancers in four 
dog breeds. PLoS Genet. 2021;17(4):e1009395. https://​doi.​org/​10.​1371/​
journ​al.​pgen.​10093​95.

	9.	 Wang S, Strandberg E, Arvelius P, et al. Genome-wide association studies 
for canine hip dysplasia in single and multiple populations – implications 
and potential novel risk loci. BMC Genomics. 2021;22:636. https://​doi.​org/​
10.​1186/​s12864-​021-​07945-z.

	10.	 Sanz CR, Sevane N, Pérez-Alenza MD, Valero-Lorenzo M, Dunner S. 
Polymorphisms in canine immunoglobulin heavy chain gene cluster: 
a double-edged sword for diabetes mellitus in the dog. Anim Genet. 
2021;52(3):333–41. https://​doi.​org/​10.​1111/​age.​13047.

	11.	 Boyko AR. The domestic dog: man’s best friend in the genomic era. 
Genome Biol. 2011;12(2):216. https://​doi.​org/​10.​1186/​gb-​2011-​12-2-​216.

	12.	 Karlsson EK, Lindblad-Toh K. Leader of the pack: gene mapping in dogs 
and other model organisms. Nat Rev Genet. 2008;9(9):713–25. https://​doi.​
org/​10.​1038/​nrg23​82.

	13.	 Jónás D, Sándor S, Tátrai K, Egyed B, Kubinyi E. A Preliminary Study to 
Investigate the Genetic Background of Longevity Based on Whole-
Genome Sequence Data of Two Methuselah Dogs. Front Genet. 
2020;11:315. https://​doi.​org/​10.​3389/​fgene.​2020.​00315.

	14.	 Doherty A, Lopes I, Ford CT, Monaco G, Guest P, de Magalhães JP. A scan 
for genes associated with cancer mortality and longevity in pedigree 
dog breeds. Mamm Genome. 2020;0123456789. https://​doi.​org/​10.​1007/​
s00335-​020-​09845-1.

	15.	 Korec E, Chalupa O, Hančl M, Korcová J, Bydžovská M. Longevity of Cane 
Corso Italiano dog breed and its relationship with hair colour. Open Vet J. 
2017;7(2):170. https://​doi.​org/​10.​4314/​ovj.​v7i2.​15.

	16.	 O’Neill D, Church D, McGreevy P, Thomson P, Brodbelt D. Longevity and 
mortality of owned dogs in England. Vet J. 2013;198(3):638–43. https://​
doi.​org/​10.​1016/j.​tvjl.​2013.​09.​020.

	17.	 Fleming JM, Creevy KE, Promislow DEL. Mortality in North American dogs 
from 1984 to 2004: an investigation into age-, size-, and breed-related 
causes of death. J Vet Intern Med. 2011;25(2):187–98. https://​doi.​org/​10.​
1111/j.​1939-​1676.​2011.​0695.x.

	18.	 Galis F, Van Der Sluijs I, Van Dooren TJM, Metz JAJ, Nussbaumer M. Do 
large dogs die young? J Exp Zool B Mol Dev Evol. 2007;308B(2):119–26. 
https://​doi.​org/​10.​1002/​jez.b.​21116.

	19.	 Kraus C, Pavard S, Promislow DEL. The Size–Life Span Trade-Off Decom-
posed: Why Large Dogs Die Young. Am Nat. 2013;181(4):492–505. https://​
doi.​org/​10.​1086/​669665.

	20.	 Adams V, Watson P, Carmichael S, Gerry S, Penell J, Morgan D. Exceptional 
longevity and potential determinants of successful ageing in a cohort of 
39 Labrador retrievers: results of a prospective longitudinal study. Acta 
Vet Scand. 2015;58(1):29. https://​doi.​org/​10.​1186/​s13028-​016-​0206-7.

	21.	 King MD. Etiopathogenesis of Canine Hip Dysplasia, Prevalence, and 
Genetics. Vet Clin N Am Small Anim Pract. 2017;47(4):753–67. https://​doi.​
org/​10.​1016/j.​cvsm.​2017.​03.​001.

	22.	 Korec E, Hančl M, Bydžovská M, Chalupa O, Korcová J. Segregation 
Analysis of Canine Hip Dysplasia in Cane Corso Italiano Dogs. Appro Poult 
Dairy Vet Sci. 2018;2(3) APDV.​000539.​2018.

