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Abstract
Background: Longevity-related genes have been found in mice, humans and in several other animal species. The goal of this study was
to perform genetic analysis of long-lived European bisons with the aim to �nd genes that are associated with longevity.

Results: SNPs with particular nucleotides were signi�cantly overrepresented in long-lived European bisons in three genes: BCKDHB,
FER1L6 and SERPINI2.

In SERPINI2, the longevity-associated SNP localizes to an exon. In the protein coded by the SERPINI2 gene, amino acid leucine present in
the reference European bisons is replaced by tryptophan in the long-lived European bisons.

Conclusions: Three genes, BCKDHB, FER1L6 and SERPINI2, were proved to be associated with longevity in European bisons. 

Background
European bison (Bison bonaus) was in the past one of the key large herbivore species in european lowlands with an areal range across
the whole Europe and east Asia. It became extinct in the wild at the beginning of the 20th century due to intensive unlimited hunting,
poaching and habitat fragmentation [1]. Only several dozen animals survived in zoos and private farms. In 1920, an attempt was made
to restore the species from which two genetic lineages of European bison have been diversi�ed. Although the lowland line (L) of
European bison originated from only seven founders of B. b. bonasus subspecies, approximately 80% of the genes in the contemporary
population came from as few as two founders. Thus, the average inbreeding coe�cient in the L line is almost 50% [2]. The B. b.
caucasicus subspecies survives in hybrid form as the lowland-Caucasian line (LC), which originated from 12 animals and the inbreeding
coe�cient of the LC line is now 28% [2]. The genus Bison has been studied from the evolutionary [3–5], genetic [6–9], behavioral [10, 11]
and conservational [12, 13] points of view. The European bison is an exceptional genetic model of a large mammal with a high degree
of inbreeding.

In our previous study we were the �rst to determine the median lifespan of the European bison as only 3.54 years. The median lifespan
of females (6.01 years) exceeded more than twice the median lifespan of males (2.71 years). Along with American bison (Bison bison),
the genus Bison has the biggest sex-related difference in longevity among mammals [14]. Despite the low median lifespan, some
European bisons live up to 28 years [15, 16]. Both these facts together with a high degree of inbreeding make the European bison an
interesting model for studying the longevity.

Longevity-associated genes have been described in humans, mice and in other animals [17–19]. However, no genes associated with
longevity have been described in European bison so far. The aim of this study was to identify longevity-associated genes in the
European bison using GWAS (genome-wide association study).

Methods
Hair samples with roots from European bison individuals were obtained from various breeders during years the 2016–2020. Samples
were divided into two groups de�ned by the age of the examined bisons. The group of long-lived bisons contained samples from
individuals older than 14 years, which were considered as long-lived according to the previous study on the European bison longevity
[14]. For the reference group, we sampled bisons aged between 3–5 years. Overall, 22 samples of long-lived bisons and 20 samples of
reference bisons were used for this study. Since the reference group could contain the long–living individuals, monitoring of this group
will continue to uprate our results afterwards.

DNA was isolated from hair samples using a Qiagen DNeasy Blood & Tissue Kit and the standard phenol–chloroform DNA isolation
protocol. DNA was eluted in 20 µl to 100 µl elution solution. The concentration and purity of isolated DNA was checked using a
spectrophotometer. The required length of 5,000 base pairs for 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. Samples were genotyped using Illumina BovineHD
BeadChip at Neogen laboratory, 4131 N. 48th St. Lincoln, NE 68504, USA. This chip allows analysis of more than 770,000 SNPs.

Statistical analysis and the necessary steps preceding association analysis were performed using PLINK v1.90b6.16 [20]. The received
data were checked according to commonly used quality parameters. Firstly, SNPs that were missing in more than 10% (geno 0.1) of the
samples were excluded from further analysis. From the rest of the markers, those that were missing in more than 1% (geno 0.01) of all
samples were also excluded. All samples kept for further analysis had more than 95% of SNP markers genotyped (mind 0.05). After this
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�rst step of data cleaning 546,352 variants and 27 bisons passed the data clean up. From the association analysis were also excluded
SNPs with minor allele frequencies lower than 5% (maf 0.05). 13,080 SNP variants and 27 bisons passed for further genome-wide
association analysis (GWAS). Manhattan plot for visualization of association analysis was constructed in R Studio [21].

