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Introduction

In eukaryotes, cellular aging processes and age-related changes are
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This article explores the genetic variability of the gene that encodes telomerase reverse transcriptase (7ERT), which
plays a key role in maintaining telomere length and, as a result, genome stability in various eukaryotic species. The study
employs a comprehensive approach that combines phylogenetic and bioinformatic analysis with molecular-genetic re-
search methods. The research involved the screening of genetic databases to investigate TERT gene orthologues across
organisms belonging to different systematic groups. The TERT gene, which is prevalent in a wide range of eukaryotic
biological species, exhibits polymorphisms that have the potential to influence 7ERT enzyme function and, consequently,
animal phenotypes. The primary focus of this study centers on the pig 7TERT gene, selected as a model organism due to its
genetic similarity to humans and its importance as a productive agricultural species. The article explores the exon-intron
structure of the TERT gene, analyzing the size of the corresponding transcript and protein product. Furthermore, it provides
data on polymorphisms in the pig 7ERT gene, including missense and synonymous variants. The chromosomal localiza-
tion of these polymorphisms is characterized and correlated with the domain structure of the 7ERT enzyme. For the evalua-
tion of the impact of polymorphisms on the structural and functional properties of the 7ERT enzyme, a molecular-genetic
system based on the PCR-RFLP method has been developed. This PCR-RFLP system serves as a basis for subsequent
experimental analyses of missense and synonymous variants in population and association studies, allowing for an assess-
ment of the prevalence of these polymorphisms and their significance for animal phenotypes. Given the significance of
further laboratory investigation of the pig TERT gene, the developed PCR-RFLP system becomes necessary for the as-
sessment of the functional implications of the polymorphisms within this gene and the potential identification of causative
ones among them. The synergy of bioinformatics and molecular-genetic methods in this study lays the groundwork for
future impactful research in this field. The presented study holds promise for marker-associated selection, as it opens the
way for the use of the TERT gene as a marker in the genetic improvement of agricultural animal species.

Keywords: telomerase reverse transcriptase; single nucleotide polymorphism; genetic marker; polymerase chain reac-
tion; phylogenetics; bioinformatics; marker-associated selection.

plate for synthesis during the elongation of the telomere, and telomerase
reverse transcriptase enzyme (7ERT), which directly carries out the
synthesis (Wang et al., 2019). TERT belongs to RNA-dependent DNA

linked to telomere length (Secker et al., 2018; Ilska-Wamer et al., 2019;
Schrumpfova & Fajkus, 2020). Telomeres, located at the ends of chromo-
somes, protect them from shortening during DNA replication. The functi-
oning of telomeres is of findamental importance for the existence of li-
ving species since processes associated with maintaining their length ensu-
re genome stability and cell viability. Telomere shortening leads to cellular
senescence and may ultimately result in apoptosis (Shay, 2016; Zhu et al.,
2019; Chakravarti et al., 2021). On the other hand, telomere dysfunction
can lead to abnormal cell proliferation and the neoplasm development,
emphasizing the importance of finely regulating processes associated with
maintaining telomere length in cells (Lu et al., 2013; Lansdorp, 2022).
Various mechanisms of telomere elongation are known, with the
most studied being regulation by the telomerase complex. In addition to
telomerase, there are also alternative ways of telomere elongation (Mona-
ghan & Ozanne, 2018). The telomerase complex consists of several com-
ponents, with the main ones being telomeric RNA, which acts as a tem-
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polymerases (Schrumpfova & Fajkus, 2020) and is encoded by the gene
of the same name. TERT is essential for extending telomeres at the mole-
cular level, preserving genome stability, and preventing chromosome fusi-
on (Autexier & Lue, 2006).

The mechanism of maintaining telomere length through the functio-
ning of the telomerase complex shares commonalities across a wide range
of eukaryotic species (Schrumpfova & Fajkus, 2020). Furthermore, the
possible long-standing origin of 7ERT has been previously reported,
which first arose as a reverse transcriptase and then evolved in eukaryotes
(Podlevsky & Chen, 2016; Dey & Chakrabarti, 2018). However, there are
reports of potential differences in telomere characteristics and the mainte-
nance of their length at both the interspecific and intraspecific levels (Dug-
dale & Richardson, 2018; Young, 2018). Telomere dynamics are conside-
red one of the aspects towards which evolutionary selection is directed
(Monaghan & Ozanne, 2018). Given the above, we can also assume the
presence of connections between the 7ERT gene and animal phenotypes.
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Mutations and polymorphisms in this gene can affect the enzyme’s ability
to perform its functions in maintaining telomere length, which, in turn, can
impact factors such as longevity, growth rate, reproductive ability, and, for
agricultural species, the duration of useful productive use.

