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Streszczenie

Badania zostaly zrealizowane w ramach projektu “ERA NET SUSAN: Increasing
productivity, resource efficiency and product quality to increase the economic competitiveness
of forage and grazing based cattle production systems”. Projekt zrealizowano w ramach
konsorcjum jednostek naukowych Newcastle University, Instytutu Genetyki i Hodowli
Zwierzat PAN w Jastrzebcu, Swedish University of Agricultural Sciences, Research Institutes
of Sweden, Kiel University, University of Padova. Wyniki badan opublikowano w postaci 1
pracy przegladowej (publikacja P1) oraz 3 prac badawczych opartych na 5 rasach bydta,
w ktorych faczna liczebno$¢ zwierzat wyniosta 237 sztuk, w tym doswiadczenie 1 (publikacja
P2): polska holsztynsko-fryzyjska (16), limousine (18), charolaise (17), hereford (16);
do$wiadczenie 2 (publikacja P3): holsztynsko-fryzyjska (45) oraz mieszance F1
charolaisexholsztynsko-fryzyjska (60) oraz do§wiadczenie 3 (publikacja P4): hereford (65).

W pierwszej publikacji (P1) dokonano przegladu literatury dotyczacej tematyki
polimorfizmu pojedynczych nukleotydow i ich roli w osigganiu postepu genetycznego na 4
genach kandydujacych takich jak miostatyna (MSTN), tyreoglobulina (TG), kalpaina (CAPN)
oraz kalpastatyna (CAST). W przegladzie literatury uwzglgdnionych zostato 130 pozycji
literatury z zakresu hodowli bydta migsnego, polimorfizmu genéw, ich wplywu na
ksztaltowanie jako$ci migsa wotowego oraz zdrowotnos$ci zwierzat. Analiza literatury
wykazala istotng rol¢ polimorfizmu omawianych genow w nowoczesnej hodowli bydta przez
wzglad na ich wptyw na roéznice produkcyjne oraz cechy jakosciowe migsa. W przypadku genu
kodujacego MSTN wykazano jego zwigzek z hipertrofia miesni, ktora determinuje ceche
okreslang jako dwuposladkowos$¢. Wplywa ona na zwigkszony udziat miesni w tuszy oraz
lepsze przyrosty, jednak moze zwigksza¢ czestotliwos¢ wystgpowania trudnych porodow.
Stwierdzono rowniez zwiazek polimorfizmu genu TG ze stopniem marmurkowato$ci migsa
oraz udzialem tluszczu w tuszy. Migso o wigkszej zawartosci tluszczu $rodmigsniowego
cechuje lepsza kruchos¢, soczysto$¢ i smakowitosc¢, czyli istotne z punktu widzenia konsumenta
cechy organoleptyczne. Ponadto, przeglad literatury z zakresu uktadu genéw kalpaina-
kalpastatyna wykazat ich istotny wptyw na cechy jakosciowe migsa. Polimorficzne formy obu
gendéw wykazywaly zroznicowany stopien i tempo zmian poubojowych, co ksztattuje kruchos¢,
soczystos¢ 1 smakowito§¢ migsa. Omowione geny stanowig istotne czynniki determinujace
jakos¢ migsa, co jest szczegdlnie wazne W hodowli bydta migsnego. Wykorzystanie wiedzy z
zakresu polimorfizmu genow w pracach hodowlanych moze w znaczacym stopniu poprawic¢

cechy jakosciowe migsa, konformacj¢ tuszy oraz tempo przemian poubojowych.



W drugiej publikacji (P2) przeprowadzono badania wartosci odzywczej oraz statusu
antyoksydacyjnego migsa wolowego trzech wiodacych ras migsnych (limousine, charolaise,
hereford) utrzymywanych w Polsce w poréwnaniu do najpopularniejszej uzytkowanej w kraju
rasy mlecznej (polskiej holsztynsko-fryzyjskiej), przy zastosowaniu jednolitego programu
zywieniowego. Badania przeprowadzono na probkach mig$nia potbloniastego oraz krwi
pobranych od 67 buhajow, w tym 18 limousine (LM), 17 charolaise (CH), 16 hereford (HH) i
16 polskiej holsztynsko-fryzyjskiej (PHF). Probki te poddano szczegdétowym analizom
obejmujacym podstawowy sktad chemiczny, profil kwasow thuszczowych, zawartos¢ witamin
rozpuszczalnych w tluszczach i B-karotenu, poziom bioaktywnych sktadnikow frakceji
biatkowej oraz wskazniki stresu oksydacyjnego (DAP, TAS, MDA). Wyniki wskazaty na
przewage ras migsnych w ksztalttowaniu si¢ zawarto$ci biatka w analizowanym mig$niu oraz
nizszej zawarto$ci kolagenu. Najwyzsza zawarto$¢ thuszczu wykazana zostata u rasy HH.
Analiza funkcjonalnych kwasow thuszczowych oraz witamin wykazala najwyzsze poziomy w
grupach LM i CH, co sugeruje ich wyzszy potencjat antyoksydacyjny. Podobna zaleznos$¢
wykazana zostata rowniez w przypadku ksztattowania si¢ TAS 1 DAP. Ponadto st¢zenie MDA
bylo najnizsze u LM i1 CH. Analiza 6. bioaktywnych sktadnikow frakcji biatkowej, w kazdym
przypadku wykazata lepsze predyspozycje ras migsnych wzgledem PHF, co wskazuje na
istotny zwigzek rasy z potencjatem antyoksydacyjnym i wartoscig odzywcza migsa wotowego.

W trzeciej publikacji (P3) zaprezentowano wyniki badan dotyczacych wptywu
polimorfizmu pojedynczych nukleotydow w pieciu genach: DGATI1, LEP, SCD1, SREBF1
oraz TG na cechy jako§ciowe migsa wotowego takie jak stopien marmurkowatos$ci, barwa, pH
i smak. Badania przeprowadzono na probkach migénia potbtoniastego oraz krwi pobranych od
105 wolcow, w tym 45 holsztynsko-fryzyjskich (HF) i 60 holsztynsko-fryzyjskichxcharolaise
(HFxCH). Analizy genetyczne wykonano za pomoca metod RFLP oraz PCR. Wyniki
wskazaty, ze polimorfizmy w genach SCD1, LEP, TG i DGATL1 byly zwiazane z konformacja
tuszy oraz cechami jako§ciowymi mi¢sa. Wykazano rowniez zwigzek SREBF1 z otluszczeniem
tuszy.

W publikacji czwartej (P4) przedstawiono wyniki badan dotyczace zalezno$ci miedzy
genami kandydujacymi (DGATI1, LEP, SCDI1) na poziom markeroéw stresu oksydacyjnego.
Hipotezy badawcze zaktadaly wplyw tych genéw na poziom wybranych wskaznikoéw stresu
oksydacyjnego, takich jak dysmutaza ponadtlenkowa (SOD), peroksydaza glutationowa (GPx),
reduktaza glutationowa (GR) oraz dialdehyd malonowy (MDA), a takze na zawarto$¢
antyoksydantow frakcji biatkowej. Badania przeprowadzono na probkach migs$nia

potbtoniastego oraz krwi pobranych od 65 buhajow rasy hereford. Analizowane parametry



obejmowaly podstawowy sktad chemiczny, zawarto$¢ bioaktywnych skladnikoéw frakeji
biatkowej oraz mierniki stresu oksydacyjnego. Analizy genetyczne przeprowadzono metodami
RFLP oraz PCR. Wyniki badan wskazaly, ze genotyp TT w genie DGAT]1 byt skorelowany z
podwyzszonymi poziomami MDA, co sugeruje nasilenie peroksydacji lipidéw oraz uszkodzen
oksydacyjnych. Ponadto zwigkszona aktywno$¢ enzymow antyoksydacyjnych, takich jak
GluRed 1 GPx w tej grupie sugeruje uruchomienie mechanizméw kompensacyjnych w
odpowiedzi na uszkodzenia oksydacyjne. Dodatkowo wyzsze stezenia tauryny, karnozyny i
anseryny w genotypie TT mogg wskazywa¢ na ich role w ochronie przed stresem
oksydacyjnym, podkreslajac adaptacyjne mechanizmy obronne. W przypadku genu LEP,
najwyzsza aktywnos$¢ SOD wykazana zostata w genotypie CT, podczas gdy najwyzszy poziom
TAS w genotypie TT. Roznice te moga sugerowac, ze rdézne warianty genotypow LEP
wplywaja na regulacje odpowiedzi antyoksydacyjnej w odmienny sposob, prawdopodobnie
poprzez roznice w lokalizacji i funkcji izoform SOD. Natomiast analiza SCD1 wykazata, ze
genotyp AA charakteryzowat si¢ najwyzszymi aktywno$ciami GluRed, GPx oraz SOD.
Wyzsze aktywnosci tych enzymow w genotypie AA wskazuja na zwigkszong zdolnos¢ do
efektywnego neutralizowania i zarzadzania stresem oksydacyjnym.

Podsumowujac, wyniki badan wykazaty, ze polimorfizmy w genach DGATI1, LEP,
SCDI1, SREBF1 oraz TG majg istotny wptyw na parametry jako$ci migsa oraz na regulacje
odpowiedzi organizmu na stres oksydacyjny. Zidentyfikowano istotne korelacje mig¢dzy
réznymi wariantami genotypow a poziomami markeréw stresu oksydacyjnego oraz

aktywnos$cig enzymdw antyoksydacyjnych.

Stowa kluczowe: bydto migsne, jakos¢ wotowiny, stres oksydacyjny, geny kandydujace
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Summary

The research was part of the project “ERA NET SUSAN: Increasing productivity,
resource efficiency and product quality to increase the economic competitiveness of forage and
grazing based cattle production systems.” The project was carried out within the consortium of
scientific units of Newcastle University, Institute of Genetics and Animal Biotechnology of the
Polish Academy of Sciences in Jastrzebiec, Swedish University of Agricultural Sciences,
Research Institutes of Sweden, Kiel University, University of Padova. The results of the
research were published as 1 review (publication P1) and 3 research papers based on 5 cattle
breeds with a total of 237 animals, including experiment 1 (publication P2): Polish Holstein-
Friesian (16), Limousine (18), Charolaise (17), Hereford (16); experiment 2 (publication P3):
Holstein-Friesian (45) and F1 crossbred CharolaisexHolstein-Friesian (60); and experiment 3
(publication P4); Hereford (65).

The first publication (P1) reviewed the literature on the impact of genes commonly used
in beef cattle breeding programs. The aim of the study was to discuss the importance of single
nucleotide polymorphism in achieving genetic progress based on the literature based on the
widely studied and described 4 candidate genes such as myostatin (MSTN), thyroglobulin (TG),
calpain (CAPN) and calpastatin (CAST). The literature review included 130 positions in the
field of beef cattle breeding, gene polymorphism, their impact on shaping beef quality and
animal health. The literature review showed the important role of variation in the polymorphism
of the genes in question in modern cattle breeding by considering their impact on production
differences and meat quality traits. In the case of the gene encoding MSTN, its association with
muscle hypertrophy was pointed out, which determines the trait known as double muscling.
It influences an increased proportion of muscle in the carcass and better growth rates, but can
increase the proportion of difficult births. The TG gene polymorphism was also found to be
related to the degree of meat marbling and the proportion of fat in the carcass. Meat with higher
intramuscular fat content has better tenderness, juiciness and palatability, which are important
organoleptic traits. A literature review of the calpain-calpastatin gene system showed their
significant influence on meat quality traits. Polymorphic forms of both of these genes showed
varying degrees and rates of post-mortem changes, which shapes meat tenderness, juiciness and
palatability. The genes discussed are important determinants of meat quality, which is
particularly important in beef cattle breeding. The use of knowledge of the polymorphism of
the discussed genes in breeding work can significantly improve its quality traits, carcass

conformation and the rate of post-slaughter transformation.
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The second publication (P2) investigated the nutritional value and antioxidant status of
beef from three leading beef breeds (Limousine, Charolaise, Hereford) kept in Poland compared
to the most popular dairy breed used in the country (Polish Holstein-Friesian), using the same
feeding program. The aim of the study was to analyse differences in the antioxidant potential
of meat, taking into account the activity of protective mechanisms against antioxidant stress.
The study was conducted on semimembranosus muscle and blood samples collected from 67
bulls, including 18 Limousine (LM), 17 Charolaise (CH), 16 Hereford (HH) and 16 Polish
Holstein-Friesian (PHF). These samples were subjected to detailed analyses including basic
chemical composition, fatty acid profile, fat-soluble vitamin content, levels of bioactive
components of the protein fraction and oxidative stress indices (DAP, TAS, MDA). The results
indicated the advantages of meat breeds in the formation of the protein content of the analysed
muscle and lower collagen content. The highest fat content was shown in the HH breed.
Analysis of functional fatty acids and vitamins showed the highest levels in the LM and CH
groups, suggesting their higher antioxidant potential. A similar relationship was also shown for
the formation of TAS and DAP. In addition MDA concentrations were lowest in LM and CH.
Analysis of the 6 bioactive components of the protein fraction, in each case, showed a better
predisposition of meat breeds toward PHF, indicating a significant relationship between breed
and antioxidant potential and nutritional value of beef.

The third publication (P3) presents the results of a study on the effect of single
nucleotide polymorphisms in five genes: DGAT1, LEP, SCD1, SREBF1, and TG, on beef
quality traits. The study was conducted on semimembranosus muscle and blood samples taken
from 105 bullocks, including 45 Holstein-Friesian (HF) and 60 Holstein-FriesianxCharolaise
(HFxCH). The aim of the study was to determine the relationship between candidate genes
(DGAT], LEP, SCD1, SREBFL1 and TG) and traits related to meat quality such as degree of
marbling, color, pH and flavor. We hypothesized the influence of these genes on meat quality
traits. Genetic analyses were performed using RFLP and PCR methods. The results indicated
that polymorphisms in the SCD1, LEP, TG and DGATL1 genes were associated with carcass
conformation and meat quality traits. SREBF1 was also shown to be associated with carcass

fatness.

The fourth publication (P4) presents the results of a study on the effect of single
nucleotide polymorphisms in three candidate genes (DGAT1, LEP, SCD1) on the level of
oxidative stress markers. The purpose of the study was to determine the relationship between

candidate genes and the antioxidant potential of beef, including oxidative stress markers.
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The research hypotheses included the influence of these genes on the levels of selected
oxidative stress markers, such as superoxide dismutase (SOD), glutathione peroxidase (GPx),
glutathione reductase (GR) and malondialdehyde (MDA), as well as on the antioxidant content
of the protein fraction. The study was conducted on semimembranosus muscle and blood
samples collected from 65 hereford bulls. The parameters analysed included basic chemical
composition, the content of bioactive components of the protein fraction and measures of
oxidative stress. Genetic analyses were carried out using RFLP and PCR methods. The results
indicated that the TT genotype in the DGAT1 gene was correlated with elevated levels of MDA,
suggesting increased lipid peroxidation and oxidative damage. Moreover, the increased activity
of antioxidant enzymes such as GluRed and GPx in this group suggests the activation of
compensatory mechanisms in response to oxidative damage. In addition higher concentrations
of taurine, carnosine and anserine in the TT genotype may indicate their role in protection
against oxidative stress, highlighting adaptive defence mechanisms. In the case of the LEP gene,
the highest SOD activity was shown in the CT genotype, while the highest TAS level was in
the TT genotype. These differences may suggest that different variants of LEP genotypes affect
the regulation of the antioxidant response differently, possibly through differences in the
localization and function of SOD isoforms. In contrast, SCD1 analysis showed that the AA
genotype had the highest GluRed, GPx and SOD activities. The higher activities of these
enzymes in the AA genotype indicate an increased ability to effectively neutralize and manage

oxidative stress.