According to the result of GWAS, genomic position of all candidate SNPs was checked in the Bos taurus UMD 3.1.1 reference genome.
Four candidate SNPs and their close surrounding, located in four genes, were PCR ampli�ed and sequenced in 40 samples including
those used for GWAS. Samples were sequenced in SEQme s.r.o., 26301 Dobris, Czech Republic.

Statistical signi�cance of the distribution of candidate SNPs within the long-lived and reference group was tested in R Studio [21] using
Fisher’s exact test [22].

Results

GWAS
Of the 23 SNPs that passed the set signi�cance threshold (1.0e-04), seven SNPs were located within the described genes in the Bos
taurus UMD 3.1.1 reference genome. According to the results of GWAS, we selected three SNPs located in the intron region with the
highest p value for further sequencing (Fig. 1). Next, one SNP located in the exon region, which passed through the signi�cance
threshold of 1.0e-03 was also sequenced in the whole sample panel (Fig. 1). Results from the association analysis for the four selected
SNPs and their position in particular genes are shown in Table 1.

Table 1
Table of the GWAS results for four candidate SNPs sorted by the highest P-value.

CHR SNP BP A1 F_A F_U A2 CHISQ P OR GENE POSITION

9 BovineHD0900005530 20313162 T 0.7727 0.125 G 23.02 1.61E-
06

23.8 BCKDHB intron

14 BovineHD1400007066 24361242 G 0.5 0 A 20.09 7.38E-
06

NA XKR4 intron

14 ARS-BFGL-NGS-82859 17517923 T 0.4545 0 C 17.85 2.39E-
05

NA FER1L6 intron

1 BovineHD0100047129 100794258 G 0.4091 0.0313 T 12.33 4.45E-
04

21.5 SERPINI2 exon

Sequencing
For the most signi�cantly longevity-associated SNP (BovineHD0900005530) according to the GWAS results, located in an intron of the
BCKDHB gene, association of nucleotide T with longevity was signi�cant according to Fisher’s exact test (P-value = 0.0424) after
successful sequencing of 17 long-lived bisons and 12 reference bisons. Genotype TT was found in 53% of the long-lived bisons and
only in 17% of reference samples. Thirty-�ve % of the long-lived bisons were heterozygous with genotype TG in comparison with 25%
heterozygous reference samples. Only 12% of the long-lived bisons had genotype GG compared to 58% of the reference samples
(Fig. 2).

SNP ARS-BFGL-NGS-82859 located in an intron of the FER1L6 gene was successfully sequenced in 20 long-lived bisons and 15
reference bisons. Association of allele T with longevity was signi�cant according to Fisher’s exact test (P-value = 0.009786 ). Twenty-�ve
% of the long-lived bisons has homozygous genotype TT compared to zero individuals from the reference group. Heterozygous
genotype TC was found in 45% of the long-lived samples and in 20% of the reference samples. Genotype CC was present in 30% of the
long-lived bisons and in 80% of the reference bisons (Fig. 2).

In the second exon of the SERPINI2 gene in SNP BovineHD0100047129, allele G is signi�cantly associated with longevity according to
Fisher’s exact test (P-value = 0.0391). This was determined by DNA sequencing of 16 long-lived bisons and 12 reference bisons.
Nineteen % of the long-lived group had homozygous genotype GG compared to zero individuals from the reference group. Heterozygous
genotype GT was found in 25% of the long-lived bisons compared to zero individuals from the reference group. Homozygous genotype
TT was found in 56% of the long-lived group and in 100% of the reference group (Fig. 2). With this nucleotide substitution T ◊ G, amino
acid leucine present in the reference group was replaced by tryptophan in the long-lived group.
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Even though SNP BovineHD1400007066 located in an intron of the XKR4 gene had a low P-value in GWAS, after sequencing 17 long-
lived bisons and 11 reference bisons, association of allele G with longevity was not signi�cant according to Fisher’s exact test. Genotype
GG and heterozygous genotype GA was found in 17% of the long-lived group compared to zero individuals from the reference group.
Homozygous genotype AA was found in 66% of the long-lived group and in 100% of the reference group (Fig. 2).