Population studies investigating the genetic structure of the 7TERT
gene and association studies seeking to establish correlations between telo-
mere length, telomerase complex activity, and phenotype have been con-
ducted across diverse animal species, including cattle (Brown et al., 2012;
Seeker et al., 2018; lannuzzi et al., 2022), pigs (Fradiani et al., 2004; Russo
et al., 2006), sheep (Froy et al., 2021), horses (Argyle et al., 2003; Zabek
etal,, 2012), dogs (McAloney et al., 2014), chickens (Badmus et al.,
2021), and turkeys (Adikari et al., 2013). However, these studies are limi-
ted in number, possess a fragmented nature, and specific associations with
distinct physiological and pathological processes resulting from 7ERT
gene mutations have only been conclusively established in humans (Zhao
etal., 2015; Tong et al., 2020; Dratwa et al., 2021). Thus, researching spe-
cific polymorphisms and mutations that may alter the structure or expres-
sion of the TERT gene in animals, or affect the enzyme’s functionality,
consequently impacting the lifespan and productive traits of animals,
stands as a pressing task.

In our previous study (Peka et al., 2023), we conducted a bioinforma-
tic analysis of the pig TERT gene and predicted the potential influence of
several missense polymorphisms on the structural and functional proper-
ties of pig TERT using software resources. In the current study, our aim is
to analyze the intron-exon structure of the TERT gene, identify regions sa-
turated with missense and synonymous polymorphisms, and develop an
appropriate PCR-RFLP genotyping technique for each of these SNPs.
The results obtained hold promise for using in population and association
studies to establish correlations with animal phenotypes and identify cau-
sative mutations.

Materials and methods

The experiment protocol was approved by the Scientific Council of
the Institute of Pig Breeding and Agroindustrial Production of the Natio-
nal Academy of Agrarian Sciences of Ukraine. All animal handling pro-
cedures conformed to the European Convention for the Protection of
Vertebrate Animals used for Experimental and other Scientific Purposes
(Strasburg, 1985).

Bioinformatic and phylogenetic analysis. A search was conducted for
sequences corresponding to the 7ERT gene and its homologs in various
biological species in the NCBI and Ensembl databases (Martin et al.,
2023). For this purpose, in particular, BLAST search was used (Altschul
et al., 1990; Boratyn et al., 2013). To perform phylogenetic analysis, refe-
rence coding sequences of biological species were utilized. Multiple align-
ment of coding sequences was carried out according to the MUSCLE
algorithm (Edgar, 2004) within the Megall software (Version 11 64-bit;
Tamura etal,, 2021). The JTT matrix-based model and the Maximum
Likelihood approach were used to create the resulting phylogenetic tree
similarity (Jones et al., 1992) within the Megal 1 software.

Data on the reference sequence of the pig 7ERT (Ensembl ID:
ENSSSCG00000017118), gene structure, and the number and localiza-
tion of polymorphic variants were obtained from the Ensembl database.
To develop a technique for amplifying 7ERT gene fragments, primers
were designed using the Primer3Plus (Untergasser et al., 2007). These
primers were verified for lack of self-complementarity and formation of
dimers using the Multiple Primer Analyzer (Thermo Scientific Web
Tools), a calculator that utilizes a modified nearest-neighbor method based
on the approach described in Breslauer (1986).

Restriction endonucleases were designed using NEBcutter V2.0
(Vincze et al., 2003). Restriction product lengths for each endonuclease
were determined using the Restriction Analyzer (Molbiotools, USA, 2023).

Sampling and DNA extraction. Blood samples (1 mL) were collected
from pigs of the Large White breed at the State Enterprise “Experimental
Farm Stepne,” Stepne village, Poltava district, Poltava region, Ukraine.
The blood samples were mixed with 0.05 M EDTA as an anticoagulant
and stored for up to seven days at +4 °C before being used for DNA
isolation. Genomic DNA was isolated using the Chelex 100 reagent
(Walsh et al., 2013; Gautam, 2022).