In summary, the results of the study showed that polymorphisms in the DGAT1, LEP,
SCD1, SREBF1 and TG genes have significant effects on meat quality parameters and the
regulation of the body's response to oxidative stress. Significant correlations were identified
between different genotype variants and levels of oxidative stress markers and antioxidant

enzyme activity.

Keywords: beef cattle, beef quality, oxidative stress, candidate genes
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Wykaz zastosowanych skrotow

al4 — nasycenie koloru czerwonego migsa po 14 dniach
a7 —nasycenie koloru czerwonego mig¢sa po 7 dniach
ATP — adenozynotrifosforan

b14 — nasycenie koloru zéttego migsa po 14 dniach
b7 — nasycenie koloru zottego migsa po 7 dniach
BB - rasa belgijska biato-bfekitna

CAPN - kalpaina

CAST - kalpastatyna

CH —rasa charolaise

CLA — sprzezony kwas linolowy

CoQ10 — koenzym Q10

DAP — stopien ochrony antyoksydacyjnej

Del — delecja

DGAT1 — diacyloglicerol-O-acylotransferaza
DHA — kwas dokozaheksaenowy

DM — podwojne umigsnienie

DM_LWG — przyrost masy ciala na suchej masie
EPA — kwas eikozapentaenowy

F1 — pierwsze pokolenie

GDF — czynnik wzrostu i r6znicowania

GluRed - reduktaza glutationowa

GPx — peroksydaza glutationowa

GR - reduktaza glutationowa

GSH — glutation

HH — rasa hereford

IMF — thuszcz §rédmig$niowy

L14 — jasnos¢ migsa po 14 dniach

L7 — jasno$¢ migsa po 7 dniach

LA — kwas linolowy

LEP — leptyna

LM — rasa limousine

LSM — $rednia najmniejszych kwadratéw
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LWG — przyrost masy ciata

MDA - dialdehyd malonowy

MUFA — jednonienasycone kwasy tluszczowe

ME_LWG — wykorzystanie energii metabolicznej na przyrost masy ciata
MSTN — miostatyna

n-3 — kwasy tluszczowe omega-3

n-6 — kwasy thuszczowe omega-6

pH 14 — wartos¢ pH po 14 dniach

pH 7 — warto$¢ pH po 7 dniach

PHF — rasa polska holsztynsko-fryzyjska

PUFA — wielonienasycone kwasy tluszczowe

RFT — reaktywne formy tlenu

SCD1 — Stearylo-CoA desaturaza

SE — btad standardowy

SFA —nasycone kwasy tluszczowe

SNP — polimorfizm pojedynczego nukleotydu

SOD - dysmutaza ponadtlenkowa

SREBF1 — czynnik transkrypcyjny wigzacy elementy regulacyjne steroli
TAS — catkowity status antyoksydacyjny

TG — tyreoglobulina

VA — kwas wakcenowy

WiIthaw14 — utrata masy podczas rozmrazania (%) po 14 dniach

WIthaw?7 — utrata masy podczas rozmrazania (%) po 7 dniach

16



Zbior publikacji naukowych wchodzacych w sklad dysertacji doktorskiej pt.
wZaleznos¢ miedzy genami kandydujacymi, a ksztaltowaniem si¢ potencjatu
oksydacyjnego mi¢sa wolowego”

Rozprawe doktorska pt.: ,,Zastosowanie transkryptomiki, epigenomiki i proteomiki w
analizie ekspresji gendéw ksztaltujacych potencjal antyoksydacyjny migsa wotowego —
zalezno$¢ migdzy genami kandydujacymi a ksztattowaniem si¢ potencjalu antyoksydacyjnego
migsa wotowego” stanowi zbiodr czterech opublikowanych i1 powigzanych tematycznie

artykutéw naukowych:

P1. KOSTUSIAK P., SLOSARZ J., GOLEBIEWSKI M., GRODKOWSKI G., PUPPEL K.
(2023). Polymorphism of genes and their impact on beef quality. Current Issues in
Molecular Biology, 4749-4762.

IF =2,8; 70 pkt.

P2. KOSTUSIAK P., SLOSARZ I, GOLEBIEWSKI M., SAKOWSKI T., PUPPEL K.
(2023). Relationship between beef quality and bull breed. Animals, 13, 1-16.
IF = 2,7; 100 pkt.

P3. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genetic markers related to

meat quality properties in fattened HF and HF x Charolaise steers. Genes, 5, 1-16.
IF =2,8; 100 pkt.

P4. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genotype-dependent
variations in oxidative stress markers and bioactive proteins in Hereford bulls:
associations with DGATL, LEP, and SCD1 genes. Biomolecules, 14, 1309.

IF = 4,8; 100 pkt.

Laczny Impact Factor czterech publikacji stanowiacych rozprawe doktorska wynosi
IF = 13,11 370 pkt. wg. punktacji Ministra Nauki. Punktacja jest zgodna z aktualnym wykazem
Journal Citation Reports oraz komunikatem Ministra Nauki z dnia 5 stycznia 2024 r. w sprawie

wykazu czasopism naukowych i recenzowanych materiatow z konferencji migedzynarodowych.

17



1. Wstep

Podstawe produkcji wolowiny w Polsce stanowig migsne oraz mleczne rasy bydta,
ktorym towarzyszg mieszance otrzymywane gtownie na drodze krzyzowania kréw mlecznych
z buhajami miesnymi. Struktura poglowia okreslajgca liczebno$ci ras migsnych i mlecznych
jest zmienna, co wynika gtéwnie z uwarunkowan przyrodniczych i kulturowych (Grodzki i
Przysucha, 2010; Bak-Filipek, 2021). Polska stanowi jeden z nielicznych krajow na $wiecie, W
ktorych bydto migsne stanowi okoto 1% populacji bydta ogotem (Solarczyk i wsp., 2020).
Liczace w 2023 roku ponad 6,4 min sztuk poglowie (GUS, 2023) skupione jest na produkcji
mlecznej, opierajac si¢ glownie na rasie polskiej holsztynsko-fryzyjskiej, co wptywa na jakos¢
produkowanej w kraju wolowiny (Bak-Filipek, 2021). Posréd ras migsnych w Polsce
najpopularniejsza jest limousine, ktoéra stanowi ok. 70% populacji krow czystorasowych, a
kolejne charolaise i hereford odpowiednio ok. 12% i ok. 6% (PZHiPBM, 2023).

1.1 Charakterystyka ras

Liczne pogtowie krow mlecznych, zwlaszcza rasy polskiej holsztynsko-fryzyjskiej,
generuje znaczng liczbe cielat, ktoére moga by¢ przeznaczone do produkceji wolowiny. Niemniej
jednak, doskonalenie w kierunku mlecznym rasy PHF skutkuje nizszymi wynikami w
klasyfikacji EUROP, mniejszymi przyrostami dobowymi oraz nizszymi walorami odzywczymi
migsa. Opas buhajow, wolcéw 1 jalowek ras mlecznych pozwala jednak na efektywne
zagospodarowanie cielgt, ktore sa mniej kosztochtonne w zakupie w poréwnaniu do
czystorasowych cielat ras migsnych. Metoda ta moze poprawi¢ wskazniki wartosci opasowej
oraz zwigkszy¢ efektywnos$¢ ekonomiczng gospodarstw.

Rasa limousine (LM), pochodzaca z Francji, nalezy do czolowych ras bydta migsnego
na $wiecie 1 jest najczesciej uzytkowang rasg migsng w Polsce. Dzieki wykorzystaniu jako
bydto robocze, rasa limousine wyksztalcita pozadane cechy fenotypowe, ktore przektadajg si¢
na wysoka wydajno$¢ rzezng oraz korzystny sktad morfologiczny tuszy. Charakteryzuje si¢
wysoka wydajnoscig poubojows, ktora sigga 67,5% (Jasiorowski i Przysucha, 2004; Grodzki,
2008), duzym udziatem mig$ni w tuszy (75%), niskg zawartoscig thuszczu oraz szybkim
tempem wzrostu, co czyni jg preferowang rasg zarowno wsrod producentow, jak 1 konsumentow
poszukujacych migsa o niskiej zawartosci tluszczu. Jest to rasa pdzno dojrzewajaca, a
usredniona masa urodzeniowa buhajkow czystorasowych oscyluje w granicach 38 kg i 35 kgu
jaléwek. Problemy z wycieleniami nie sg czeste, a opiekunczos¢ jest dobra, jednak wystepuja

w przypadku tej rasy zachowania agresywne matek w stosunku do cziowieka. Usrednione
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przyrosty dobowe masy ciata na 210 dni wynosza 1010 g/dzien u jatéwek i 1096 g/dzien u
buhajkoéw, przyrosty moga jednak przekracza¢ 1300g dziennie. Masa ciata dojrzatych buhajow
przekracza 1100 kg i 145 cm wysokosci w kigbie, natomiast krowy 600 kg 1 135 cm.
Predyspozycje genetyczne tej rasy daja duze mozliwosci rowniez w krzyzowaniu towarowym
z krowami ras mlecznych, od ktorych pozyskiwane cielgta majg mas¢ urodzeniowg i przyrosty
dzienne zblizone do czystorasowych odpowiednikow (Kostusiak i wsp., 2019).

Rasa charolaise (CH), roéwniez wywodzi si¢ z Francji 1 jest kolejnym przyktadem rasy
o wysokiej wydajnosci rzeznej osiagajacej 65%. W przesztosci byla najczes$ciej wybierang rasa
migsng w Polsce, jednak ze wzgledu na wigksze ryzyko trudnych porodéw oraz sktonno$¢ do
otluszczenia tuszy przy nieodpowiednim zywieniu, jej popularno$¢ ustapila miejsca rasie LM.
Obie te rasy maja potencjatl do uzyskiwania wysokich mas ciata przy stosunkowo niskim
poziomie ottuszczenia, jednak ich petny potencjal produkcyjny moze by¢ osiggnigty jedynie
przy wlasciwym zywieniu i odpowiednich warunkach utrzymania (PZHiPBM, 2023). Jest to
rasa pdzno dojrzewajaca, a usredniona masa urodzeniowa buhajkéw czystorasowych oscyluje
w granicach 43 kg 1 40 kg u jatowek, co w polaczeniu ze stosunkowo duza gtowa cielat przy
porodzie powoduje zwigkszony udzial trudnych porodéw. Usrednione przyrosty dobowe masy
ciata na 210 dni wynosza 1085 g/dzien u jalowek i 1185 g/dzien u buhajkdéw, przyrosty moga
jednak sigga¢ 1300-1400 g/dzien, a nawet 1500g dziennie. Masa ciata dojrzatych buhajow
przekracza 1300 kg i 150 cm wysokosci w kiebie, natomiast krowy 700-900 kg i 140 cm
(Jasiorowski i Przysucha, 2004; Kostusiak i wsp., 2019).

Brytyjska rasa hereford (HH) zyskala popularno$¢ dzigki swoim cechom
umozliwiajacym jej uzytkowanie w ekstensywnych systemach produkcji. Rasa hereford
wyroznia si¢ tatwoscig wycielen, niskimi wymaganiami paszowymi oraz duza odporno$cia na
niekorzystne warunki srodowiskowe. Rasa ta moze by¢ efektywnie utrzymywana na terenach
o niskiej jako$ci pastwisk oraz przy ograniczonej interwencji cztowieka, co znaczaco obniza
koszty produkcji. Migso pochodzace od bydia rasy hereford wzgledem ras francuskich
charakteryzuje si¢ wyzszym poziomem marmurkowatosci, czyli zawartoscig thuszczu
srédmigsniowego, co pozytywnie wptywa na jego walory organoleptyczne, zyskujac uznanie
wsrod konsumentow na catym $wiecie (Jasiorowski i Przysucha, 2004). Jest to rasa wczesnie
dojrzewajaca, a usredniona masa urodzeniowa buhajkow czystorasowych oscyluje w granicach
35 kg i 32 kg u jatowek, czego efektem sg tatwe porody nawet w trudnych warunkach chowu
ekstensywnego. Usrednione przyrosty dobowe masy ciata na 210 dni wynosza 1000 g/dzien u
jatowek 1 1100 g/dzien u buhajkoéw. Masa ciata dojrzalych buhajéw siega 1000 kg i 135 cm
wysokosci w kiebie, natomiast krow 550-600 kg i 130 cm (PZHiPBM, 2023). Potencjal
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wykorzystania tej rasy nie zostal jeszcze w petni odkryty w Polsce, ktéra posiada stosunkowo
duzy areat stabszych ziem, mogacych stanowi¢ baz¢ paszowa dla mniej wymagajacych ras

bydta mig¢snego, do ktorych zaliczany jest hereford (Kostusiak i wsp., 2019).

1.2 Krzyzowanie towarowe oraz wypierajace

Krzyzowanie towarowe jest powszechnie stosowang metoda w hodowli zwierzat,
majaca na celu poprawe cech uzytkowosci opasowej i rzeznej potomstwa. Proces ten polega na
wykorzystaniu nasienia buhajow ras migsnych, takich jak LM, CH, czy belgijska biato-bt¢kitna
(BB), w inseminacji krow ras mlecznych, na przyktad rasy PHF. Efektem krzyzowania jest
uzyskanie cielgt wykazujacych lepsze przyrosty, efektywniejsze wykorzystanie paszy oraz
korzystniejsza konformacj¢ tuszy. Kluczowym czynnikiem warunkujagcym poprawe tych cech
jest zjawisko heterozji, okre$lane rowniez jako "wybujatos¢ mieszancoOw", ktore prowadzi do
wyraznej poprawy cech opasowych u pierwszego pokolenia mieszancow (F1). Heterozja
sprzyja wigkszej heterozygotycznosci loci genow w porownaniu do zwierzat czystorasowych,
poprawiajac  wyniki produkcyjne potomstwa. Jednakze heterozja jest ograniczona do
pierwszego pokolenia F1. Aby podtrzymac ten efekt, nalezy stosowac krzyzowanie rotacyjne,
czyli wprowadzanie kolejnych ras lub linii genetycznych. Z tego wzgledu krzyzowanie
rotacyjne nie jest powszechnie stosowane w produkcji mlecznej. Niemniej jednak, krzyzowanie
towarowe, z uwagi na poprawe wskaznikow wartosci opasowej i rzeznej oraz efektywnosci
ekonomicznej, jest uznawane za optacalng strategi¢, zwlaszcza w kontekscie duzej skali
produkcji mlecznej w Polsce oraz rosngcego zapotrzebowania na wolowine o wyzszej jakosci
odzywczej (Pogorzelska, 2007).