Discussion
European bison is the only species of large mammal that has a very high inbreeding coe�cient; which reaches 50% in the L line and
28% in the LC line [2]. The high inbreeding coe�cient is due to the fact that the rescue of the species was carried out by crossing a very
small number of founder animals. Uniformity should prevail in the population of the European bison and variability should be minimal.
However, this assumption is not valid at all if we examine the lifespan of individual animals. The lifespan of individual animals is highly
variable. Although the median lifespan is only 3.54 years [14], some animals live to 28 years [15, 16]. Very interesting is the fact, that the
median lifespan of females (6.01 years) exceeded more than twice the median lifespan of males (2.71 years). The genus Bison has the
biggest sex-related difference in longevity among mammals [14].

Statistical evaluation of the lifespan of individual animals does not correspond with the normal distribution that is common for most
animal species [14].

The European bison thus represents a very interesting model for the study of longevity-associated genes. Identifying genes associated
with longevity in European bison could be useful in long-term conservation of this species and could improve current and future
reintroduction programs thanks to selective breeding and deeper knowledge about its genetic background.

We used GWAS followed by con�rmation of the results by sequencing to study these genes. The association of the BCKDHB gene with
longevity has not been described so far. The BCKDHB gene encodes the E1 beta subunit of the branched-chain keto acid
dehydrogenase, which is a multienzyme complex associated with the inner membrane of mitochondria. This enzyme complex is active
in the catabolism of branched-chain amino acids. Mutations of this gene have been associated with the maple syrup disease type 1B, a
disease characterized by a maple syrup odor of the urine, mental and physical retardation, feeding problems and dihydrolipoamide
dehydrogenase de�ciency [23].

The association of the FER1L6 gene with longevity has not been described so far. The FER1L6 gene (FER-1 like family member 6) is
associated with diseases including cerebellar ataxia type 43 [24] and Miyoshi muscular dystrophy [25].

Determining the causal relationship between a particular nucleotide substitution and longevity can be crucial in identifying the
predisposition for longevity at the molecular genetic level. SNPs located in gene exons are of greatest importance. We detected that the
SNP associated with longevity in the SERPINI2 gene is located in an exon. This nucleotide substitution leads to an amino acid change
resulting in the tryptophan presence in the long-lived European bisons, while leucine is present in the reference bisons.

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 subject of our further research.

The SERPINI 2 gene (SERPIN family I member 2) encodes a member of a family of proteins that acts as an inhibitor of serine protease.
These proteins act in the regulation of a variety of physiological processes including coagulation, �brinolysis, development, malignancy
and in�ammation [26]. Expression of the encoded protein is downregulated in pancreatic and breast cancer and it is associated with
acinar cell apoptosis and pancreatic insu�ciency when absent in mice [27]. SERPINI2 de�cient mice are growth retarded, have
abnormal immunity and reduced lifespan [28]. Association of the SERPINI2 gene with lifespan that was also found in the mice may
suggest that the association of this gene with longevity is more general.

This study has its limits due to the low number of sampled European bisons. It will be useful to con�rm these results in a study with a
larger number of samples. However, the limited sample size still allowed statistical analyses to be performed and to determine the
statistical signi�cance of our �ndings.

Conclusions
Three genes, BCKDHB, FER1L6 and SERPINI2, proved to be associated with longevity in European bisons were identi�ed using GWAS
and DNA sequencing.
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In BCKDHB and FER1L6 genes, the longevity-associated SNP is localized in an intron.

In the SERPINI2 gene, the longevity-associated SNP is localized in an exon.

Abbreviations
L line
lowland line
LC line
lowland-Caucasian line
GWAS
Genome-wide association study
SNP
single nucleotide polymorphism

Declarations
Acknowledgments

We would like to thank all the institutions that kindly provided hair samples of bison bonasus for our research, speci�cally
Wisentgehege Springe (Germany), The Asspinal Foundation (UK), Tallin Zoo (Estonia), Fota Wildlife Park (Ireland), Hirschfeld Zoo
(Germany), Bydgoszcz Zoo (Poland), Duisburg Zoo (Germany), Kunsterspring Zoo (Germany), Minsk Zoo (Belarus), Cabárceno Natural
Park (Spain), Prague Zoo (Czech Republic), Roev Ruchey ZOO Krasnoyarsk (Russia) and Wilhelma Zoo (Germany). 