	23.	 Bartolomé N, Segarra S, Artieda M, Francino O, Sánchez E, Szczypiorska 
M, et al. A genetic predictive model for canine hip dysplasia: integra-
tion of Genome Wide Association Study (GWAS) and candidate gene 
approaches. PLoS One. 2015;10(4):e0122558. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01225​58.

	24.	 Korec E, Hančl M, Bydžovská M, Chalupa O, Korcová J. Inheritance of coat 
colour in the cane Corso Italiano dog. BMC Genet. 2019;20:24. https://​doi.​
org/​10.​1186/​s12863-​019-​0731-2.

	25.	 Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. 
PLINK: A tool set for whole-genome association and population-based 
linkage analyses. Am J Hum Genet. 2007;81(3):559–75. https://​doi.​org/​10.​
1086/​519795.

	26.	 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. J R Stat Soc Ser B Methodol. 
1995;57(1):289–300 http://​www.​jstor.​org/​stable/​23461​01.

	27.	 RStudio Team. RStudio: Integrated Development for R. PBC, Boston, MA: 
RStudio; 2020. http://​www.​rstud​io.​com/

	28.	 Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: 
Springer-Verlag; 2016. ISBN 978–3–319-24277-4. https://​ggplo​t2.​tidyv​
erse.​org

	29.	 Turner S. qqman: an R package for visualizing GWAS results using Q-Q 
and manhattan plots. J Open Source Softw. 2018. https://​doi.​org/​10.​
21105/​joss.​00731.

	30.	 Sarkar D. Lattice: Multivariate Data Visualization with R. New York: Springer; 
2008. ISBN 978–0–387-75968-5, http://​lmdvr.r-​forge.r-​proje​ct.​org

	31.	 R Core Team. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing. Vienna; 2022. https://​www.R-​proje​
ct.​org/

	32.	 Fisher RA. Statistical methods for research workers. In:  Statistical methods 
for research workers. 5th ed: Edinburgh; 1934.

	33.	 Rangwala SH, Kuznetsov A, Ananiev V, Asztalos A, Borodin E, Evgeniev V, 
et al. Accessing NCBI data using the NCBI Sequence Viewer and Genome 
Data Viewer (GDV). Genome Res. 2021;31:159–69; Published in Advance 
November 25, 2020. https://​doi.​org/​10.​1101/​gr.​266932.

	34.	 Mao S, Wu F, Cao X, He M, Liu N, Wu H, et al. TDRP deficiency contributes 
to low sperm motility and is a potential risk factor for male infertility. Am J 
Transl Res. 2016;8(1):177–87.

	35.	 Kuersten S, Goodwin E. The power of the 3′ UTR: translational control and 
development. Nat Rev Genet. 2003;4:626–37. https://​doi.​org/​10.​1038/​
nrg11​25.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 9 of 9Korec et al. BMC Veterinary Research          (2022) 18:188 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	36.	 Crocco P, Montesanto A, Passarino G, Rose G. Polymorphisms Falling 
Within Putative miRNA Target Sites in the 3′UTR Region of SIRT2 and 
DRD2 Genes Are Correlated With Human Longevity. J Gerontol Ser A. 
2016;71(5):586–92. https://​doi.​org/​10.​1093/​gerona/​glv058.

	37.	 Jiang GY, Zhang XP, Wang L, et al. FBXO25 promotes cell proliferation, 
invasion, and migration of NSCLC. Tumor Biol. 2016;37:14311–9. https://​
doi.​org/​10.​1007/​s13277-​016-​5298-1.

	38.	 Kuzmanov A, Johansen P, Hofbauer G. FBXO25 promotes cutaneous 
squamous cell carcinoma growth and metastasis through cyclin D1. J 
Investig Dermatol. 2020;140(12):2496–504. https://​doi.​org/​10.​1016/j.​jid.​
2020.​04.​003.

	39.	 Hoffman JM, Lourenço BN, Promislow DEL, Creevy KE. Canine hyper-
adrenocorticism associations with signalment, selected comorbidities 
and mortality within North American veterinary teaching hospitals. J 
Small Anim Pract. 2018;59(11):681–90. https://​doi.​org/​10.​1111/​jsap.​12904.

	40.	 Hirano A, Yumimoto K, Tsunematsu R, Matsumoto M, Oyama M, Kozuka-
Hata H, et al. FBXL21 regulates oscillation of the circadian clock through 
ubiquitination and stabilization of cryptochromes. Cell. 2013;152(5):1106–
18. https://​doi.​org/​10.​1016/j.​cell.​2013.​01.​054.