Zmiana profilu gospodarstwa z produkcji mlecznej na migsng stanowi jednak
wyzwanie, gtdéwnie ze wzgledu na wysokie koszty zwigzane z zakupem czystorasowych
zwierzat ras migsnych, co przektada si¢ na dlugi okres zwrotu inwestycji, zwlaszcza w
kontekscie braku dochodow az do momentu sprzedazy odsadkow lub zakonczenia opasu. W
takich przypadkach krzyzowanie wypierajace stanowi istotng alternatywe, polegajaca na
systematycznym kojarzeniu kréw dowolnej rasy z buhajami ras migsnych w kolejnych
pokoleniach. W efekcie, krzyzowanie wypierajace umozliwia stopniowg transformacje stada
przy jednoczesnym ograniczeniu kosztow i ryzyka zwigzanego z zakupem czystorasowego

bydta migsnego (schemat 1).
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Schemat 1. Zmiany w udziale procentowym genotypu w krzyzowaniu towarowym.

Krzyzowanie wypierajace oferuje wiele korzysci, w tym utrzymanie ciggltosci produkcji
przy wykorzystaniu istniejacego stada. Metoda ta umozliwia stopniowe wprowadzanie zmian
w profilu produkcyjnym, poniewaz kazde kolejne pokolenie bedzie charakteryzowato sie
wyzszym udzialem gendéw od zwierzat czystorasowych. Niemniej jednak, znaczaca wada
krzyzowania wypierajacego jest czas potrzebny na osiaggni¢gcie docelowego stada
czystorasowego. Proces ten wymaga dtugotrwalego cyklu, obejmujacego zacielenie, cigz¢ oraz
osigganie dojrzatosci hodowlanej przez kilka kolejnych pokolen. W zwiazku z tym,
krzyzowanie wypierajace wymaga starannego planowania oraz dlugoterminowego
zarzadzania, aby optymalizowa¢ wyniki hodowlane oraz finansowe (Grodzki i Przysucha,
2004).

1.3 Geny kandydujace ksztaltujace jakos¢ migsa wolowego
1.3.1 DGAT1 acetylotransferaza diacyloglicerolowa 1

Enzym diacylo-glicerol acylotransferaza 1 (DGAT1) jest kluczowym elementem
w szlaku biosyntezy trojglicerydow, katalizujagcym estryfikacje diacyloilo-glicerolu (DAG)
z kwasami tluszczowymi. Jako enzym mikrosomalny, DGAT1 odgrywa istotng role

w metabolizmie lipidow 1 ksztaltowaniu wiasciwosci ttuszezow. Polimorfizm genu DGAT1
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moze prowadzi¢ do istotnych réznic w ksztaltowaniu si¢ jakos$ci odzywczej i sensorycznej
mig¢sa wotowego. Szczegolnie interesujace sg polimorfizmy takie jak ¢.572A>G i ¢.1416T>G,
ktore mogg wptywac na odktadanie si¢ thuszczu podskornego, stopien marmurkowatosci, barwe
tluszczu oraz site cigcia migsa. Zmiana K232A, polegajgca na substytucji lizyny na alaning,
zostala powigzana ze zwigkszeniem zawarto$ci ttuszczu podskornego. Ponadto polimorfizmy
w genie DGATI1 moga rowniez modulowac profil kwasow tluszczowych, co ma istotne

konsekwencje dla jako$ci migsa i jego walorow odzywczych (Zalewska i wsp., 2021).

1.3.2 SCD1 desaturaza 1 stearylo CoA

Gen SCD kodujacy synteze kwasow thuszczowych jest kluczowym elementem w szlaku
biosyntezy lipidow, odpowiedzialnym za desaturacj¢ nasyconych kwasow ttuszczowych (SFA)
do jednonienasyconych kwasow ttuszczowych (MUFA) (Bartoni i wsp., 2016; Ladeira i wsp.,
2016). Enzym SCD katalizuje reakcje wstawienia podwojnych wigzan w tancuchu weglowym
kwasow tluszczowych, co jest istotnym procesem w regulacji profilu kwaséw thuszczowych
1 metabolizmu lipidow w organizmach zwierzecych. Polimorfizm T878C w genie kodujacym
SCD, szczegolnie w uktadzie homozygotycznym CC, koreluje z podwyzszong zawartoscia
MUFA w tkance mig$niowej. Zmiana ta modyfikuje sktad lipidowy, co ma istotny wptyw na
wlasciwos$ci sensoryczne migsa, takie jak smak, soczystos¢ i tekstura. Dodatkowo, polimorfizm
2.7534G>A w obrgbie tego genu jest zwiazany z roznicami w stopniu marmurkowatosci migsa.
Wariant GG wykazuje wyzsza akumulacj¢ tluszczu $rodmigsniowego w pordéwnaniu do
wariantu CC, co przektada si¢ na zwigkszong marmurkowato$¢ migsa oraz poprawe jego
walorow sensorycznych, takich jak soczysto$¢ 1 smakowito$¢. Analiza tych wariantow
genetycznych oraz ich wptywu na profile lipidowe jest kluczowa dla precyzyjnego zarzadzania
programami hodowlanymi, majacymi na celu optymalizacj¢ cech jakosciowych migsa
wolowego. Wiedza ta jest istotna dla doskonalenia metod selekcji oraz poprawy warto$ci
rynkowej migsa poprzez genotypowanie 1 selekcje zwierzat o pozadanych cechach

fenotypowych (Zalewska i wsp., 2021).

1.3.3 LEP leptyna

Leptyna jest hormonem polipeptydowym syntetyzowanym przez adipocyty,
odgrywajac istotng role w regulacji homeostazy energetycznej oraz apetytu. Gen kodujacy
leptyne (LEP) znajduje si¢ na 4. chromosomie i zawiera liczne polimorfizmy genetyczne, ktore

moga modyfikowa¢ cechy uzytkowe i fenotypowe bydta. Polimorfizmy takie jak UASMS2
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oraz C1180T w obrebie genu LEP maja istotne znaczenie dla fenotypowych cech migsa.
Polimorfizm UASMS2, wplywajacy na regulacj¢ ekspresji leptyny, jest zwigzany
z roznicami w akumulacji thuszczu podskornego, natomiast polimorfizm C1180T ma wptyw na
marmurkowato$¢ miesa (Zalewska i wsp., 2021). Marmurkowato$¢, ktora oznacza
intramuskularng obecno$¢ thuszczu, jest kluczowym wskaznikiem jako$ci migsa, poniewaz
wplywa na jego smakowitos¢ i soczystos$¢. Leptyna pelni kluczowa role w regulacji procesow
metabolicznych, takich jak lipogeneza, lipoliza oraz termogeneza, co ma bezposredni wptyw
na zawarto$¢ tluszczu w tuszy (Friedman i Halaas, 1998). Genotypy zwigzane z wyzsza
aktywnoscia leptyny moga determinowaé zmiany W zawartosci thuszczu, co jest wazne w

ksztattowaniu jakosci migsa wotowego (Carvalho i wsp., 2012).

1.3.4 SREBF1

Jednym z kluczowych specyficznych czynnikéw transkrypeyjnych, jest biatko SREBP
(ang. sterol regulatory element-binding protein). SREBP odgrywa kluczowa role w regulacji
biosyntezy lipidow, a jego funkcja jest istotna dla utrzymania homeostazy lipidowe;j
w komorkach. Istniejg dwie gltdéwne izoformy tego biatka: SREBP1 oraz SREBP2, ktore sa
kodowane przez odpowiednie geny SREBF1 i SREBF2. SREBP1 i SREBP2. Dziataja jako
transkrypcyjne aktywatory lub represory gendw, ktore koduja enzymy zaangazowane
w regulacj¢ metabolizmu cholesterolu 1 lipidow. SREBP1 jest gtownie zaangazowane
w regulacje syntezy kwasow thuszczowych, podczas gdy SREBP2 odgrywa kluczowa role
w regulacji homeostazy cholesterolu poprzez kontrolowanie ekspresji genow kodujacych
enzymy biosyntezy cholesterolu oraz receptorow dla LDL (lipoprotein o niskiej gestosci). Obie
izoformy SREBP s3 syntetyzowane w formie nieaktywnej, zwigzanej z blong komorkowa
(Bhuiyan i wsp., 2009). W odpowiedzi na zmiany w stezeniu lipidow, SREBP ulega
proteolitycznej aktywacji, co prowadzi do jego translokacji do jadra komoérkowego. Tam, jako
czynnik transkrypcyjny, indukuje ekspresj¢ genéw zwigzanych z synteza lipidow i regulacja
metabolizmu cholesterolu. Dysregulacja SREBP moze prowadzi¢ do zaburzen metabolicznych,

takich jak hipercholesterolemia czy sttuszczenie watroby.

1.3.5 Tyreoglobulina (TG)

Tyreoglobulina jest gldwnym biatkiem tarczycy 1 stanowi do 75% biatka tego gruczotu.
Wplywa ona na zdolno$¢ akumulacji thuszczu §rodmigsniowego (IMF), okreslanego jako

marmurkowato$¢ migsa. Zwigkszona zawarto§¢ IMF poprawia walory smakowe oraz
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soczysto$¢ miesa, a cecha ta obserwowalna jest u wielu ras migdzy innymi hereford, wagyu,
angus, highland. Produkcja tyreoglobuliny odbywa si¢ w komorkach pecherzykowych
tarczycy, gdzie rowniez jest magazynowana. Stanowi ona substrat do produkcji
trojjodotyroniny (T3) oraz tyroksyny (T4). Odpowiada ona za regulacje metabolizmu, wzrostu,
réznicowania oraz homeostaze komorek thuszczowych, a uwalnianie hormonu nastepuje
poprzez stymulacj¢ komorek tarczycy przez hormon tyreotropowy. Tyreoglobulina 5 jest
jednym z najdtuzszych gendéw u ssakow (Barendse i wsp., 2004; Zalewska i wsp., 2021). U
bydia znajduje si¢ w regionie centromerowym 14. chromosomu i sktada si¢ z 37 eksonow.
Wystepuje w dwoch wariantach allelicznych: TGS5C 1 TGST i trzech genotypach: TG5CT,
TG5DW i TG5T. Zwigkszenie zawartosci IMF jest istotnym czynnikiem determinujacym
jako$¢ wotowiny, ktéra ma rowniez wplyw na jej warto$¢ odzywcza, poprzez tluszcz
$rodmigsniowy zawierajacy witaminy oraz lepszy profil kwasow ttuszczowych w poréwnaniu

do tluszczu okrywowego, bedacego jedynie nosnikiem energii (Zhang i wsp., 2015).

1.4 Zjawisko stresu oksydacyjnego

Stres oksydacyjny jest zjawiskiem zaburzenia roéwnowagi migdzy procesami
oksydacyjnymi a zdolno$ciami obronnymi organizmu, zwigzanymi z aktywnoscia
antyoksydacyjna. Ekspozycja komoérek na reaktywne formy tlenu (RFT) jest naturalnym
mechanizmem, ktory, cho¢ moze petié¢ funkcje sygnalizacyjne w takich procesach jak
proliferacja, roznicowanie i apoptoza komoérkowa, wymaga skutecznej neutralizacji. Wolne
rodniki, bedace formg RFT, sa wysoko reaktywne 1 moga powodowaé powazne uszkodzenia
komorkowe, takie jak zaklocenie integralnosci bton komorkowych, uszkodzenia organelli,
denaturacje 1 agregacj¢ biatek, peroksydacje lipidow oraz mutacje DNA. Dlugotrwata
ekspozycja na RFT moze prowadzi¢ do mutacji genetycznych lub $mierci komorkowej. RFT
dzielg si¢ na rodniki, ktore charakteryzuja si¢ obecnoscig niesparowanego elektronu, oraz na
inne formy niebedace rodnikami. Wolne rodniki powstaja w wyniku roéznych procesow
metabolicznych, w tym niewlasciwego zywienia, stresu psychofizycznego (takiego jak stres
cieplny, czy hatas), oraz infekcji bakteryjnych, wirusowych czy pasozytniczych. Kluczowym
aspektem utrzymania zdrowia zwierzat jest zapewnienie stabilnej homeostazy prooksydacyjno-
antyoksydacyjne;j.

W hodowli bydta prewencja stresu oksydacyjnego polega na zapewnieniu optymalnych
warunkow $rodowiskowych, ktore sprzyjaja eliminacji nadmiaru RET. Srodowisko hodowlane

powinno wspiera¢ mechanizmy obronne organizmu i nie powinno wprowadza¢ dodatkowych
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stresordw, ktore moglyby zwigksza¢ poziom RFT i tym samym przyczynia¢ si¢ do pogltgbiania

stresu oksydacyjnego (Puppel i wsp., 2015).

1.5 Markery stresu oksydacyjnego
1.5.1 Dysmutaza ponadtlenkowa (SOD)

Dysmutaza ponadtlenkowa (SOD) jest kluczowym enzymem w systemie obrony
przeciwutleniajacej, pelnigcym fundamentalng role w mechanizmach eliminacji reaktywnych
form tlenu. Enzym ten katalizuje reakcj¢ dysmutacji anionorodnika ponadtlenkowego (O2") do
nadtlenku wodoru (H20:) oraz tlenu (O2:), co jest istotne dla minimalizacji uszkodzen
oksydacyjnych w komorkach. Dysmutaza ponadtlenkowa wystepuje w trzech glownych
izoformach (SOD1, SOD2, SOD3), réznigcych si¢ lokalizacjg subkompartmentalng oraz
funkcjonalnoscig. Izoforma SODI, obecna gléwnie w cytoplazmie oraz w przestrzeni
migdzyblonowej mitochondridow, peini kluczowa role¢ w neutralizacji anionorodnika
ponadtlenkowego generowanego w cytozolu. Ochrona ta jest istotna dla utrzymania
integralno$ci blon komoérkowych oraz innych struktur komoérkowych przed uszkodzeniami
oksydacyjnymi. SOD2, lokalizowana w macierzy mitochondrialnej, chroni mitochondrialne
DNA 1 biatka przed uszkodzeniami wywotanymi przez RFT, co jest niezbedne dla zachowania
funkcji 1 stabilno$ci mitochondriéw. SOD3, wydzielana do przestrzeni pozakomoérkowe;,
obecna jest w osoczu oraz limfie, gdzie jej funkcja jest ochrona komoérek przed reaktywnymi
formami tlenu generowanymi w przestrzeni mi¢dzykomoérkowej i1 naczyniowej, co ma
kluczowe znaczenie dla utrzymania homeostazy oksydacyjnej na poziomie tkankowym (Zheng
i wsp., 2023). Zmniejszona aktywnos¢ jednej z izoform SOD jest skorelowana ze zwigkszonym
ryzykiem rozwoju stresu oksydacyjnego, ktory moze prowadzi¢ do uszkodzen komédrkowych,
zaburzen funkcji tkanek, a takze do rozwoju choréb zwigzanych z nadmierng akumulacja
reaktywnych form tlenu. Dlatego dysmutaza ponadtlenkowa jest uznawana za kluczowy
komponent systemu obrony przeciwutleniajgcej, niezbedny do utrzymania homeostazy

oksydacyjnej i ochrony przed negatywnymi skutkami deregulacji proceséw oksydacyjnych.