Author 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 and Kateřina Zelená. All authors have read and agreed to the
published version of the manuscript.

Funding

This research received no external funding.

Availability of data and materials

The datasets used in this study are available from https://www.ebi.ac.uk/eva/?Study-Browser&browserType=sgv accession number:
PRJEB51724.

Ethics approval and consent to participate

All samples were obtained non-invasively. Owners of the European bisons collected and provided all samples. Bison hair samples were
collected not directly for this study. The hair samples were collected for the needs of the owners of the animals, only then the owners
sent the samples to be used for this study. All owners approved the experimental protocols beforehand and all methods were performed
in accordance with the relevant guidelines and regulations. Informed consent and permission to use the provided samples in this study
was obtained from all owners.

Consent for publication

Not applicable.

 

Competing Interest

https://www.ebi.ac.uk/eva/?Study-Browser&browserType=sgv


Page 6/8

The authors declare no competing interests.

References
1. Pucek Z, Belousova IP, Krasiñska M, Krasiñski ZA, Olech W. European Bison: Status Survey and Conservation Action Plan. Gland,

IUCN. 2004.

2. Tokarska M, Pertoldi C, Kowalczyk R, Perzanowski K. Genetic status of the European bison Bison bonasus after extinction in the
wild and subsequent recovery. Mammal Review. 2011;41(2):151–162. https://doi.org/10.1111/j.1365-2907.2010.00178.x

3. Palacio P, Berthonaud V, Guérin C, Lambourdière J, Maksud F, Philippe M, et al. Genome data on the extinct Bison schoetensacki
establish it as a sister species of the extant European bison (Bison bonasus). BMC Evolutionary Biology. 2017;17(1).
https://doi.org/10.1186/s12862-017-0894-2

4. Hassanin A, An J, Ropiquet A, Nguyen T, Couloux A. Combining multiple autosomal introns for studying shallow phylogeny and
taxonomy of Laurasiatherian mammals: Application to the tribe Bovini (Cetartiodactyla, Bovidae). Molecular Phylogenetics and
Evolution. 2013;66(3):766–775. 10.1016/j.ympev.2012.11.003

5. Froese D, Stiller M, Heintzman P, Reyes A, Zazula G, Soares A, et al. Fossil and genomic evidence constrains the timing of bison
arrival in North America. Proceedings of the National Academy of Sciences. 2017;114(13):3457–3462.
https://doi.org/10.1073/pnas.1620754114

�. Gralak B, Krasińska M, Niemczewski C, Krasiński Z, Żurkowski M. Polymorphism of bovine microsatellite DNA sequences in the
lowland European bison. Acta Theriologica. 2004;49(4):449–456. https://doi.org/10.1007/BF03192589

7. Tokarska M, Kawalko A, Wójcik J, Pertoldi C. Genetic variability in the European bison (Bison bonasus) population from Białowieża
forest over 50 years. Biological Journal of the Linnean Society. 2009;97(4):801–809. https://doi.org/10.1111/j.1095-
8312.2009.01203.x

�. Tokarska M, Marshall T, Kowalczyk R, Wójcik J, Pertoldi C, Kristensen T, et al. Effectiveness of microsatellite and SNP markers for
parentage and identity analysis in species with low genetic diversity: the case of European bison. Heredity. 2009;103(4):326–332.
10.1038/hdy.2009.73

9. Pertoldi C, Tokarska M, Wójcik J, Demontis D, Loeschcke V, Gregersen V, et al. Depauperate genetic variability detected in the
American and European bison using genomic techniques. Biology Direct. 2009;4(1):48. 10.1186/1745-6150-4-48

10. Gębczyńska Z, Gębczyński M, Martynowicz E. Food eaten by the free-living European bison in Białowieża Forest. Acta Theriologica.
1991;36:307–313.