Polymerase chain reaction / PCR, analysis of amplificates and re-
striction fragments. The PCR reaction mixture contained genomic DNA,
forward and reverse primers (0.2 uM), dNTP (0.25 mM), MgCl,
(2.0mM), and 1 unit of recombinant Taq DNA polymerase (Thermo
Scientific, EU), with a total volume of 25 pL. Twenty-five microliters
were layered onto the reaction mixture, followed by the addition of
mineral oil. The reaction was carried out in a Tertsik-2 thermal cycler
(Tertsik TP4-PCRO1, DNA-Technology) according to the standard proto-
col / procedure (Lorenz, 2012).

Restriction of amplificates was carried out according to the protocols
of the manufacturers of restriction endonucleases. Amplifications and re-
striction fragments were electrophoresed in 1.5-2.0% agarose and 8.0%
acrylamide gels in tris-borate electrophoresis buffer (TBE: 0.0879 M tris,
0.089 M boric acid, 0.002 M EDTA, pH 8.0). DNA staining in the gel
was carried out in a solution of ethidium bromide (0.5 pg/mL). Visualiza-
tion of DNA fragments was conducted under UV light at a wavelength of
340 nm on a transilluminator (Ota et al., 2009).

Results

Phylogenetic analysis on the TERT gene. An analysis of the Ensembl
and NCBI data conducted in this study revealed the presence of the TERT
gene in a broad array of animal species. At the time of writing, the NCBI
database contained 648 entries for genes with a protein architecture similar
to that of TERT among various eukaryotic species, of which 539 are
TERT orthologues among vertebrates.

Phylogenetic analysis was performed to demonstrate similarities and
relationships between different species based on the coding sequences of
the TERT gene. The resulting phylogenetic tree is displayed in Figure 1.
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Fig. 1. Phylogenetic tree built based on the alignment
of TERT coding sequences
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One of the primary subjects of biological research is domestic pigs, as
they exhibit a relatively high degree of similarity to humans, including by
the TERT gene. Additionally, they possess sufficient prevalence and po-
pulation size, and they hold significant value as productive agricultural
species. Consequently, the development of approaches for molecular ge-
netic analysis of the 7ERT gene in this study is carried out using the pig as
amodel organism.

The analysis of TERT gene polymorphism. Current data from Ensembl
at the time of writing regarding the pig TERT gene and its polymorphisms
were juxtaposed with findings from a prior study to evaluate updates in the
Ensembl database and incorporate them into the present study. Through
meticulous analysis and systematic review of literature and data archived
in Ensembl several key generalizations were derived, holding significance
for the development of molecular genetic analysis techniques.

The TERT gene in pigs is situated on chromosome 16, occupying the
genomic coordinates between 79,258,591 and 79,276,421 on the forward
strand, as per the reference genome assembly. The coding region encom-
passes 17 exons of varying lengths. The largest Exon 2 extends to 1,348
base pairs (bp), while the smallest Exon 6 spans 21 bp. Notably, these
exons are flanked by the largest and smallest introns, respectively: Intron
2-3 measures 2,765 bp, and Intron 5-6 is merely 2 bp.

The cumulative length of all 16 introns excised from the primary tran-
script amounts to 12,334 bp. Consequently, the mature transcript compri-
ses 5,497 bp, with 16 bp constituting the 5-UTR, 3,393 bp comprising the
coding sequence, and 2,088 bp constituting the 3'-UTR. Upon translation,
this transcript is anticipated to yield a protein comprising a chain of
1,130 amino acid residues.

Previously obtained data regarding the structure of the 7TERT enzyme
and the localization of functional domains (TEN, TRBD, RTD, CTE)
within the protein molecule were cross-referenced with data pertaining to
the exon structure of the coding region of the 7ERT gene. Consequently,
the TEN domain (1-228 aa) is encoded by the Exon 1 and 2, TRBD (320~
548 aa) by the Exon 2 and 3, RTD (603-933) from the Exon 4 to 12, and
the CTE domain (934-1130) from the Exon 12 to 17. Moreover, there
exist two linker regions in the enzyme structure: Linker 1 (229-319 aa) is
entirely encoded by Exon 2, and Linker 2 (549-602 aa) by the Exon 3 and 4.

As per Ensembl data at the time of writing, there are 689 known poly-
morphisms in the pig 7ERT gene. Of these, 368 are localized in intronic
regions, while 56 polymorphisms are situated in the exonic regions (co-
ding part of the transcript). Among these exonic polymorphisms, 24 are
missense variants, and 32 are synonymous variants. No polymorphisms
were identified in the 5-UTR region, whereas 77 polymorphisms were fo-
und in the 3'-UTR region. The remaining polymorphisms are localized in
the upstream and downstream regions of the pig TERT gene. Information
regarding known polymorphisms in the coding segment, including their
1sID and the type of polymorphism (missense or synonymous), is presen-
ted in Table 1.