1.5.2 Peroksydaza glutationowa (GPx)

Peroksydaza glutationowa to kluczowy enzym w systemie obronnym przed stresem
oksydacyjnym, ktory katalizuje redukcje nadtlenkow lipidowych oraz nadtlenku wodoru do
wody 1 alkoholu, wykorzystujac glutation jako donor elektronéw. Enzym ten wystepuje w kilku

izoformach (GPx1, GPx2, GPx3, GPx4), ktore rdznig si¢ zarowno lokalizacja w komorce, jak
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1 specyficznoscig substratowa, co pozwala na wieloaspektowa ochrong przed reaktywnymi
formami tlenu. GPx1, obecna gléwnie w cytoplazmie komorek, jest odpowiedzialna za
eliminacj¢ nadtlenkéw produkowanych w trakcie metabolizmu komodrkowego. GPx2,
znajdujaca si¢ przede wszystkim w blonie sluzowej przewodu pokarmowego, odgrywa istotng
role w ochronie przed oksydacyjnymi uszkodzeniami lipidéw oraz w detoksykacji metabolitow.
GPx3, obecna w osoczu, funkcjonuje jako mechanizm eliminacji nadtlenkoéw krazacych w
krwiobiegu, wspierajac w ten sposob ogolng homeostaze oksydacyjng organizmu. GPx4,
zlokalizowana w btonach komorkowych, jest szczegdlnie efektywna w redukcji nadtlenkow
lipidowych, chronigc integralnos¢ struktur lipidowych bton komérkowych przed peroksydacja.
Aktywnos¢ GPx jest §cisle uzalezniona od obecnosci selenocysteiny w jej centrum aktywnym,
co czyni enzym ten zaleznym od dostepnosci selenu w organizmie. Niedobor selenu prowadzi
do obnizenia aktywnosci GPx, co zwigksza podatno$¢ komorek na stres oksydacyjny 1 moze
by¢ zwigzane z ryzykiem rozwoju chorob uktadu krazenia, nowotworéw oraz schorzen
neurodegeneracyjnych. W zwiazku z tym, GPx odgrywa kluczowa rolg¢ w utrzymaniu
roéwnowagi redoks oraz ochronie komorek przed uszkodzeniami wywolanymi przez reaktywne

formy tlenu (Pei i wsp., 2023).

1.5.3 Reduktaza glutationowa (GluRed)

Reduktaza glutationowa jest kluczowym enzymem w cyklu glutationowym,
odpowiedzialnym za redukcje utlenionej formy glutationu do jego zredukowanej postaci
(GSH). Proces ten jest niezbedny dla regeneracji GSH, ktory peini fundamentalng rolg jako
glowny wewnatrzkomoérkowy antyoksydant, neutralizujac reaktywne formy tlenu oraz inne
nadtlenki. GSH jest kluczowy dla funkcjonowania peroksydazy glutationowej i transferazy
glutationowej. GPx, w polaczeniu z GSH, katalizuje reakcje redukcji nadtlenkow
przeksztatcajac je w wode 1 alkohole, co zmniejsza ich toksyczne dziatanie. Transferaza
glutationowa uczestniczy w detoksykacji poprzez koniugacj¢ GSH z toksycznymi
substancjami, co ufatwia ich eliminacj¢ z organizmu. Dziatanie GluRed jest zatem kluczowe
dla utrzymania odpowiedniego poziomu GSH, co jest niezb¢dne do ochrony komorek przed
stresem oksydacyjnym. Niewydolno$¢ lub zaburzenia funkcji GluRed prowadza do
zwigkszonego poziomu RFT i nadtlenkow, co moze powodowa¢ uszkodzenia DNA, mutacje
oraz rozwo6j chorob neurodegeneracyjnych i sercowo-naczyniowych. A zatem regulacja

homeostazy oraz utrzymanie integralnosci komorkowe;j, ktore sg niezbedne dla zachowania
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zdrowia komorkowego i1 ogdlnego stanu zdrowia organizmu wymaga prawidlowego

funkcjonowania i obecno$ci GluRed (Kapusta i wsp., 2018b).

1.5.4 Dialdehyd malonowy (MDA)

Dialdehyd malonowy (MDA) jest aldehydem, ktory powstaje jako produkt uboczny
peroksydacji lipidow wielonienasyconych kwasoéw thuszczowych, i jest szeroko stosowany jako
biomarker stresu oksydacyjnego. Jego stezenie w tkankach 1 ptynach ustrojowych moze stuzy¢
do oceny stopnia uszkodzen oksydacyjnych oraz intensywnosci peroksydacji lipidow. MDA
charakteryzuje si¢ duza reaktywnos$cig chemiczng, co umozliwia mu tatwe tworzenie wigzan z
biatkami oraz kwasami nukleinowymi. Te reakcje prowadza do uszkodzen strukturalnych i
funkcjonalnych biomolekul, co moze skutkowaé zaburzeniami funkcji enzymatycznych,
destabilizacjg struktur komoérkowych oraz indukcja mutacji genetycznych. W kontekscie
nowotworow i choréb neurodegeneracyjnych, MDA jest czesto uzywany do monitorowania
biomarkera stresu oksydacyjnego, poniewaz jego podwyzszone stezenia moga by¢
wskaznikiem zwigkszonego ryzyka rozwoju takich patologii. W ocenie skuteczno$ci
interwencji  terapeutycznych, takich jak suplementacja antyoksydantami, MDA
wykorzystywany jest jako wskaznik efektywno$ci mechanizméw obronnych przed stresem
oksydacyjnym. Analiza pozioméw MDA pozwala na oceng rownowagi redoks organizmu i
skuteczno$ci terapii, a takze moze wskazywac na potrzebg modyfikacji strategii dietetycznych
czy terapeutycznych w celu poprawy stanu zdrowia i zapobiegania chorobom zwigzanym z

nadmierng peroksydacja lipidow (Puppel i wsp., 2015).

1.6 Kwasy tluszczowe

Kwasy tluszczowe odgrywaja kluczowa role¢ w determinowaniu jakosci migsa,
wplywajac zar6wno na jego wtasciwosci organoleptyczne, jak 1 warto$¢ odzywcza. Ich profil
lipidowy ma istotne znaczenie dla cech sensorycznych, takich jak kruchos¢ i smak, oraz dla
potencjatu antyoksydacyjnego migsa, modulujac jednoczesnie procesy oksydacyjne 1 zapalne.

Profil kwasow ttuszczowych, a takze rozmieszczenie thuszczu w migéniach, w postaci
thuszczu $rodmigsniowego 1 thuszezu okrywowego, jest w duzej mierze determinowane przez
ras¢ oraz zywienie zwierzat (Prado i wsp., 2009). Rasy francuskie jak limousine, charolaise,
blonde d’aquitaine predysponowane sg do odktadania mniejszych ilo$ci ttuszczu w organizmie
w trakcie opasu niz popularne na Swiecie rasy hereford czy angus. Szczegoélnie istotny jest IMF,

ktérego profil zmienia si¢ w zaleznosci od rasy 1 wieku zwierzgcia. Profil kwasow ttuszczowych
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w tluszczu $rédmigsniowym dzieli Si¢ na nasycone kwasy ttuszczowe (SFA), ktorych udziat
oscyluje na poziomie 40-50%, jednonienasycone kwasy tluszczowe (MUFA) z udziatem 40-
50% i wielonienasycone kwasy ttuszczowe (PUFA) z udziatem do 5-10% (Wood i wsp., 2008).
Te proporcje mogg by¢ ksztalttowane z wykorzystaniem odpowiedniej dawki pokarmowej w
zywieniu zwierzat. Zwigkszony udzial zielonek w diecie oraz dodatki zywieniowe moga
korzystnie wplywaé na zmiany profilu kwasow thuszczowych. Waznym elementem jest w tym
przypadku rowniez udzial rasy. W przypadku bydta mlecznego, takiego jak polska holsztynsko-
fryzyjska, cele hodowlane sg zorientowane na inne aspekty, co prowadzi do wyzszej zawartosci
thuszczu podskornego. Opasanie bydita mlecznego wigze si¢ z nizszym udzialem migsa w tuszy
oraz wyzszym thuszczu okrywowego, a takze gorszym profilem kwasow thuszczowych, co
wynika z odmiennych profili metabolicznych 1 statuséw hormonalnych w poréwnaniu do ras
miesnych (Keane i Allen, 2002). Zywienie stanowi kluczowy czynnik wptywajacy na profil
kwasoéw tluszczowych tkanki migsniowej. Odpowiednie zywienie poprzez stosowanie
dodatkow, takich jak oleje bogate w nienasycone kwasy tluszczowe i zielonki, moze poprawic¢
stosunek kwasow tluszczowych n-3 do n-6 oraz zwigkszy¢ zawarto$¢ jedno-
1 wielonienasyconych kwasow tluszczowych. Zwigkszenie udziatu pasz objetosciowych
kosztem pasz tre§ciwych w zywieniu bydla sprzyja wyzszemu poziomowi niezbednych
nienasyconych kwasow tluszczowych, takich jak kwas linolenowy i stearynowy, a takze

podnosi zawarto$¢ PUFA n-3, n-6 oraz CLA, przy jednoczesnym obnizeniu poziomu SFA.

1.7 Bioaktywne skladniki frakcji bialkowej
1.7.1 Anseryna

Anseryna jest dipeptydem ztozonym z B-alaniny i N-metylohistydyny. Wystepuje w
migs$niach szkieletowych m.in. bydta, cho¢ gtéwnymi jej Zzrédtami w diecie cztowieka jest
znacznie popularniejszy drob oraz ryby. Wykazuje ona szereg wtasciwosci bioaktywnych, w
tym dziatanie antyoksydacyjne, przeciwzapalne oraz posiada potencjat neuroprotekcyjny.
Anseryna posiada rowniez zdolno$¢ modulowania sygnalizacji wewnatrzkomorkowej, co
prowadzi do hamowania degranulacji komorek tucznych i bazofili, przez co przypisuje si¢ jej
role w reakcjach alergicznych. Moze rowniez wigzaé i neutralizowac aldehydy pochodzace z
procesu peroksydacji nienasyconych kwasow tluszczowych, a takze metabolizmu
weglowodandéw ograniczajac tym ryzyko wystepowania stresu oksydacyjnego. U naczelnych

nie dochodzi do syntezy anseryny w organizmie, wchtaniana jest z zZywnosci przez jelito
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cienkie. Wystepuje ona w znaczgco wyzszych stezeniach w migsie drobiowym niz wotowym,

ktore bogatsze jest w karnozyng (Wu, 2020).

1.7.2 Karnozyna

Karnozyna jest dipeptydem, ktorego budulcem jest f-alanina i L-histydyna. Petni ona
wiele kluczowych funkcji biologicznych oraz fizjologicznych, wykazujac dziatanie
antyoksydacyjne, buforujace, neuroprotekcyjne, a takze antyglikacyjne (Bellia i wsp., 2011)
(Juki¢ i wsp., 2021). Wysoka zdolno$¢ do neutralizowania RFT pozwala zakwalifikowac¢ ja do
istotnych antyoksydantéow. Efektywnos¢ karnozyny wynika z wlasciwosci skutecznego
tworzenia kompleksow przenoszacych tadunki z RFT bedacymi wolnymi rodnikami (np.
rodnikami hydroksylowymi, rodnikami ponadtlenkowymi, rodnikami nadtlenowymi oraz
tlenkiem azotu), RFT nieb¢dacymi wolnymi rodnikami (np. tlenem singletowym, ozonem,
nadtlenkiem wodoru), a takze szkodliwymi aldehydami (np. MDA i formaldehyd) w celu
ograniczenia ich szkodliwego dziatania i ochrony blony komoérkowe;j. Stosowanie prekursorow
karnozyny takich jak B-alanina, pozwala skutecznie neutralizowaé¢ gromadzacy si¢ w mig$niach
kwas mlekowy, ograniczajac zme¢czenie mig$ni 1 zmniejszy¢ ryzyko wystgpienia stresu
oksydacyjnego wynikajacego z wysitku (Ma i wsp., 2020). W procesie syntezy karnozyny
niezb¢dna jest rowniez L-histydyna, jednak nie wymaga ona dodatkowej suplementacji.
Karnozyna wchtaniana jest w jelicie cienkim, a nast¢pnie hydrolizowana do B-alaniny i L-

histydyny, z ktérych ponownie moze zosta¢ zsyntezowana.

1.7.3 Koenzym Q10

Koenzym Q10 (CoQ10), znany réwniez jako ubichinon, jest kluczowym czynnikiem
w procesie fosforylacji oksydacyjnej, ktora zachodzi w wewngtrznej blonie mitochondrialne;.
CoQ10 uczestniczy w transferze elektronow pomigdzy kompleksami, co jest niezbedne do
syntezy ATP (adenozynotrdjfosforanu) — gltdéwnego nosnika energii w komorkach
eukariotycznych. Jego endogenna synteza zachodzi w cytoplazmie i mitochondriach
wigkszosci komorek, jednak pozyska¢ go mozna réwniez wraz z dieta. Pomimo zdolnos$ci
organizmu do endogennej syntezy CoQ10, jego stezenie moze ulega¢ zmianom w zaleznosci
od zapotrzebowania energetycznego komorek (Stojkovic i wsp., 1999). Dziata on rowniez jako
silny antyoksydant, chronigc komorki przed stresem oksydacyjnym poprzez neutralizacje
reaktywnych form tlenu oraz peroksydacje lipidow. Moze rowniez wplywaé na regulacje
stanow zapalnych w organizmie, co wynika z jego zdolnosci do modulacji szlakow

sygnalizacyjnych zwigzanych z procesami zapalnymi. Jako naturalny antyoksydant, CoQ10
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odgrywa kluczowa rol¢ w utrzymaniu homeostazy organizmu oraz w ochronie przed

degeneracja oksydacyjng i zapalng (Purchas i wsp., 2004).

1.7.4 Tauryna

Tauryna jest f-aminokwasem dostarczanym wraz z dieta, z ktorej wchtaniana jest przez
jelito cienkie do krwiobiegu, jednak moze by¢ rowniez syntezowana endogennie z cysteiny i
metioniny, co w przypadku bydta przebiega znacznie intensywniej niz u cztowieka, dzigki
czemu wotowina moze by¢ cennym zrodiem tego aminokwasu. Szczegdlnie narazone na jej
deficyt sa osoby chore oraz wykluczajace z diety produkty pochodzenia zwierzgcego-(Hou i
wsp., 2019). Utrzymanie odpowiedniego jej poziomu jest istotne ze wzgledu na udziat w
tworzeniu soli zolciowych, dzialanie przeciwzapalne, antyoksydacyjne, transportowe,
stabilizujace oraz sygnalizacyjne. Jest to wigc istotny element majacy wplyw na
funkcjonowanie uktadu sercowo-naczyniowego, nerwowego, pokarmowego, hormonalnego,
odpornosciowego i rozrodczego. Wspomaga ona rowniez transport kreatyny, co pozwala na jej

efektywniejsze wykorzystanie.