	41.	 Liu F, Chang HC. Physiological links of circadian clock and biological 
clock of aging. Protein Cell. 2017;8(7):477–88. https://​doi.​org/​10.​1007/​
s13238-​016-​0366-2.

	42.	 Refinetti R, Piccione G. Intra-and inter-individual variability in the circadian 
rhythm of body temperature of rats, squirrels, dogs, and horses. J Therm Biol. 
2005;30(2):139–46. https://​doi.​org/​10.​1016/j.​jther​bio.​2004.​09.​003.

	43.	 Piccione G, Giudice E, Fazio F, Mortola JP. The daily rhythm of body tem-
perature, heart and respiratory rate in newborn dogs. J Comp Physiol B. 
2010;180(6):895–904. https://​doi.​org/​10.​1007/​s00360-​010-​0462-1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com


Appendix  1 

Table A1. Table of sampled dogs and their assignment to the groups. Y= years, m= months. 2 

Name Group Sex Date of birth Age of death 

Aisha Blue Princess long-lived F 30.08.2008  

Appia Fosso Corno long-lived F 14.08.2006  

Aragorn The Best Caco long-lived M 02.02.2005 13y, 10m 

Arena long-lived F 10.05.2005  

Avalanche Crnobog long-lived M 05.06.2006  

Azzura Giantpaw's long-lived F 15.12.2007  

Cesare long-lived M 05.04.2004 12y, 9m 

Cora long-lived F 01.07.2005  

Dominika Atison long-lived F 03.10.2008  

Edgar Georg Cane Corso long-lived M 30.10.2003 13y, 11m 

Fee dei Fontanili long-lived F 11.10.2007  

Gera long-lived F 05.04.2006  

Gloria Abdanka Cember long-lived F 17.09.2005 12y, 3m 

Greta Corso of Bajer long-lived F 12.08.2006  

Hihankara's Eleganza long-lived F 08.08.2004  

Irvin Corso pod Zoborom long-lived M 28.04.2007  

Nico long-lived M 16.05.2008 12y, 7m 

Samba long-lived F 25.04.2007  

Tiana Bailando Con Lobos long-lived F 05.02.2002 16y, 3m 

Your Majesty del Orte long-lived F 12.09.2008  

Aristocrat Korec Corso reference M 13.02.2017  

Blú Petto Largo reference M 19.10.2015  

Borgie Korec Corso reference F 22.09.2017  

Boy Korec Corso reference M 22.09.2017  

Brittany Korec Corso reference F 22.09.2017  

Bucci of Michalec reference M 31.08.2014  

Ceres Conny Gemma Nera reference F 10.07.2017  

Chalu Gucci Angelo Custode reference M 15.05.2017  

Dakar Gemma Nera reference M 02.10.2017  

Elisa Berren Corso reference F 08.08.2015  

Faith Petto Largo reference F 08.10.2016  

Infinity Geraldino reference F 08.09.2015  

Ivan II Petto Largo reference M 05.09.2017  

Kate Atison reference F 12.09.2012  

Koleta Atison reference F 12.09.2012  

Madeira Petto Largo reference F 27.08.2018  



Samm Corso z Jasnej hviezdy reference M 30.11.2017  

Sofie Atison reference F 19.11.2014  

Xavera Atison reference F 31.10.2016  

Zeta Crazy Clan reference F 14.07.2016  

 3 

Table A2. Table of genotypes for each sample and each of the sequenced SNP in selected genes.  4 