An analysis of the data presented in Table 1 reveals that missense po-
Iymorphisms are exclusively identified in Exons 2 to 5 and Exons 14 to 17.
Remarkably, no polymorphisms, including both missense and synonymo-
us variants, have been currently identified in Exons 1, 6, and 10. Notably,
Exon 2 harbors the highest number of polymorphisms, with 12 missense
variants, constituting half of the presently known missense variants in
TERT gene. This observation can be attributed to the considerably greater
length of Exon 2 in comparison to other exons.

Primer design, restriction enzymes search, and PCR amplification
conditions for genotyping TERT gene regions. A frequently used techno-
logy for determining allelic variants of specific polymorphisms in a geno-
type is PCR-RFLP (Polymerase Chain Reaction-Restriction Fragment
Length Polymorphism). Its laboratory use is preceded by the design of
primers and search of restriction endonucleases through in silico analysis.
In the present study, the design of primers targeting 7ERT gene regions
encompassing polymorphisms within Exon 2 and Exon 4 was conducted.
The respective localization of 7ERT gene polymorphic regions and their
corresponding primers are shown in Figures 2 and 3.

The selection of specific segments within Exons 2 and 4 is based on
practical feasibility of their study. Amplification Fragment 1 encompasses
4 missense SNPs (among which the most important are rs789641834 and
1s706045634), alongside 1 synonymous SNP. Concurrently, Fragment 2

encompasses 6 missense (including rs325294961) and 4 synonymous
SNPs. These first two amplification fragments pertain to regions within
Exon 2. Amplification fragment 3 covers Exon 4 polymorphisms, encom-
passing 3 missense (including rs705602819) and 2 synonymous SNPs.

Table 1
Polymorphisms in the coding region of pig 7ERT gene

#of Typeof Numberof

Exon _ PMs PMs Variant IDs
Exon 1 —
13789641834 (C/A), 15698799571 (A/T),
15706045634 (G/C), 15696805316 (G/A),
15331656839 (C/G), 15338419951 (G/A),
m 13 13318799866 (A/G), 15705219838 (C/T),
18330770291 (C/T), 15325294961 (C/G),
13333763227 (G/A), 15789588487 (G/A),
Exon2 15324158660 (T/C)
13338788293 (G/A), 15320317081 (A/T),
13331656839 (C/A), 15791103453 (C/T),
s 1 13691116673 (C/G), 13341711614 (G/C),
18325294961 (C/A), 131108662349 (G/A),
13340247149 (G/T), 15792811218 (G/C),
13790128312 (G/A)
Exon3 m 1 18329843407 (C/G)
s 2 15711015510 (G/A), 15336951316 (G/C)
m 3 18698738374 (G/T), 15705602819 (C/T),
Exon4 13332450148 (C/G)
s 2 131113181409 (C/T), 1324499091 (C/T)
m 2 15339601952 (G/A), 15332245175 (G/A)
Exon5 s 3 13787762715 (C/T), 15324498699 (G/A),
13340294883 (T/C)
Exon 6 —
Exon 7 s 2 131109618740 (G/A), 1327589845 (A/C)
Exon 8 s 1 18318961175 (C/T)
Exon9 s 1 15702373657 (C/T)
Exon 10 —
Exon 11 s 1 15329893408 (C/T)
Exon 12 s 4 18792761413 (C/T), 15793278375 (C/T),
13336114613 (T/C), 15341929237 (A/G)
Exon 13 s 1s344396736 (C/T)
Exonl4 m 18787080565 (G/A)
m 18791792095 (C/T)

Exonls 4 15338329906 (T/C), 15321561105 (A/G),
15325803871 (C/G), 15792308146 (A/G)

Exonl6 m 1 15335037856 (G/A)

Exonl7 m 2 5336411058 (G/A), 15320614499 (A/G)

Note: m — missense polymorphism, s — synonymous polymorphism, dash indicates
that no polymorphism is known in exon to date.