1.7.4 Kreatyna

Kreatyna, bedaca metabolitem syntetyzowanym endogennie z aminokwasow argininy,
glicyny i1 metioniny, odgrywa kluczowa rol¢ w systemie energetycznym komorek. W
organizmach zwierzecych jest gldwnie magazynowana w migs$niach szkieletowych w formie
fosfokreatyny, ktora poprzez reakcje hydrolizy, dostarcza grupy fosforanowe do resyntezy
adenozynotrojfosforanu (ATP), stanowigcego podstawowy nosnik energii w komorkach (Bernt
i wsp., 1965). Ta reakcja jest niezbedna podczas wysitku fizycznego, gdy zapotrzebowanie na
energi¢ gwattownie wzrasta. Poziom kreatyny w mig$niach moze by¢ ksztaltowany poprzez
odpowiednig diete lub suplementacje, co prowadzi do zwigkszenia rezerwuarow fosfokreatyny
1 skutkuje poprawa wydolnosci, silty oraz op6znieniem wystgpienia zmeczenia. Mechanizm ten
opiera si¢ na zwigkszeniu dostepnosci ATP w trakcie intensywnego wysitku. Dodatkowo,
kreatyna wykazuje dziatanie neuroprotekcyjne i wspomaga homeostazg energetyczng
neuronéw, co moze mie¢ kluczowe znaczenie w kontekScie ochrony przed
neurodegeneracyjnymi schorzeniami, takimi jak choroba Parkinsona, stwardnienie zanikowe
boczne, czy inne zaburzenia funkcji neuronow (Kieburtz i wsp., 2015). Efekty
neuroprotekcyjne sg czesciowo wynikiem ograniczenia wystepowania stresu oksydacyjnego i

stanow zapalnych, co potwierdza jej istotng role w ksztattowaniu zdrowotnosci.
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1.7.5 Kreatynina

Kreatynina jest koncowym metabolitem powstalym w wyniku nieenzymatycznej
dehydratacji kreatyny oraz fosfokreatyny zlokalizowanej w mig$niach szkieletowych.
W procesie tym kreatyna przeksztatca si¢ spontanicznie do kreatyniny, ktora nastgpnie
transportowana jest przez nerki i wydalana wraz z moczem. W diagnostyce nefrologicznej,
stezenie kreatyniny w surowicy jest istotnym parametrem wskazujagcym na stan zdrowia
(Bonilla i wsp., 2021). Jej poziom monitorowany jest w celu oceny przebiegu chordb nerek,
skutecznosci terapii nefrologicznych oraz jako parametr prognostyczny w roznych stanach
patologicznych. Na wahania poziomu kreatyniny moga wptywa¢ zmiany ilosci tkanki

mig$niowej w organizmie, co wynika z ilo$ci magazynowanej kreatyny.

1.8 Witaminy rozpuszczalne w tluszczach

Witamina E (a-tokoferol), witamina A (a-retinol) oraz B-karoten odgrywaja wazna role
w ksztattowaniu jakosci migsa woltowego, wplywajac na jego wlasciwosci sensoryczne,
warto$¢ odzywczg 1 stabilno$¢ oksydacyjng. Ich koncentracja w mig$niach jest zroznicowana
w zalezno$ci od rodzaju mieg$nia. Wyzsze poziomy obserwowane s3 w mig¢sniach
oksydacyjnych (psoas major i gluteus medius), a nizsze w migsniach glikolitycznych
(longissimus thoracis i longissimus lumborum). Na ich poziom w istotny sposob wplywa
rowniez rodzaj skarmianych pasz oraz faza ich zbioru, a takze sposdb zywienia i sktad dawki
pokarmowej (Lozicki i wsp., 2012).

Witamina E, w formie o-tokoferolu, jest jednym z najwazniejszych lipofilnych
przeciwutleniaczy. a-Tokoferol peini funkcje inhibitora peroksydacji lipidow poprzez
neutralizacj¢ reaktywnych form tlenu oraz rodnikéw tlenowych, co skutkuje zwigkszong
stabilno$cia oksydacyjna migsa. Efektywne dzialanie o-tokoferolu przyczynia si¢ do
op6znienia degradacji lipidow w migsie, co poprawia jego trwatos$¢, wlasciwosci sensoryczne
(takie jak smak, zapach i tekstura) oraz warto$¢ odzywcza (Wang i wsp., 2022) (Herrera i wsp.,
2022). Optymalna podaz witaminy E w diecie zwierzat jest niezbedna dla zachowania wysokiej
jakosci migsa 1 zapobiegania negatywnym skutkom peroksydacji lipidow. Dodatkowa
suplementacja witaming E wptywa na wydluzony czas utrzymywania czerwonej barwy migsa
nawet przez 4-10 dni poprzez opdznienie tworzenia metmioglobiny i1 op6znienie utleniania
lipidow do 10 dni (Trombetti i wsp., 2022; Zaaboul i Liu, 2022). Moze ona réwniez ograniczy¢
wyciek z migsa, co dodatkowo wplywa na wydtuzenie okresu w jakim migso zachowuje

akceptowalny przez konsumentow wyglad w warunkach sklepowych (Nemati i wsp., 2020).
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Witamina A, w postaci a-retinolu, jest istotna dla regulacji wzrostu i réoznicowania
komorek oraz dla metabolizmu lipidow. Witamina A wplywa na funkcjonowanie mig¢éni oraz
ksztaltowanie jakosci thuszczu w migsie poprzez modulacje metabolizmu lipidow. Usunigcie z
dawki zywieniowej palmitynianu retinylu jako suplementu witaminy A moze powodowac
intensyfikacj¢ odktadania ttuszczu (Campos i wsp., 2020). Dziata ona rowniez wspomagajaco
na funkcje wzrokowe, utrzymanie integralno$ci blon §luzowych oraz odpowiedz
immunologiczng. Niedobor witaminy A moze prowadzi¢ do zaburzen wzrostu, uposledzenia
funkcji wzrokowych oraz ostabienia funkcji immunologicznych.

B-karoten, jako prowitamina A, pelni funkcje zaréwno odzywcze, jak i
przeciwutleniajace. Po dostarczeniu z diety, B-karoten jest metabolizowany do witaminy A w
organizmie. Jako antyoksydant, [-karoten wplywa na poprawe jakosci tluszczu
srodmie$niowego oraz jego barwe. Dzigki dziataniu przeciwutleniajgcemu, B-karoten
przyczynia si¢ do optymalizacji wlasciwosci sensorycznych migsa i jego wartosci odzywczej,
jednak jego dodatkowa suplementacja nie wplywa na tempo wzrostu (Mitsuishi i Yayota,
2024).

Zapewnienie adekwatnych poziomow tych witamin w diecie zwierzat hodowlanych jest
kluczowe dla optymalizacji jako$ci migsa wotowego, zarowno pod wzgledem jego wiasciwosci

sensorycznych, jak i warto$ci odzywcze;j.
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2. Hipotezy badawcze, cel i zakres pracy

W pracy doktorskiej postawiono nastepujace hipotezy badawcze:

Hipoteza 1 (H1): Polimorfizmy w genie DGATI, ktory koduje diacyloglicerol
acylotransferaze, wptywaja na jako$¢ odzywcza migsa wotowego poprzez modyfikacje
akumulacji tréjglicerydéw w tkance mig$niowej. Warianty genetyczne DGAT1 moga
determinowa¢ rozmieszczenie oraz sklad tluszczu $rodmigéniowego, co w
konsekwencji wplywa na cechy sensoryczne migsa, takie jak marmurkowato$¢,
kruchos¢ i1 soczystoseé.

Hipoteza 2 (H2): Polimorfizmy w genie LEP, kodujacym leptyne, wplywaja na whasciwosci
odzywcze migsa wotowego poprzez regulacje homeostazy lipidowej. Rdznice w
sekwencjach kodujacych LEP mogg wptywaé¢ na mechanizmy kontrolujace rozktad
thuszczu podskornego oraz srodmigsniowego, co wplywa na profil thuszczowy migsa
oraz jego warto$¢ odzywcza.

Hipoteza 3 (H3): Polimorfizmy w genie SCD1, kodujacym desaturazg stearylo-CoA, wptywaja
na wlasciwosci organoleptyczne migsa wotowego poprzez regulacje zawartosci thuszczu
sroédmiesniowego. Warianty SCD1 moga rézni¢ si¢ efektywno$cia w desaturacji
kwasow thuszczowych, co ma wplyw na teksture, soczystos$¢ 1 walory smakowe migsa.

Hipoteza 4 (H4): Polimorfizmy w genach SREBF1 i TG majg istotny wptyw na jako$¢
odzywcza i organoleptyczng migsa wotowego poprzez modulacje profilu lipidowego i
zawartosci thuszczu w tkance migsniowej. Gen SREBFI1, kodujacy czynnik
transkrypcyjny zaangazowany w biosynteze lipidow, oraz gen TG, ktory koduje enzym
odpowiedzialny za estryfikacje trdjglicerydow, moga wpltywaé na sklad kwasow
thuszczowych oraz wiasciwosci organoleptyczne migsa, takie jak marmurkowato$¢,
krucho$¢ 1 smak. Zmienno$ci genotypowe w tych genach moga zatem determinowac
zarOwno warto$¢ odzywcza, zwigzana z zawarto$cig ttuszczu 1 profilem kwaséw
thuszczowych, jak i aspekty sensoryczne migsa, poprzez ich wplyw na strukturg i
wlasciwosci fizykochemiczne thuszczu $rédmigsniowego.

Hipoteza 5 (H5): Polimorfizmy w genach DGAT1, LEP i SCD1 modyfikujg aktywno$¢
markeréw stresu oksydacyjnego, takich jak dysmutaza ponadtlenkowa, peroksydaza
glutationowa oraz reduktaza glutationowa, a takze stezenie dialdehydu malonowego w

tkance migsniowej. Zmiennosci genotypowe w tych genach moga wptywaé na

33



mechanizmy obronne przeciwko reaktywnym formom tlenu poprzez modulacje
aktywno$ci enzymoéw antyoksydacyjnych oraz poziomu produktow peroksydacji
lipidow. W konsekwencji, rdznice te moga determinowac stabilno$¢ oksydacyjng migsa
wotowego, co w znaczacy sposob wptywa na jego trwatos¢, jako$¢ organoleptyczng

1 warto$¢ odzywcza.

Celem przeprowadzonych badan byla analiza ekspresji genéw odpowiedzialnych
za modulacje potencjalu antyoksydacyjnego miesa wolowego oraz okreslenie zaleznosci
miedzy genami kandydujacymi, a ksztaltowaniem si¢ jakoSci odzywczej, sensorycznej

oraz potencjalu antyoksydacyjnego mi¢sa wolowego.

Badania miaty na celu:

1. Zastosowanie metod proteomicznych do identyfikacji 1 kwantyfikacji bioaktywnych
biatek oraz lipidéw, a takze enzymoéw zaangazowanych w metabolizm lipidow, w celu
okreslenia ich roli w ksztaltowaniu wtasciwos$ci antyoksydacyjnych migsa wotowego.

2. ldentyfikacje i charakterystyke polimorfizméw w genach kandydujacych, takich jak
DGATI, LEP, SCD1, SREBFI1 oraz TG, w celu okreslenia ich wptywu na mechanizmy
regulujace jako$¢ odzywcza i sensoryczng migsa wotowego.

3. ldentyfikacje i charakterystyke polimorfizméw w genach kandydujacych, takich jak
DGAT1, LEP oraz SCD1 w celu okreslenia ich wptywu na funkcjonowanie

endogennych mechanizméw ochrony antyoksydacyjnej.

Zakres prac:

P1. Przeglad literatury dotyczacej genow wplywajacych na jako$¢ migsa wotowego —
systematyczna analiza badan naukowych dotyczacych genow, ktore maja kluczowe
znaczenie w modulacji cech sensorycznych 1 odzywczych migsa wotowego.

P2. Ocena wptywu ras bydta na potencjat antyoksydacyjny migsa — analiza r6znic w potencjale
antyoksydacyjnym migsa wotowego pochodzacego od réznych ras, z uwzglednieniem
roznic w aktywnos$ci mechanizmow ochronnych przed stresem oksydacyjnym.

P3. Analiza wplywu polimorfizméw genow kandydujacych na jako$¢ migsa wolowego — ocena,
w jaki sposob warianty genetyczne w genach takich jak DGATL, LEP, SCD1, SREBF1
oraz TG wplywaja na cechy jakosciowe migsa woltowego, w tym jego strukture,

marmurkowato$¢, kruchos¢ 1 soczystosc.
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P4. Ocena zaleznosci migdzy zmiennosciami genotypowymi a potencjatem antyoksydacyjnym
migsa wotowego — badanie korelacji migdzy wariantami genetycznymi DGAT]1, LEP i
SCD1 a aktywnos$cig mechanizmow antyoksydacyjnych migsa wotowego. Badanie
skoncentrowato si¢ na wplywie polimorficznych form na aktywnos$¢ kluczowych
enzyméw antyoksydacyjnych, w tym dysmutazy ponadtlenkowej, peroksydazy
glutationowej oraz reduktazy glutationowej. Ponadto, analiza miata na celu okreslenie
wpltywu zmiennosci genotypowych na poziomy produktow peroksydacji lipidow, w tym
dialdehydu malonowego, w celu okreslenia skuteczno$ci mechanizméw obronnych
przed stresem oksydacyjnym oraz ich wptywu na integralno$¢ komérkowa i homeostaze

oksydacyjna.
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3. Materialy i metody

3.1 Finansowanie i konsorcjum

Badania zrealizowane zostaly w ramach projektu ERA NET SUSAN: Increasing
productivity, resource efficiency and product quality to increase the economic competitiveness
of forage and grazing based cattle production systems. Projekt zrealizowano w ramach
konsorcjum jednostek naukowych Newcastle University, Instytutu Genetyki i Hodowli
Zwierzat PAN w Jastrzebcu, Swedish University of Agricultural Sciences, Research Institutes

of Sweden, Kiel University, University of Padova.

3.2 Material badawczy

Dos$wiadczenie 1

P2. KOSTUSIAK P., SLOSARZ 1., GOLEBIEWSKI M., SAKOWSKI T., PUPPEL K.
(2023). Relationship between Beef Quality and Bull Breed. Animals, 13, 1-16.

Badania przeprowadzono na 67 buhajach ras: polska holsztynsko-fryzyjska (16),
limousine (18), charolaise (17), hereford (16). Zywienie prowadzono w sposéb ujednolicony,
ad libitum, mieszanka paszowa ztozong z kiszonki z kukurydzy (68%), jeczmienia (29%) z

dodatkiem mieszanki mineralno-witaminowej (3%), (tabela 1).

Tabela 1. Sktad dawki pokarmowej

Sklad Wartosé
Kiszonka z kukurydzy (%) 68
Jeczmien (%) 29
Dodatki paszowe (%) 3
Wartos¢ odzywcza

Sucha masa (%) 54

Biatko (%) 128

NEm (Mcal/kg) 1,77

Neg (Mcal/kg) 1,15

NDF (g/kg) 343

ADF (g/kg) 194
Thuszcz surowy (g/kg) 19

NEm (Mcal/kg) - Energia netto na utrzymanie (Net Energy for Maintenance), Neg (Mcal/kg) - Energia netto na
produkcje (Net Energy for Gain), NDF (g/kg) - Wtdkno neutralno-detergentowe (Neutral Detergent Fiber), ADF
(9/kg) - Wi6kno kwasno-detergentowe (Acid Detergent Fiber)
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Ubdj przeprowadzono w wieku 21-24 miesigcy, gdzie kazda grupa badawcza ubijana
byla tego samego dnia. Po uboju tusze przechowywano w chtodni przez 24 godziny,
w temperaturze 2-4 C, po czym pobierano 300 g migsnia poibtoniastego (musculus

semimembranosus).