11. Lott D. American bison socioecology. Applied Animal Behaviour Science. 1991;29(1–4):135–145. https://doi.org/10.1016/0168-
1591(91)90242-P

12. Olech W (IUCN SSC Bison Specialist Group). Bison bonasus. The IUCN Red List of Threatened Species 2008: e.T2814A9484719.
https://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T2814A9484719.en

13. Gates CC, Freese CH, Gogan PJP, Kotzman M. America Bison: Status Survey and Conservation Guidelines 2010. IUCN, Gland,
Switzerland. Available from: https://portals.iucn.org/library/sites/library/�les/documents/2010-005.pdf

14. Korec E, Hančl M, Kott O, Škorpíková L, Srbová A, Chalupa O, et al. Genus Bison has the biggest sex-related difference in longevity
among mammals. Approaches in Poultry, Dairy & Veterinary Sciences. 2019; 5(4):1–4. 10.31031/APDV.2019.05.000620

15. Weigl R. Longevity of Mammals in Captivity; from the Living Collections of the World. Stuttgart: Kleine Senckenberg-Reihe; 2005.

1�. Pucek Z, Belousova IP, Krasińska M, Krasiński ZA, Olech W. European bison (Bison Bonasus): current state of the species and an
action plan for its conservation. Mammal Research Institute, Polish Academy of Sciences, Białowieża, Poland; 2002. Available
from: https://ibs.bialowieza.pl/publications/1360.pdf

17. Singh PP, Demmitt BA, Nath RD, Brunet A. The Genetics of Aging: A Vertebrate Perspective. Cell. 2019;177(1): 200–220.
https://doi.org/10.1016/j.cell.2019.02.038

1�. Shadyab AH, LaCroix AZ. Genetic factors associated with longevity: A review of recent �ndings. Ageing Research Reviews.
2015;19:1–7. https://doi.org/10.1016/j.arr.2014.10.005

19. Pilling LC, Kuo C-L, Sicinski K, Tamosauskaite J, Kuchel GA, Harries LW, Herd P, Wallace R, Ferrucci L, Melzer D. Human longevity: 25
genetic loci associated in 389,166 UK biobank participants. Aging. 2017;9(12):2504–2520. https://doi.org/10.18632/aging.101334

20. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira M, Bender D, et al. PLINK: A Tool Set for Whole-Genome Association and
Population-Based Linkage Analyses. The American Journal of Human Genetics. 2007;81(3):559–575.



Page 7/8

https://doi.org/10.1086/519795

21. RStudio Team. RStudio: Integrated Development for R. Boston, MA; 2020. Available from: http://www.rstudio.com

22. Fisher RA. Statistical methods for research workers (5th ed.). Edinburgh: Oliver and Boyd; 1934.

23. Wang YP, Qi ML, Li TT, Zhao YJ. Two novel mutations in the BCKDHB gene (R170H, Q346R) cause the classic form of maple syrup
urine disease (MSUD). Gene. 2012; 498(1):112–115. 10.1016/j.gene.2012.01.082

24. Kanuka M, Ouchi F, Kato N, Katsuki R, Ito S, Miura K et al. Endoplasmic Reticulum Associated Degradation of Spinocerebellar
Ataxia-Related CD10 Cysteine Mutant. International Journal of Molecular Sciences. 2020;21(12):4237.
https://doi.org/10.3390/ijms21124237

25. Bansal D, Campbell K. Dysferlin and the plasma membrane repair in muscular dystrophy. Trends in Cell Biology. 2004;14(4):206–
213. https://doi.org/10.1016/j.tcb.2004.03.001

2�. Law RH, Zhang Q, McGowan S, Buckle AM, Silverman GA, Wong W et al. An overview of the serpin superfamily. Genome biology.
2006;7(5):1–11. https://doi.org/10.1186/gb-2006-7-5-216

27. Higgins WJ, Grehan GT, Wynne KJ, Worrall DM. SerpinI2 (pancpin) is an inhibitory serpin targeting pancreatic elastase and
chymotrypsin. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics. 2017; 1865(2):195–200.
10.1016/j.bbapap.2016.10.013

2�. Loftus SK, Cannons JL, Incao A, Pak E, Chen A, Zerfas PM, et al. Acinar cell apoptosis in Serpini2-de�cient mice models pancreatic
insu�ciency. PLoS genetics. 2005; 1(3):e38. https://doi.org/10.1371/journal.pgen.0010038.

Figures

Figure 1

Manhattan plot of the GWAS results. The blue line represents a signi�cance threshold of 1.0e-04. The red line represents a signi�cance
threshold of 1.0e-03. SNPs chosen for further analyses are circled.
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Figure 2

Distribution of genotypes in SNPs of investigated genes. Orange columns = long-lived group, black columns = reference group.
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