Exon 2—
GTGT

;CCTTCA AGCGTC ACK SACCGAC?
FI—

AGCGGC T GGC ICTGCT CG 3 © 1 ACG _ACGTGCTCAC CCACCTCTTG
rs789641834(C/A)N\ 698799571 (A/T)

;cTGeG CGETGTECCT GCTGGTGCCC CCGAGTTGCG CCTACCAGGT GTGCGGGCCG

S rs32031 7081(AT)

CCACTCTATG ACCTCTACAC CGCAGCGGAG GCTCGGCCCA TGCGACACAA GGGCCAGACC
rs706045634(G/C),
CCGACTGGCC TCGGACTCAC GCICCCCGTT TGCAATGGGG AAGCCGGGCG ACCCCAGGAG

156968053 16(G/AIN
CAGAGGGCGC AAGGTGTGAG GCGACGTCGG GGCAGAGCGG MGGGACATECE ACTTCCAGEC
F2—s rs33I65683NC/A/G)N,
JCUTGARA CAGGGTCCCG AGGH )

. rsfIR7 O i rs NIS(C/T)

C TCAAAGCCCG GGCAGC

~—R2
CCC CTGTTCCGGG AGCTGCTTAA GAA

Fig. 2. Location of primers and amplification fragments within Exon 2
of the pig TERT Gene: amplification Fragments 1 and 2 are depicted,
respectively, in green and yellow (Fig. 1), while amplification Fragment 3
is highlighted in cyan (Fig. 2); missense and synonymous SNPs are de-
noted in red and pink, respectively; primers are in bold and underlined;
sequences corresponding to adjacent intronic sections to the investigated
exons are crossed out; arrows indicate the positions of SNPs, primer, as
well as exon and intron regions on the 7TERT gene; Exon 2 in Figure 1 is
presented partially on its 3'-end
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F3—
FEFEE GA—EE6; PSFE—C < SECEETS atc3 ZCFE—ESCCAGEETE
«—intron//
ECTACETEIC CICTECCECA CoCTEACETE cex 7 it
Exon 4— rs698738374(G/T)\
GCARCACTTA GATCGTGTGC GGCTTCGAGA ACTGTCGGAA GCAGAGATCA GGC.ACGCCG
rsl113181409(C/T)N
GGAGGCCAGG CCCGCTGTAC TGACCTCCAA GCTCCGCTTC GTCCCCAARAC CCGACGGGCT

S rs705602819¢(C/T) 1$332450148(C/G)\

GIGGCCCATC GTGAACATGG CGAACGTCGT GlGAGCCAGG ACAGGCCCCG GAGACAAGAA
Hintron—  \rs324499091(C/T) «—R3

GEFEACTEECGCETETCCTTT TTAGGCGARAG TECATTTCAC CECEACEECT GECTFFCTET

Fig. 3. Location of primers and amplification fragments
within Exon 4 of the pig 7ERT Gene: see Figure 1

Table 2 provides details on the primer structure delineating the selec-
ted gene regions with their respective polymorphisms and outlines the am-
plification conditions. Figure 3 illustrates the amplification fragments cor-
responding to the designated gene regions following their electrophoretic
separation in an agarose gel.

VariantID  Alle- Enzy-

(SNP) s mo Sequence Restriction products

A: 104+57+45+37+15+11

13320317081 A/T  Mnll CCTC (7/6) T: 04457+45+37-+15+11+10

G: 103+58+46+28+26
C: 149+58+28+26

G: 103+60+46+28+24
C: 149+60+28+24

G: 70+61+61+37+30+9
C: 98+70+61+30+9

C: 131+106+26+7

Hhal GCG/C

HinP11 G/CGC
15706045634 G/C
Mwol GCNNNNN/NNGC

BstUL COCG 3740647
Faul  CCCGC@6) /(if ;g‘l‘iggm

13696805316  G/A

Mall CCTC (7/6) G: 104+57+45+37+15+11

A 104+57+37+23422+15+11

Table 4
Restriction enzymes specification for Fragment 2

Variant ~ Alle- .
lDEZIS]?\InP) I%e Enzyme  Sequence Restriction products

Table 2
PCR primers specification
Mg Frag-
Frag- Ex Pri Primer Tm Cb, ment Variant IDs
ment# on mer sequence °C m lenght, (SNPs)
M bp
F1 5-ACGACGTGCT 15789641834,
CACCCACCT-3' 15698799571,
Frag.1 2 5- 60 20 270 1s320317081
R1 GCCTCTTGGCTGG 15706045634,
AAGTGG-3' 15696805316
5- 15331656839
F2 TGAACAGGGTCCC 15338419951,
GAAGG-3' 15318799866,
15705219838,
15791103453
Frag.2 2 s- 6220 44 330770001,
R2 TTAAGCAGCTCCC 15691116673
GGAACA-3 341711614
15325294961
51108662349
3 5-AGCCTCCCTA 18698738374,
GCTCTGGTGT-3' rs1113181409
Frag.3 4 5- 60 20 279 15705602819,
R3 GCACTTCGCCTAA 15324499091
AAACGAC-3' 15332450148