Doswiadczenie 2

P3. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genetic Markers Related to
Meat Quality Properties in Fattened HF and HF x Charolaise Steers. Genes, 5, 1-16.

Badanie przeprowadzono na 45 wolcach rasy holsztynsko-fryzyjskiej i 60 wolcach
z krzyzowania towarowego ras holsztynsko-fryzyjskiej (HF) z charolaise (CH). Kastracje
przeprowadzono miedzy trzecim, a czwartym tygodniem zycia cielgt metoda bezkrwawa
zamknigta. W pierwszym roku, zwierzeta utrzymywane byly zima w budynku, natomiast
pozostatg czes$¢ roku na pastwisku. Obie grupy zostalty podzielone w 12 miesigcu zycia na dwie
podgrupy, ktore zywione byly intensywnie do uboju, ktory nastgpit w 15 miesigcu w grupie
pierwszej oraz w 18 miesigcu w grupie drugiej. Dawki przedstawione w tabeli 2 oznaczone
numerami 1 1 2, byly dawkami przejSciowymi, zadawanymi przez 7 dni przed przejSciem na

zywienie intensywne, oznaczone numerami 3 i 4.

Tabela 2. Elementy i sktad chemiczny dawek przejsciowych i opasu koncowego

Dawka
Skilad 1 > 3 4
Kiszonka z traw (%) 76,8 69,1 59,3 53,5
Poekstrakcyjna Sruta rzepakowa (%) 3,5 4,2 17,7 8,4
M1é6to browarniane (%) 10 15 20 22,3
Pasza treSciwa 9 11 12,3 15,1
(pszenzyto 1 jeczmien 50:50) (%)
Dodatki paszowe (%) 0,7 0,7 0,7 0,7
Sklad chemiczny
Sucha masa (%) 61,2 69,8 75,2 79,1
Biatko surowe (%) 14,2 15,5 16,6 17,5
Thuszez (%) 3,2 3,8 4.3 49
NEm, Mcal/kg suchej masy (DM) 1,7 1,9 2,1 2,3
NEg, Mcal/kg suchej masy (DM) 1,2 1,3 1,5 1,6

Dawki 1 i 2 skarmiane przez 7 dni kazda; dawki 3 i 4, dawki opasu koncowego. NEm (Mcal/kg DM) - Energia
netto na utrzymanie (Net Energy for Maintenance), NEg (Mcal/kg DM) - Energia netto na przyrosty (Net
Energy for Gain).
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Po zakonczeniu opasu przeprowadzono uboj zwierzat. Nastgpnie tusze przechowywano
w chtodni przez 24 godziny, w temperaturze 2-4 C, po czym pobierano 300 g mig$nia

poétbtoniastego (musculus semimembranosus).

Doswiadczenie 3

P4. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genotype-Dependent
Variations in Oxidative Stress Markers and Bioactive Proteins in Hereford Bulls:
Associations with DGAT1, LEP, and SCD1 Genes. Biomolecules, 14, 1309.

Badanie wykonano na 65 buhajach rasy hereford. Buhaje utrzymywane byly w systemie
wolnostanowiskowym, zgodnie z minimalnymi standardami utrzymania bydia (Dz. U. Nr
167/poz. 1629 z 2003 r., z pdzniejszymi zmianami) z dostgpem do pastwiska przez pierwszy
rok zycia. Buhaje zywione byly ad libitum, dawka zbilansowang zgodnie z zaleceniami
National Research Council dla bydta migsnego (tabela 3). Ubdj przeprowadzono w 22 miesiacu
zycia, a po uplywie 24 godzin pobrano 300g probki mig$nia potbtoniastego (musculus
semimembranosus).

Tabela 3. Elementy i sktad chemiczny dawek

Dawka
Sklad (%) 1 5
Kiszonka z traw 77,9 55,8
Poekstrakcyjna $ruta rzepakowa 3,3 8,0
Mt16to browarniane 9,5 21,2
Pasza treSciwa 8,6 14,3
(pszenzyto 1 jeczmien 50:50) (%)
Dodatki paszowe 0,7 0,7
Sklad chemiczny
Sucha masa (%) 58,1 75,1
Biatko surowe (%) 13,5 16,6
Thuszez (%) 3,0 4,7
NEm, Mcal/kg suchej masy (DM) 1,6 2,2
NEg, Mcal/kg suchej masy (DM) 1,1 1,5

Dawki: 1 = dawka przej$ciowa podawana przez 7 dni; 2 = opas koncowy.
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3.3 Metody badawcze

Pobieranie probek krwi

(P2, P3, P4)

Krew do badan pobierana byta z zyly szyjnej zewngtrznej przy wykorzystaniu probowek

podci$nieniowych Vacuette o pojemnosci 10 ml zawierajgcych antykoagulant.

Podstawowy sklad chemiczny tkanki mieSniowej

(P2, P3, P4)

Probki migsnia potbloniastego zostaty posiekane, a nastgpnie umieszczone w blenderze
1 mielone do uzyskania jednorodnej konsystencji. Analizy podstawowego sktadu chemicznego

migsa wykonano z uzyciem analizatora Food Scan™ (Foss Electric, Hillered, Denmark).

Analiza jako$ci miesa wolowego

Barwa migsa (P3)

Pomiar koloru przeprowadzono w systemie CIE L*a*b* za pomoca urzadzenia Minolta
CM 2022 (Konica Minolta, Tokio, Japonia). Procedura okreslania koloru obejmowata pobranie
probki migsa o grubosci ok. 2 cm, w trzech punktach (wyniki zostaty usrednione). Odcien
(b*/a*) oraz chromatyczno$¢ (V(a? + b?)) koloru probki miesa obliczono wedtug formuty

(Mordenti i wsp., 2012).
Stopien marmurkowatosci (P3)

Ocena stopnia marmurkowato$ci zostata oszacowana za pomoca systemu kamer
opartego na technologii VIA (VBG 2000) (Schulz i Sundrum, 2019) w miejscu przecigcia

migs$nia miedzy 10. a 11. zebrem mig$nia longissimus thoracis.
Analiza smaku (P3)

Do okreslenia cech smakowych tkanki migsniowej wykorzystano elektroniczny jezyk.
System sktadat si¢ z pigciu czujnikéw smaku, z ktorych kazdy byl potaczony ze sztuczng btong
lipidowa. Zestaw czujnikéw sktadat sie z CAO (do wykrywania substancji kwasnych), C0O0 (do
wykrywania substancji gorzkich), AE1 (do wykrywania substancji cierpkich), AAE (do
wykrywania substancji umami) i CTO (do wykrywania substancji stonych). Wszystkie czujniki
byty wstepnie kondycjonowane w roztworze referencyjnym przez jeden dzieh przed

wykonaniem pomiarow.
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Konformacja tuszy (P3)

Konformacja tuszy i otluszczenie zostaly ocenione zgodnie z systemem klasyfikacji tusz
Unii Europejskiej (EUROP; Rada Unii Europejskiej, Nr 1234/Citation2007; Komisja Unii
Europejskiej, Nr 1249/Citation2008). Ocena konformacji skupita si¢ na rozwoju okreslonych
anatomicznych obszarow, w tym uda, grzbietu i topatki, biorgc pod uwage ich umigsnienie
1 ogdlny ksztatt. System klasyfikacji EUROP przypisuje tuszy nastepujace stopnie: E
(doskonata), U (bardzo dobra), R (dobra), O ($rednia), P (staba). Ocena otluszczenia
obejmowata badanie podskérnych oraz wewnatrzotrzewnowych ztogéow thuszczu. Ocena ta
wykorzystala skale numeryczng od 1 do 5, przy czym kazda ocena wskazywata na rézne

poziomy odktadania si¢ thuszczu: 1: niski; 2: niewielki; 3: $redni; 4: wysoki; 5: bardzo wysoki.
Przyrost masy ciala z dostarczonej energii metabolicznej (P3)

Parametr przedstawia przyrost masy ciata, do ktorego zuzyta zostala energia
metabolizowana z paszy. Ilos¢ energii na potrzeby bytowe wykorzystywana jest do
wyznaczenia energii wykorzystanej do przyrostow, poprzez odjgcie jej od sumy energii

metabolizowanej ogétem.
Utrata wody (P3)

Probki zhomogenizowanego migsa o masie 40 g, zostaly ciasno zapakowane w szklane
naczynia wagowe. Probki zanurzono i trzymano w tazni wodnej w temperaturze 70 C przez 15
minut. Nastepnie probki wyjeto z naczyn wagowych 1 pozostawiono na 24 godziny w celu
odciekniecia wody. R6znica w masie zostata zmierzona i wyrazona jako odsetek pierwotnej

masy probki, co stanowito wskaznik utraty wody.
pH (P3)

Stopien kwasowosci migsa zostat okreslony przy uzyciu pH-metru HI 99163 z funkcja

pomiaru temperatury (Hanna Instruments, Providence, RI, USA).
Sila cigcia (P3)

Z probek miesni wycieto kostki o wymiarach 2 x 2 x 2 cm. Sita cigcia zostala okreslona
przy uzyciu Zwick 5.0 Zwicki-Line (Zwick Roell Polska Sp. z o0.0., Sp. k., Wroctaw, Polska)
(Przybylski i wsp., 2023).
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Analiza poziomu bioaktywnych skladnikow

Anseryna, karnozyna, tauryna, koenzym Q10 (P2, P4)

Analiza zawarto$ci anseryny, karnozyny, tauryny oraz koenzymu Q10 zostata przeprowadzona
przy uzyciu wysokosprawnej chromatografii cieczowej RP-HPLC Agilent 1100 (Agilent
Technologies, Waldbronn, Niemcy). Separacje chromatograficzne wykonano w temperaturze
pokojowej, stosujac gradient rozpuszczalnikow na kolumnie Jupiter C18 300A (Phenomenex,
Torrance, CA, USA), (Lukasiewicz i wsp., 2018). Fazami ruchomymi byly: rozpuszczalnik A,
ktory zawierat acetonitryl (Merck, Darmstadt, Niemcy), wode (Sigma-Aldrich) oraz kwas
trifluorooctowy (Sigma-Aldrich, St. Louis, MO, USA) w stosunku 30:970:1 (v/v/v), oraz
rozpuszczalnik B, ktéry sktadat si¢ z acetonitrylu, wody i kwasu trifluorooctowego w stosunku
970:30:1 (v/v/v). Przeptyw wynosit 1,4 mL/min, a detekcja odbywata si¢ przy dtugosci fali 214
nm. Do analizy wstrzyknigto 25 pL koncowego roztworu. Wszystkie probki analizowano
dwukrotnie, aby potwierdzi¢ powtarzalnos¢ wynikow. Identyfikacje 1 kwantyfikacje

potwierdzano przez poroOwnanie ze standardami (Sigma-Aldrich, St. Louis, MO, USA).
Witaminy rozpuszczalne w thuszczach i B-karoten (P2)

Okreslenie zawarto$ci witamin rozpuszczalnych w thuszczach przeprowadzono przy
uzyciu chromatografu RP-HPLC Agilent 1100 oraz kolumny ZORBAX Eclipse XDB (Puppel
i wsp., 2015).

Ekstrakcja tluszczu i profil kwaséw thuszczowych (P2, P4)

Ekstrakcje thuszczu z migsa wykonano metoda Folcha (AC, 1990) . Metylacje kwasow
thuszczowych wykonano zgodnie z metodg transestryfikacji EN ISO 5509 (Iso, 2000).
Zawartos¢ funkcjonalnych kwasow tluszczowych okreslono przy uzyciu chromatografu

gazowego Agilent 7890A oraz kolumny Varian Select FAME, (Solarczyk i wsp., 2020).

Analiza DNA: SCD1, LEP, DGAT1, SREBF1i TG (P3, P4)

DNA wyizolowano z krwi za pomocg zestawu DNeasy Blood & Tissue (Qiagen,
Hilden, Niemcy) zgodnie z instrukcja producenta. llo§¢ wyizolowanego DNA zmierzono przy
uzyciu fluorometru Invitrogen Qubit 4.0 (Thermo Fisher Scientific, Waltham, MA, USA)
z zastosowaniem zestawu do oznaczania dsDNA o wysokiej czulosci, a jako$¢ oceniono za
pomocag spektrofotometru NanoDrop 2000 (Thermo Fisher Scientific, USA). Prébki DNA
izolowano w trzech powtorzeniach, a nastepnie taczono dla kazdego zwierzgcia, aby zapewnic

wiarygodng analize genetyczna. Izolacja DNA 1 genotypowanie zostaly przeprowadzone w
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Instytucie Genetyki i Biotechnologii Zwierzat PAN w Jastrzgbcu, przy uzyciu metody
polimorfizmu dtugos$ci fragmentoéw restrykcyjnych (RFLP). Reakcj¢ tancuchowej polimerazy
(PCR) wykonano zgodnie z instrukcja producenta przy uzyciu mieszaniny AmpliTaq Gold

DNA Master Mix (Thermo Fisher, USA).

Markery stresu oksydacyjnego

GluRed, GPx, SOD, TAS (P2, P4)

Reduktaza glutationowa (GluRed), peroksydaza glutationowa (GPx), dysmutaza
ponadtlenkowa (SOD) oraz catkowity status antyoksydacyjny (TAS) w osoczu krwi zostaly
zmierzone za pomocg analizatora NanoQuant Infinite M200 Pro (Tecan Austria GmbH, Grodig,
Austria) z uzyciem dedykowanych zestawow ELISA od Randox Laboratories (Crumlin, UK).
Dedykowane zestawy: reduktaza glutationowa (kat. nr GR2608), Ransel (peroksydaza
glutationowa, kat. nr SC692), Ransod (dysmutaza ponadtlenkowa, kat. nr SD126) oraz
calkowity status antyoksydacyjny TAS (kat. nr NX2331).

DAP (P2, P4)

DAP (stopien ochrony antyoksydacyjnej) zostal obliczony na podstawie stosunku

molowego migdzy przeciwutleniaczami a utleniaczami (Pizzoferrato i wsp., 2007).