Name Group 
Genotype 

TDRP 
Genotype 

MC2R 
Genotype 
FBXO25 

Genotype 
FBXL21 

Genotype 
PARP9 

Genotype 
NGDN 

Genotype 
RARB 

Aisha Blue 

Princess 
long-lived TC GA GG CC CC TC TT 

Appia Fosso 

Corno 
long-lived TT GA GA TT AA TT TC 

Aragorn long-lived TC AA GG CC CC CC TT 

Arena long-lived CC AA GG TC CC TT CC 

Avalanche 

Crnobog 
long-lived CC AA GG TC CC CC X 

Azzura 

Giantpaw's 
long-lived TT GA GA TC AA TT TT 

Cesare long-lived CC GA GG TC AA TC TT 

Cora long-lived TC GG GA TT CC CC CC 

Dominika 

Atison 
long-lived CC GG GG CC CC X TT 

Edgar Georg 

Cane Corso 
long-lived TC GG GA TC AA TC TC 

Fee dei 

Fontanili 
long-lived TC GA GA TT CC TT CC 

Gera long-lived CC AA GG X CC TT X 

Gloria 

Abdanka 

Cember 

long-lived TC X GG X CC TC X 

Greta Corso 

of Bajer 
long-lived TC AA GA TT CC TT TC 

Hihankara's 

Eleganza 
long-lived X GG X X X X X 



Irvin Corso 

pod Zoborom 
long-lived TC GG GG X X X X 

Nico long-lived TC GG GA CC CC X TT 

Samba long-lived TT GG GA TC CC TC TC 

Tiana 

Bailando Con 

Lobos 

long-lived TT GA AA CC AA TT CC 

Your Majesty 

del Orte 
long-lived TC AA GA TT CC TT TT 

Aristocrat 

Korec Corso 
reference CC AA GG TC CC TT TT 

Blú Petto 

Largo 
reference CC AA GG TC CC TT TT 

Borgie Korec 

Corso 
reference CC AA GG CC CC TT TT 

Boy Korec 

Corso 
reference CC GA GG CC CC TC TT 

Brittany 

Korec Corso 
reference CC X GG CC CC TT TT 

Bucci of 

Michalec 
reference TC GG GG TC X CC TT 

Ceres Conny 

Gemma Nera 
reference CC AA GG CC CC TT TC 

Chalu Gucci 

Angelo 

Custode 

reference CC AA GG CC CC TT TT 

Dakar 

Gemma Nera 
reference TC AA GA TC CC TC CC 

Elisa Berren 

Corso 
reference CC AA GG CC CC CC TT 

Faith Petto 

Largo 
reference TC GA GG CC CC TT TT 

Infinity 

Geraldino 
reference CC AA GG CC CC TC TT 

Ivan Petto 

Largo 
reference CC AA GG CC CC TT TT 

Kate Atison reference CC GA GG CC AA TT TT 



Koleta Atison reference CC GA GG TC CC TT TT 

Madeira 

Petto Largo 
reference CC AA GG CC CC TT TT 

Samm Corso z 

Jasnej hviezdy 
reference CC GA GG CC CC X TT 

Sofie Atison reference TC GA GA TC CC TT CC 

Xavera Atison reference TC GA GA CC CC TT TC 

Zeta Crazy 

Clan 
reference TC AA GG CC CC TT TT 

Table A3. Primer sequences for PCR amplification of selected regions. 5 

Gene 
 

Primer sequence 

TDRP Forward primer TGACCTTTGGAAGGTTGGGTT 

 Reverse primer TCTGAGGTTGCTGCATCGTG 

FBOX25 Forward primer CCCGTTCTTTTCACAGGGTG 

 Reverse primer CAGAGAGCACATGGGGCTAA 

MC2R Forward primer ACTAGGGACACTCAAGACATTTT 

 Reverse primer GCCTTTGTCATCTTTAGTTCTCACA 

PARP9 Forward primer AAGACCTCAGGTTTCTAGCTGT 

 Reverse primer CTCACAAAAACGACTTAAGGTCAGA 

FBXL21 Forward primer AGATGTCTGAGGGAAATGTGGAA 

 Reverse primer GCAAAGTTCACTGACTGCTTCA 

NGDN Forward primer CCCCTCGAGCTGACGAATTT 

 Reverse primer CGACATTCCCACTCCACTCC 

RARB Forward primer CCTCAGAAGAACCACCATCAA 

 Reverse primer TCTGGCTCCATCCACTGACA 

Table A4. PCR protocol for amplification. 6 

 
Temperature Time 



Initiation 95°C 2 min 

Denaturation 95°C 20 sec 

Annealing 59°C 30 sec 

Extension 65°C 2 min 

Final extension 65°C 5 min 

Number of cycles 
 

33 cycles 



 

 

Figure A1. Principal component analysis of genotyped dog samples 

Principal component analysis showed stratification of the samples (Fig. A1) that is affected by presence of 

closely related individuals in a small dataset. PCA should be interpreted with caution since there is a risk of 

false results [1]. Since GWAS was used as a prediction tool for further evaluation by sequencing and more 

samples were added supporting the GWAS results, all the samples were kept for the analysis.  



Figure A2. Qqplot of the GWAS results. Red line represents the expected and the black dotted line 

represents the observed P-values 

 

 

 

 

 



 

 

Figure A3. Nucleotide substitution and aminoacid change in SNP chr11_23852542 located in FBXL21 gene. 
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