The design of endonucleases necessitated identifying enzymes that,
upon processing the PCR amplificates, would produce restriction frag-
ments detectable through electrophoretic separation in either polyacryl-
amide or agarose gels. The summarized information is presented in Tab-
les 3-5. For each SNP, multiple endonuclease variants are provided where
feasible, ensuring a maximum of one endonuclease from a specific group
of isoschizomers.

Table 3
Restriction enzymes specification for Fragment 1

C:434+10
A: 444
G:444
C: 195+103+58+38+26+15+7
StyD4l  /CCNGG  A: 195+130+58+38+15+7
G: 195+104+58+38+26+15+7
C: 344+73+27
Xmal C/ICCGGG A:371+73
G:371+73
C: 151+106+87+73+27
Aval  C/YCGRG A:151+114+106+73
G: 151+114+106+73
C: 195+104+58+38+38+14+7
Hpall C/ICGG  A:195+132+58+38+14+7
G: 195+105+58+38+27+14+7
C: 195+103+58+37+27+13+7
Neil CC/SGG  A:195+132+58+38+13+7

GGGAC(10/

BsmFI 14)

13331656 C/A/

szlsl;?}t,)u) Algse- me) i Sequence Restriction products

C: 103+58+46+28+26
A: 103+58+46+30+26
C: 103+60+46+28+24
A: 103+60+46+30+24
C: 192+45+26+7

A: 192452426

Hhal GCG/C
HinP1I G/CGC

15789641834 C/A  Cac8l GCN/NGC

BigZI GCGATG(10/14) iﬁ%g .
cdt - cATCGet) SO
ool amac R
Rsal Grac NP
15698799571 A/T A: 221449
BpMI  ACCTGC@) 1570
A21HA0H30424424+12+1247

Setl ASST/ T: 1214+54+40424+12+1247

89 @ G- 195+104+58+38+28+13+7
C: 13041 14+63+58+38+10+13
BSINI  COWGG  A: 13941 14+63+58+28+19+13+10
G 139+1 14+63+58+38+19+13
C:195+103+58+38+28+13+7
SaFl  CONGG  A: 195+132+58+38+13+7
G- 195+104+58+38428+13+7
C: 344471429
Smal  CCCIGGG A:3734+71
G-373+71
C: 32249012448
EC‘;CI”O RG/IGNCCY A: 322490+24+8
G- 300+90+24+22+8
C: 1561971901324 224 22494747
NIV GGNNCC  A: 156+ 19+90+32+22+9+7+7
G 156+97+90+3242242149+7+7
335419
e TN _ _
A 251H103
Bl CCATC@S) 52211198
s CONNNNN/ A:271+114424420+14
8T NNGG G 271479435420420+14
866 A 2714127432414
Banl  GIGYRCC 5571.480+45+32+14
A 156497490432422422494+747
NV GGNNCC 5y 56100+:52-+45130420+20-1947+7
705219
ggg T — — —
Bbv GCAGC  C: 123+118+85+47+35+21+15
®12) T 123+118+82+4735121+15
C: 9898+93-+60+47+40+8
Tsel  GICWGC  1.98.105103+60+47+40+8
1791103 C: 43648
453 T AWl AGCT  plai)iosie
. C:120H96+66+65+32+25+13+12+8+7
Acil  CCGCEFD T71601120+65+32425+13+12+8+7
MspAll CMGICKG G 7198
CCANNNN C: 444
PAML - “\1GG T2 330+114
C: 151+106+87+73+27
‘S3§gl770 cor  Aval CYCGRG 15381 106+73+27
Hipy 1881 C: 328105411
m TONNGA a3

BsmAl ~ GICTC  C:208+119+117
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Variant ~ Alle-

ID(SNP) _les Enzyme  Sequence Restriction products Table 5
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Fig. 4. Electrophoresis of PCR amplification fragments in a 1.8% agarose