*,AC; (nmoles)

DAP =
OT (nmoles)

MDA (P2, P4)

Poziomy dialdehydu malonowego (MDA) w osoczu krwi (Kapusta i wsp., 2018a)
zostaly oznaczone za pomocg analizatora NanoQuant Infinite M200 Pro (Tecan Austria GmbH,
Grodig, Austria) przy dtugosci fali 532 nm. W tym procesie 250 puL. osocze krwi zmieszano z
25 uL 0,2% 2,6-bis(1,1-dimetyloetyl)-4-metylofenolu (Sigma-Aldrich, Warszawa, Polska) i 1
mL 5% kwasu trichlorooctowego (Sigma-Aldrich, Warszawa, Polska). Mieszaning wirowano
przy 14,000 obrotach/min przez 10 minut. Nastgpnie 750 pL klarownego supernatantu
przeniesiono do szklanej probowki 1 dodano 500 puL 0,6% kwasu tiobarbiturowego (Sigma-
Aldrich, Warszawa, Polska). Roztwor wymieszano i inkubowano przez 45 minut w tazni
wodnej o temperaturze 90 C. Po inkubacji mieszaning schtodzono i wirowano przy 4,000
obrotach/min przez 5 minut. Nastgpnie 200 pL klarownego supernatantu przeniesiono do
mikroptytki i wykonano pomiary za pomocg analizatora NanoQuant Infinite M200 PRO firmy
Tecan (Tecan Austria GmBH, Grédig, Austria) przy dlugosci fali 532 nm.
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3.4 Analiza statystyczna (P2, P3, P4)

(P2) Uzyskane dane zostaly poddane analizie wariancji (ANOVA). Do zbadania
rozktadu bioaktywnych skladnikéw frakcji biatkowej wykorzystano test Shapiro-Wilka.
Wszystkie testy zostaty przeprowadzone przy uzyciu pakietu IBM SPSS 23 (2023) . Dane

przedstawiono jako §rednie najmniejszych kwadratéw z btedem standardowym $rednie;.
Zastosowano nastgpujacy model statystyczny:
Yijk =1+ A; + e

gdzie:

o Y;j,— warto$¢ badanej cechy,

e pn— S$rednia,

o A;—efekti-tejrasy (i = 1-4),

o ¢;;— blad standardowy.

(P3) Analiz¢ wariancji przeprowadzono za pomocg procedury GLM w pakiecie SAS
(SAS software, wersja 9.2; Statistical Analysis System Institute Inc., Cary, NC, USA)
(Marasinghe i Koehler, 2018), aby okresli¢ poziom istotno$ci wszystkich zidentyfikowanych
czynnikow, ktore mogly wpltynaé na badane cechy lub wplynely na zwigzek migdzy
analizowanymi cechami a specyficznymi genotypami. Wszystkie zidentyfikowane czynniki
mialy istotny wptyw na badane cechy, dlatego zostaly uwzglednione w ostatecznym modelu.
Masa ciata i wiek na poczatku i na koncu eksperymentu byty traktowane jako regresje liniowe
w modelu (masa ciata w dniu rozpoczecia tuczu, wiek zwierzecia w dniu rozpoczgcia tuczu,

wiek zwierzecia w dniu uboju, masa ciata zwierzecia w dniu uboju).

Yijkimno = i + BREED; + FATTENING; + BREED % FATTENING;; + B,(LWSTART,)
+ B,(AGESTART,) + B,(LWSLAUG,,) + B,(AGESLAUG,) + €;jximno

*  Yijkimno - Padana cecha

e -o0godlna $rednia

e BREED; - staly efekt i-tej rasy bydta (HF, HF x CH)

o FATTENING; staty efekt j-tego rodzaju opasu (intensywne lub ekstensywne)
e BREED x FATTENING;;- interakcja migdzy i-tg rasg a j-tym rodzajem opasu

e B,(LWSTART,) - regresja liniowa na podstawie masy ciata w dniu rozpoczecia opasu

43



e B,(AGESTART,) - regresja liniowa na podstawie wieku w dniu rozpoczecia opasu
e B,(LWSLAUG,,) - regresja liniowa na podstawie masy ciata w dniu uboju
e B,(AGESLAUG,) - regresja liniowa na podstawie wieku w dniu uboju

®  Eijkimno - blo’:}d IOSOWY

(P4) Analiza wariancji (ANOVA) zostata przeprowadzona w celu oceny wptywu
polimorfizméw na poziomy biomarkerow stresu oksydacyjnego i bioaktywnych sktadnikow
frakcji biatkowej. Analiza ta pozwolila na poréwnanie $rednich pomi¢dzy r6znymi genotypami
oraz identyfikacje statystycznie istotnych roznic. Aby potwierdzi¢ wyniki ANOVA,
sprawdzono rozktad normalny danych biomarkeréow i poziomy biatek przy uzyciu testu
Shapiro-Wilka.

Wykorzystano wspotczynnik korelacji Pearsona, aby zbadaé zwiazki pomiedzy
polimorfizmami genetycznymi (DGAT1, SCD1 i LEP) a biomarkerami stresu oksydacyjnego,
w tym dialdehydu malonowego (MDA), reduktazg glutationowa (GluRed), peroksydaza
glutationowa (GPx), dysmutazag ponadtlenkowa (SOD) i calkowitym statusem
antyoksydacyjnym (TAS). Korelacje te pomogly zidentyfikowaé wszelkie istotne liniowe

zaleznosci miedzy polimorficznymi formami genow a odpowiedzig na stres oksydacyjny.

Wspotczynnik korelacji Spearmana zostal uzyty do zbadania zwigzkow migdzy
polimorfizmami genetycznymi a poziomami bioaktywnych sktadnikéw. Analiza wykazata
potencjalne nieliniowe zalezno$ci pomig¢dzy wariantami genetycznymi a stezeniami zwigzkow
bioaktywnych. Analizy statystyczne przeprowadzono przy uzyciu oprogramowania IBM SPSS
Statistics w wersji 23 (IBM, 2023).
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4. Wyniki

P1. KOSTUSIAK P., SLOSARZ J., GOLEBIEWSKI M., GRODKOWSKI G., PUPPEL K.
(2023). Polymorphism of genes and their impact on beef quality. Current Issues in
Molecular Biology, 4749-4762.

Polimorficzne formy genow stanowig obiekty licznych badan zwigzanych z nowoczesng
hodowla nakierowana na poprawe wynikow produkcyjnych zwierzat oraz ograniczenia
wystepowania chorob. W niniejszej pracy przegladowej zebrano i omowiono wyniki prac
dotyczacych czterech genow, ktore odgrywajg fundamentalng role w poprawie jakos$ci migsa
wolowego oraz wskaznikéw produkcyjnych w hodowli bydta migsnego. Omdéwiono geny

kodujace miostatyng, tyreoglobuling, kalpain¢ oraz kalpastatyne.

Miostatyna

Miostatyna (MSTN), znana réwniez jako czynnik wzrostu i roznicowania 8 (GDF8, ang.
growth and differentiation factor 8), jest jednym z kluczowych regulatoréw wzrostu i rozwoju
migéni szkieletowych. Zostata zidentyfikowana u wielu gatunkow ssakow, a jej znaczenie jest
szczegolnie istotne w kontek$cie hodowli zwierzat przeznaczonych na produkcje migsa.
Obnizona aktywnos$¢ genu MSTN prowadzi do nadmiernego rozwoju tkanki migsniowej, co
wynika z przesunigcia ramki odczytu 1 opdznienia sygnalu hamujacego przyrost migsni, ktory
charakteryzuje polimorfizm tego genu. Skutkuje to cecha okre$lang jako ,,podwdjne
umigsnienie” (DM, ang. double muscling) lub hipertrofia mig$ni. Termin ten jednak bywa
nieprecyzyjny, gdyz w wielu przypadkach, w tym u bydta, mutacja prowadzi do hiperplazji
prenatalnej, a nie hipertrofii. Efektywno$¢ opasu jest uwarunkowana czgstoscig wystepowania
cechy podwojnego umigsnienia czego dowodem sg liczne badania analizujace wptyw tej cechy
na wydajnos¢ rzezng. Cecha jest rowniez zwigzana z modulacja adipogenezy, co czyni j3
szczegolnie cenng w hodowli bydta migsnego, ze wzgledu na jej potencjalnie korzystny wptyw
na konformacj¢ tuszy oraz zwigkszenie udziatu wyrebow wysokiej jakosci. Najbardziej znang
rasg bydla migsnego z cecha DM jest belgijska biato-btekitna, jednak wiele innych ras takze

charakteryzuje si¢ znaczaca frekwencja tej mutacji w populacji (tabela 4).
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Tabela 4. Polimorfizm genu miostatyny

Rasa Pozycja Mutacja
Belgijska bialo-blekitna c.821 Dell1
Blonde d’aquitaine c.821 Delll
g.3811 >G
Charolaise €.610 C>T
Limousine c.821 Dell11
c.610 C>T
g.433 C>A
Marchigiana 9.874 G>T
Piemontese c.938 G>A

Ze wzgledu na strukture pogtowia bydla w Polsce, w ktérej dominuja rasy mleczne,
wykorzystanie buhajow ras migsnych majacych w genotypie DM do inseminacji krow
mlecznych stanowi skuteczny sposob na poprawe cech wartosci opasowe;j cielat w krzyzowaniu
towarowym, co oczywiscie bedzie przekladato si¢ na zwickszenie optacalnosci produkciji.
Jednak w populacji zwierzat cechujacych si¢ hipertrofia mig$ni moze wystgpowac zwiekszony
udzial wtokien migsniowych o typie glikolitycznym, ktore sg bardziej podatne na zmgczenie
oraz rozwo6j kwasicy metabolicznej. To z kolei wigze si¢ z ryzykiem wzmozonej podatnosci na
stres oksydacyjny. Zjawisko to wymaga odpowiednich dzialan majacych na celu jego

ograniczenie.

Kalpaina Kalpastatyna

Uktad kalpaina (CAPN1) kalpastatyna (CAST) wykazuje niezmiernie wazny wptyw na
proces kruszenia migsa w procesie jego dojrzewania. Kruszenie migsa jest z kolei niezwykle
istotnym elementem determinujgcym jako$¢ migsa, ktore pokonuje dluga droge nim trafi na
stot konsumenta. Z tego powodu od wielu lat prowadzone sg prace badawcze nad zawarto$cia
kalpain oraz ich inhibitorow kalpastatyn, od ktorych zalezy nawet 46% zmienno$ci w kruchosci
wotowiny. Na frekwencje wystepowania polimorfizmu genéw uktadu kalpaina-kalpastatyna
ma wplyw przede wszystkim rasa bydla, dlatego tez prowadzone badania na SNP u wielu ras
stanowig istotny czynnik doskonalenia zwierzat. CAPN wystepuje w trzech glownych formach:
u-kalpaina (CAPN1), m-kalpaina (CAPN2), kalpaina 3 (CAPN3), ktorych aktywnos¢ jest
blokowana przez specyficzny inhibitor CAST. Formy kalpain rdznig si¢ od siebie stezeniem
jonow wapnia niezbednym do umozliwienia osiggnigcia polowy maksymalnej aktywnosci. W

przypadku CAPN1 wartos¢ ta wynosi 3-50uM, CAPN2 0,4-0,8 mM. W przypadku CAPN3 do
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aktywacji niezbedne jest 0,1mM lub jony Na+, co odrdznia ja od innych CAPN. Poubojowo
najwazniejszg role odgrywaja CAPN1 i CAPN2, wplywajac na proteoliz¢ w mig$niach. Za
inicjatora procesu uwaza si¢ CAPNI1, ktéra aktywowana jest w nizszych stezeniach jonow
wapnia 1 wezesniej niz CAPN2 rozpoczyna proces kruszenia migsa. Obie formy CAPN sg
oczywiscie istotne w procesie kruszenia, jednak do ich prawidtowego funkcjonowania
niezbedny jest rowniez inhibitor CAST regulujacy ich aktywnos$¢. W zaleznos$ci od rodzaju
miesnia, aktywno$¢ CAST bedzie zmienna. CAST1 stanowi podstawowa forme kalpastatyny i
wystepuje w wiekszosci tkanek migsniowych, CAST2 lokalizowane jest w migsniach, ktore
charakteryzowatly si¢ w badaniach wysoka sitg cigcia (zjawisko niepozadane), CAST3 oraz
CAST4 rowniez wykazuja potencjalny wptyw na CAPN, jednak nie zostaly jeszcze
dostatecznie przebadane, aby wyraznie stwierdzi¢ ich wplyw na proces kruszenia migsa.
Zrozumienie funkcjonowania uktadu CAPN-CAST jest niezwykle wazne w produkcji
wotowiny kulinarnej, ktéra wymaga wytworzenia produktu o jak najlepszych wtasciwosciach.
Poprzez prace prowadzone nad CAPN dazy si¢ do osiggnigcia jak najlepszej kruchos$ci po
procesie dojrzewania migsa, natomiast badania nad CAST w celu zachowania jego struktury.
Poza funkcja zwigzang z kruszeniem migséni, kalpainy odpowiadaja rdwniez za przyzyciowe

utrzymanie homeostazy komorek, procesy ich r6znicowania oraz naprawy.

Wszystkie omoéwione geny stanowig istotny element w produkecji wysokiej jakosci
migsa wotowego. Cho¢ ich funkcje prawdopodobnie nie zostaty jeszcze w petni poznane, liczne
badania naukowe $wiadczg o staltym zainteresowaniu tg tematykg oraz potrzebie dalszego
poszerzania wiedzy na temat wplywu poszczegolnych polimorfizmow genow na jakos¢ migsa,

wyniki produkcyjne i zdrowotno$¢ zwierzat.

P2. KOSTUSIAK P., SLOSARZ J., GOLEBIEWSKI M., SAKOWSKI T., PUPPEL K.
(2023). Relationship between Beef Quality and Bull Breed. Animals, 13, 1-16.

Doswiadczenie sktadato si¢ z dwoch etapéw — badan przyzyciowych oraz poubojowych.
Przyzyciowo okreslono mase ciata oraz przyrosty dobowe 67 buhajow czterech ras. Poubojowo
za$ okre$lono mas¢ ich tuszy. Badania przeprowadzone na migs$niach podibtoniastych od
buhajow rasy polskiej holsztynsko-fryzyjskiej (PHF), limousine (LM), charolaise (CH) i
hereford (HH) miaty za$ na celu analiz¢ wptywu rasy na ksztaltowanie si¢ jako$ci migsa

wotowego. Badane parametry obejmowaty podstawowy sklad chemiczny, profil kwasow
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tluszczowych, witaminy rozpuszczalne w tluszczach, mierniki stresu oksydacyjnego oraz

bioaktywne sktadniki frakcji biatkowe;.

Analiza wynikow produkcyjnych wykazata, ze buhaje rasy PHF osiaggnely najnizsza
mas¢ ciata sposréd wszystkich badanych ras, za$ buhaje LM najwyzsza. Réznica ta wyniosta
158 kg, co $wiadczy o przewadze genetycznej rasy migsnej do opasu. Drugi najwyzszy wynik
masy ciata odnotowano w grupie buhajow CH, natomiast trzeci wynik u buhajow HH. Dzienne
przyrosty wynosity odpowiednio 0,82 kg w grupie PHF, 1,08 kg w LM, 1,06 kg w CH oraz
1,04 kg w HH. Uzyskane masy ciata przetozyly si¢ na mase tusz. Najcigzsze tusze pozyskano
od buhajow CH (416 kg), za$ najlzejsze od buhajéw PHF (317 kg). Tusze od buhajow LM
miaty mas¢ 413 kg, a od HH 390 kg. Wyniki charakteryzujace rasy migsne wskazuja na ich
wyrazng przewage nad rasg PHF 1 podkreslaja ich przewage w potencjale genetycznym

zwigzanym z uzytkowaniem migsnym.