BsHI  G/CGCGC g 43‘246+ 58 gel: M represents the molecular weight marker (pBR322/MspI)
A GG/CGCGC G:386+58 Figure 5 provides a representative illustration of pig genotyping for
C A4 the SNPs 15698799571 and 15706045634 within the TERT gene.
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Fig. 5. Electrophoregram of the products of restriction endonucleases Rsal and Hhal for SNPs 1s698799571 and rs706045634, respectively, in an 8%
polyacrylamide gel of Fragment 1 of the pig 7ERT gene: M represents the pBR322/Mspl molecular weight marker; numbers 8 and 9 represent Fragment
1 amplified in PCR; numbers 1, and 4-6 represent animals with AT genotype, 2, 3, and 7 denoting animals with AA genotype as per SNP rs698799571;
additionally, 10 and 12 represent animals with CC genotype, 11 and 15 denote animals with GC genotype, and 13, 14, 16, and 17 represent animals with
GG genotype as per SNP 15706045634

Discussion

(Zos-Kior et al., 2021), minimization of the negative impact of agricultural
production (Zos-Kior et al., 2020; Brockova et al., 2021) and antibiotic

resistance (Vashchenko et al., 2022).
The TERT gene performs important biological functions in organisms
of various species. Analysis of the NCBI database shows that orthologs of

The problem of age-related changes in the human body and other bio-
logical objects is a global problem, the relevance of which is obvious and
occupies a position alongside such problems as environment preservation
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this gene are present in a wide range of vertebrates. It is likely that this
gene is present in vertebrates in general, given the mechanisms common
to this taxonomic group to maintain genome stability by lengthening telo-
meres. However, data on the nucleotide sequence of TERT are so far
limited to only those species for which whole-genome sequencing has
been performed. Moreover, analysis of the NCBI database and BLAST
search showed that 7ERT homologues (often referred to as 7ERT-like
proteins) are known in representatives of priapulids, arthropods, flat-
worms, mollusks, brachiopods, nematodes, echinoderms, cnidarians,
sponges, as well as fungi and plants.

In a previous study (Peka et al., 2023), we demonstrated that the pig
TERT gene shares a high percentage of similarity with other animal spe-
cies. For instance, the identity of the coding part is 77.7% for humans,
66.1% for mice, 45.6% for frogs, and 49.3% for zebrafish. Additionally,
the identity of the genetic sequence with closely related species, such as
cows, sheep, goats, and horses, is generally over 80%.

A phylogenetic tree is based on the coding sequences of TERT genes
from various biological animal species. It is worth noting that this tree
accurately reflects the real taxonomic relationships between animals: clo-
sely related animals have a smaller distance on this tree than those species
belonging to different taxonomic groups. Thus, the results of the phyloge-
netic analysis based on the data on TERT of biological species can, to
some extent, be used to assess the evolutionary relationships between spe-
cies, as they partially reflect the general similarity of the genomes of orga-
nisms and are consistent with the data from other studies. For example, in
another study, genetic similarities were evaluated, and phylogenetic analy-
sis of biological species was carried out based on mitogenomic nucleotide
sequences (Abdoli et al., 2018), which is a recognized method in phyloge-
netic studies. It generally agrees with the results presented here, and the
phylogenetic tree built on the basis of mitogenomic sequences is very si-
milar to the TERT sequences-based one.

Simultaneously, the following arguments can confirm the thesis about
the importance of researching polymorphisms in the pig 7ERT gene.
Despite the prevalence of this gene among vertebrates and the high degree
of similarity between genetic sequences in different species, this gene is
extremely polymorphic. For instance, according to the Ensembl database,
humans have 7 transcripts of this gene, of which 4 are protein coding and
give different TERT isoforms, and cats have a total of 10 7ERT trans-
cripts, each of which yields its own isoform of the enzyme of varying
lengths. One isoform of 7ERT is known for pigs, but further research into
polymorphisms in the 7ERT gene, particularly those that can influence the
mechanisms of regulation of gene expression, for example, cause alterna-
tive splicing or the use of alternative promoters, can form the basis for the
discovery of new TERT isoforms that may function differently. This, in
turn, could be associated with the phenotype of animals and used in
marker-associated selection.

In this study, focus was given to the examination of the SNPs in the
pig TERT gene with known chromosomal locations, enabling their unam-
biguous identification through data available in the Ensembl database.
Each type of polymorphism is likely to exert a distinct effect on gene ex-
pression processes and the functionality of the protein molecule it encodes.
Consequently, they are anticipated to impact the animal’s phenotype diffe-
rently. Polymorphisms located in the upstream and downstream regions,
as well as variants in the 5'- and 3'-UTR, are evidently expected to influ-
ence gene expression, its regulation by transcription control factors, pre-
mRNA processing, and mature mRNA stability (Albert, 2011; Steri et al.,
2018). Even though synonymous polymorphisms do not directly alter the
amino acid sequence in the translation product, they indirectly influence
the efficacy of this process due to the varying availability of tRNAs
corresponding to specific amino acids for post-translational protein proces-
sing (Elf et al., 2003; Sauna et al., 2011). Conversely, missense polymor-
phisms are likely to have the most conspicuous impact, given their direct
influence on the amino acid sequence in the protein molecule and its func-
tional activity. The latter can determine the effects on specific molecular
processes occurring within cells where this product of gene expression is
involved, subsequently leading to phenotypic alterations. It is important to
note that the effect of distinct missense polymorphisms on 7ERT enzyme
functionality may not be uniform, as it also hinges on the conservativeness
or radicality of each amino acid substitution caused by a particular missen-
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se polymorphism. Consequently, the substitution of amino acid residues
with those possessing substantially different physicochemical properties
can significantly affect the processes of folding and higher-level organiza-
tion of the TERT molecule, as well as the enzyme’s ability to interact with
other components of the telomerase complex and perform its molecular
function.

In a prior study (Peka et al., 2023), it was projected that certain poly-
morphisms, namely 15789641834 (TEN domain, substitution L158M),
15706045634 (TEN domain, R201P), rs325294961 (TRBD domain,
R354G), and 15705602819 (RTD domain, R629W), could potentially
have a substantial impact on the structural and functional properties of
TERT. The first three of these polymorphisms are situated in the Exon 2,
while the last is in the Exon 4. Given that these exons also encompass a
notable number of other polymorphisms, their study by molecular genetic
methods and an assessment of their association with phenotypic traits
holds promise for the development of new genetic markers of animal
productive traits.

As shown in Tables 3-5, restriction endonucleases are available for
most SNPs. Consequently, these polymorphisms can be analyzed in
population and association studies utilizing the PCR-RFLP method. The
selection of a particular restriction endonuclease, especially in cases where
multiple endonucleases from different isoschisome groups are available,
may be influenced by specific experimental requirements and the econo-
mic viability associated with using a particular endonuclease.

Thus, the presented PCR-RFLP system comprehensively covers 20
polymorphisms located in two exons of the pig 7ERT gene, for the
majority of which there are corresponding restriction endonucleases. This
system facilitates population and association studies to investigate the dis-
tribution of polymorphic alleles within pig populations of various breeds
and their associations with the animals’ phenotypes. Notably, the PCR-
RFLP system enables analysis of the four most critical missense potymor-
phisms (15789641834, 15706045634, 1s325294961, and 1s705602819),
whose potential influence on the structural and functional properties of
TERT has been previously predicted. Additionally, other polymorphisms,
particularly synonymous variants, hold significance for analysis as they
are in proximity to missense polymorphisms and likely exhibit linkage
disequilibrium, serving as markers for the latter.

Further research will allow hypotheses to be tested conceming the
potential influence of TERT gene polymorphisms on the enzyme’s
functions and, consequently, on the animal phenotype. The utilization of
the developed PCR-RFLP system thus lays the foundation for subsequent
experimental validation of 7ERT as a marker gene in marker-associated
selection of pigs and other types of farm animals.

Conclusions

The TERT gene is considered a promising candidate for marker-asso-
ciated selection, with SNPs within it being of special interest due to their
potential impact on the enzyme encoded by the TERT gene, crucial for
telomere length maintenance and genome stability. This study thoroughly
analyzed the exon-intron structure of the 7ERT gene and highlighted the
significance of investigating SNPs located in Exon 2 and Exon 4. The de-
velopment of the PCR-RFLP system for these SNPs involved primer and
restriction enzyme design, along with optimization of PCR amplificate
synthesis conditions. The subsequent step involves analyzing the effect of
the studied SNPs on the phenotype and evaluating potential correlations
between specific allelic variants in the animals’ genotypes and their pro-
ductive traits. This, in turn, lays the groundwork for utilizing TERT gene
polymorphisms as novel markers in animal breeding and their integration
into marker-associated selection practices.
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