Analiza wpltywu rasy na podstawowy sklad chemiczny (biatko, thuszcz surowy,
kolagen) rowniez ujawnita przewage ras migsnych nad rasg PHF. Najwyzszg zawartos$¢ biatka
w 100 g migénia semimembranosus stwierdzono w probkach pobranych od buhajow rasy LM
(23,73 g), od buhajow CH (22,05 g), HH (21,21g) oraz najnizsza w probkach od buhajow PHF
(19,40 g). Roznica w poziomie zawartosci biatka miedzy rasa LM a PHF wyniosta 22,32%, co
w polaczeniu z osigganymi przyrostami oraz masg tuszy po uboju, uwydatnia znaczenie tej rasy
w produkcji wotowiny. Réznice te wplywaja rowniez na zmiany w rekomendowanym spozyciu
tego migsa. Do zobrazowania istotno$ci r6znic mozna zalozy¢ dzienne zapotrzebowanie na
biatko dorostego me¢zczyzny na poziomie 1 g na 1 kg masy ciata. Spozycie dziennej dawki
biatka z migsa rasy PHF przetozy si¢ na 412,37 g, natomiast LM 337,16 g. R6znica pomiedzy
rasa LM a PHF wyniesie w tym przypadku 75,21 g migsa w celu dostarczenia tej samej ilosci

biatka (Wu, 2016).

Zawarto$¢ tluszczu surowego byta najwyzsza w badanych probkach od rasy HH (3,01
g), mniej bylo w probkach od rasy PHF (2,95 g), od rasy CH (2,26 g) oraz najmniejsza w
probkach pobranych od rasy LM (2,16 g). Francuskie rasy LM oraz CH charakteryzuja si¢
nizszym udziatem thuszczu $rodmigsniowego od pozostatych ras. Ten rodzaj thuszczu decyduje
0 soczystosci oraz smakowito$ci migsa. W krajach Europy zachodniej chuda wotowina cieszy
si¢ jednak wigkszym zainteresowaniem. Jest to odmienny trend od wielu krajow na Swiecie, w
ktorych konsumenci preferuja migso o wyzszej zawartosci tluszczu, gtownie thuszczu

$rodmigsniowego.
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Kolejnym analizowanym parametrem byta zawarto$¢ kolagenu w mig$niach, ktora
ksztattuje krucho$¢ migsa. Najwyzszy jego poziom (na 100g migénia), stwierdzono u rasy PHF
(592,24 mg). Najnizsza za$ zawartos¢ odnotowano u rasy CH (542,52 mg), oraz kolejno u LM
(592,24 mg) i u HH (552,2 mg).

Analiza profilu nienasyconych kwasow tluszczowych uwzgledniata kwas wakcenowy
VA (C18:1 trans-11), kwas linolowy LA (C18:2 n-6), sprz¢zony kwas linolowy CLA (C18:2
cis-9, trans-11), kwas alfa-linolenowy ALA (C18:3 n-3), kwas eikozapentaenowy EPA (C20:5
n-3) oraz kwas dokozaheksaenowy DHA (C22:6 n-3). Najwyzsza zawartos¢ CLA w
odniesieniu do 100 g tluszczu zostata stwierdzona u rasy CH (4,27 g). Uzyskano wynik o
64,86% wyzszy od tego, ktory zaobserwowano u rasy PHF (2,59 g). Rasa ta charakteryzowala
si¢ roOwniez najnizszymi wynikami w koncentracji wszystkich analizowanych kwasow

thuszczowych.

W pozostatych badanych kwasach najwyzsze réznice wyniosty 96,39% dla VA u rasy
CH, 63,23% dla LA w probkach od rasy CH, 51,2% dla ALA u rasy LM, 76,19% dla EPA u
rasy CH i 100% dla DHA w probkach pobranych od buhajow rasy CH w poréwnaniu do rasy
PHF.

W migsniu pélbtoniastym pozyskanym od czterech ras okreslono réwniez zawarto$§¢
witamin rozpuszczalnych w tluszczach: witaminy A w formie a-retinolu, [-karotenu

stanowigcego prekursor witaminy A i witaminy E w jej aktywnej formie a-tokoferolu.

Najnizsze poziomy tych trzech badanych witamin stwierdzono w probkach migsni
pobranych od buhajéw rasy PHF. U rasy LM wynik byt o0 80% wyzszy, u rasy CH o 65%, za$
u rasy HH o 5% w przypadku badania poziomu B-karotenu w stosunku do zawartosci tej
witaminy u rasy PHF. Podobnie ksztattowala si¢ zawarto$¢ alfa-retinolu, ktora byta wyzsza w
probkach pobranych migsni od rasy LM, CH 1 HH odpowiednio o 22,73%, 19,7%, 3,03% od
rasy PHF. W analizie koncentracji alfa-tokoferolu stwierdzono, ze w probkach miesni rasy CH
ilos¢ tej witaminy byta 0 93,17% wyzsza, u rasy HH 0 91,3% i u rasy LM wyzsza o0 72,67% od

ilosci odnotowanej u rasy PHF.

Analiza TAS (catkowity status antyoksydacyjny), DAP (stopien potencjatu
antyoksydacyjnego) i MDA (dialdehyd malonowy) wykazala istotne zrdéznicowanie posrod
badanych ras zwierzat. Najwigksza roznice stwierdzono w przypadku TAS miedzy rasami CH
1 PHF, ktora wyniosta 147,5% na korzys¢ rasy CH. Rasy LM 1 HH uzyskaty wyzszy poziom
TAS od rasy PHF odpowiednio o 70% 1 6,25%. Najnizszy poziom DAP rowniez zanotowano
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u rasy PHF 1 byl on nizszy od opaséw rasy LM o 58,2%, a od rasy CH o0 52,34% i 0 22,07%
nizszy od rasy HH. Najwyzsza zawarto$§¢ markera stresu oksydacyjnego MDA wykazano u
buhajow rasy PHF. U rasy LM byto go mniej o0 62,42%, o 63,64% u rasy CH 1 0 25,76% w
probkach rasy HH.

Badanie wptywu rasy na zawarto$¢ bioaktywnych skladnikow frakeji biatkowej
(anseryny, karnozyny, tauryny, koenzymu Q10, kreatyniny oraz kreatyny) wykazato przewage
ras migsnych nad rasg PHF. W odniesieniu do rasy PHF najwyzsza zawarto$¢ anseryny
stwierdzono u rasy LM i byla on wyzsza o 21%. W przypadku karnozyny sposréd badanych
ras, rasa CH miala jej najwiecej, o 14,99% w poréwnaniu do rasy PHF. Rasa LM
charakteryzowala si¢ za§ najwyzszg zawartoscig tauryny w stosunku do rasy PHF o 26,87%.
35,82% roznicy uzyskano pordwnujac wyniki zawartosci koenzymu Q10 u rasy CH w stosunku
do rasy PHF. 36,17% kreatyniny i 6,47% kreatyny byto wigcej w probkach pobranych od rasy
LM w odniesieniu do probek pozyskanych od PHF. Najnizsze réznice we wszystkich

analizowanych parametrach wzgledem rasy PHF stwierdzono w prébkach rasy HH.

Wyniki przeprowadzonych badan wskazuja na wazne korelacje migdzy rasg bydta a
ksztattowaniem si¢ jakos$ci migsa wotowego. Rasy pdzno dojrzewajace, takie jak limousine i
charolaise, konsekwentnie osiggaty najwyzsze wyniki pod wzgledem zawartosci wigkszo$ci

analizowanych parametréw, wykazujac wyrazng przewage nad rasa PHF oraz hereford.

P3. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genetic Markers Related to
Meat Quality Properties in Fattened HF and HF x Charolaise Steers. Genes, 5, 1-16.

W publikacji przeprowadzono identyfikacje i opisano charakterystyke polimorfizmow
w genach kandydujacych, takich jak DGATI, LEP, SCD1, SREBF1 oraz TG, w celu okreslenia
ich wptywu na mechanizmy regulujace jako$¢ odzywcza 1 sensoryczng migsa wotowego U

wolcow rasy holsztynsko-fryzyjskiej oraz mieszancoéw F1 holsztynsko-fryzyjska x charolaise.

Frekwencje alleli polimorficznych form analizowanych genow

W analizie SCD1, analizowang mutacja byta substytucja T>C, skutkujaca mutacja
niesynonimiczng, ktéora powoduje w tancuchu biatkowym zmian¢ aminokwasu waliny na

alaning. Frekwencja wystepowania genotypow wynosita odpowiednio: 5,7% dla VV, 55,0%

50



dla AA i 39,3% dla VA. W analizie polimorfizmu LEP mutacja jest substytucja T>C, a
frekwencja genotypow wynosita odpowiednio: 23,2% dla CC, 19,1% dla TT i 57,7% dla CT.
W analizie TG, poszukiwang mutacja byta zamiana T>C. Frekwencja genotypoéw wynosita
73,5% dla CC, 23,5% dla CT i 3,0% dla TT. W analizie DGAT1 poszukiwang mutacjg byta
zamiana T>C, a frekwencja genotypow wynosita 83,9% dla CC, 8,8% dla TT oraz 7,3% dla
CT. Mutacja w analizowanym fragmencie SREBF11 polegata na delecji 84 pz. Frekwencja

genotypow byta nastgpujaca: brak delecji = 91,1% 1 heterozygoty = 8,9%.
Zalezno$¢ miedzy cechami a poszczeg6lnymi SNP.

Badania wykazaty interakcje rasy ze stopniem ottluszczenia tuszy, z wyzszymi
warto$ciami W przypadku mieszancow HFxCH (p <0,01) oraz homozygota LL w SREBP11 (p
< 0,05). Wykazana zostala interakcja migdzy ottuszczeniem, rasg i intensywnoscig zywienia.
Wyzszy stopien marmurkowato$ci migsa (p < 0,01) stwierdzono w grupie mieszancow,
w przypadku genu TG odnotowano wyzsze wartosci dla TT niz dla CT (p < 0,05) i CC (p <
0,05). Stwierdzony zostal wplyw intensywnosci chowu na marmurkowatos¢ (p < 0,01).
Stwierdzono wyzsze warto$ci w grupach o nizszej intensywnos$ci zywienia oraz wykazana
zostata interakcja rasy i1 intensywnos$ci zywienia na t¢ ceche. W przypadku ottluszczenia,
stwierdzono wyzsze wartosci dla mieszancow (p < 0,05), a w przypadku genu LEP stwierdzono
wyzsze wartosci dla homozygoty CC niz dla homozygoty TT (p < 0,05). Badanie wykazato
zwigzek LWG z rasa (wyzsze wartosci dla mieszancoéw, p < 0,01), intensywnos$cia chowu
(wyzsze warto$ci dla bardziej intensywnego zywienia, p < 0,01) oraz interakcj¢ intensywnosci
chowu i rasy, przy czym analizowane genotypy nie mialy wplywu na ten parametr. W
przypadku DM _LWG, stwierdzono, zwigzek z intensywnos$cia chowu, z wyzszymi
wartosciami dla nizszej intensywnosci (p < 0,01) oraz interakcje rasy i intensywnosci opasu.
Wyniki ME_LWG wskazujg na interakcje rasy i intensywnosci opasu z genotypem SCD1, w
ktorym wykazano nizsze wartosci dla AA nizdla VA (p <0,05)1 VV (p <0,05). Nie wykazano
istotnego wptywu DGAT1 na konformacje tuszy.

W badaniu wykazany zostal wpltyw polimorficznych form genéw na wybrane cechy
jako$ciowe migsa. Zidentyfikowano zwigzek Wlthaw7 z rasa, w ktérym wyzsze wartosci
wystapity w przypadku mieszancow (p < 0,05), a takze z polimorfizmem DGATI1 (wyzsze
warto$ci dla homozygoty TT niz CC, p < 0,05). W przypadku Wlcook7 zwigzek z
polimorfizmem LEP wskazywal na wyzsze wartosci dla homozygoty TT niz CC (p < 0,05).

pH7 wykazalo zwigzek z intensywno$cia zywienia (wyzsze wartosci dla nizszej intensywnosci,
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p < 0,05), a takze genem SCD1 (wyzsze wartosci dla AA nizw VA p<0,011VV p <0,05).
Pomiary barwy mig¢sa wskazaty na zwigzek L7 z rasg (wyzsze warto$ci dla mieszancow, p <
0,01), z genotypem DGATI (najwyzsza wartos¢ wystgpita u heterozygot), z genotypem TG
(wyzsza warto$¢ CC niz CT, p < 0,05) oraz z genotypem SCD1 (wyzsze wartosci VA niz CC,
p <0,05). a7 byl zwigzany z rasg (wyzsze wartosci dla mieszancow, p < 0,01), polimorfizmem
TG (wyzsze wartosci dla TT niz heterozygoty, p < 0,01) i genotypem LEP (wyzsze wartosci
dla heterozygoty niz genotypu CC, p < 0. 05); natomiast b7 byt zwigzany z rasg (wyzsze
wartosci dla mieszancéw, p < 0,01) i polimorfizmem TG (wyzsze wartosci dla genotypu CC
niz dla heterozygoty, p < 0,01). Withaw14 byl zwigzany z intensywnoscig chowu (wyzsze
wartosci dla nizszej intensywnos$ci p <0,01) i genotypem TG (wyzsze wartosci dla homozygoty
CCniz TT, p £0,01). Wlcook14 zmienial si¢ wraz z polimorfizmem SCD1 (wyzsze warto$ci
dla heterozygoty, p < 0,05). pH 14 byto zwigzane z LEP (najwyzsza warto$¢ dla genotypu CC)
oraz z polimorfizmem SCD1 (wyzsze warto$ci dla heterozygoty niz homozygoty AA, p <0,05).
L14 byt zwigzany z rasg (wyzsze wartosci dla mieszancow, p < 0,01), polimorfizmem DGAT1
(najnizsza warto$§¢ dla homozygoty CC) i polimorfizmem SCDI1 (wyzsze wartosci dla
heterozygoty w poréwnaniu z homozygota AA, p < 0,05). Zidentyfikowany zostat zwigzek
miedzy al4 arasg (wyzsze wartosci dla mieszancow, p < 0,05), intensywnoscig chowu (wyzsza
warto$¢ dla nizszej intensywnosci, p < 0,05) 1 polimorfizmem DGATI1 (wyzsza warto$¢ dla
homozygoty TT niz dla CC, p < 0,05); podczas gdy b14 byl zwigzany z rasg (wyzsze warto$ci
dla mieszancow, p < 0,01) i polimorfizmem DGAT]1 (wyzsze warto$ci dla homozygoty TT niz
dla CC, p < 0,05). Bragzowy kolor migsa byl zwigzany z rasg (z wyzszymi wartosciami dla
wolcow PHF, p < 0,05), a jasny kolor migsa byt roOwniez zwigzany z rasg (z wyzszg warto$cig
dla opasow rasy PHF, p < 0,01). Na sil¢ cigcia wptywala jedynie rasa (z wyzsza wartoscig dla
mieszancow, p < 0,05). Sposrod analizowanych SNP jedynym polimorfizmem wplywajacym
na stodki smak byl SCD1, z wyzszymi warto$ciami dla heterozygoty niz homozygoty VV, p <
0,05.

Wyniki prowadzonych prac wskazuja na istotne zalezno$ci miedzy polimorfizmem

analizowanych genéw, a ksztaltowaniem si¢ jakosci migsa wolowego.
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P4. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genotype-Dependent
Variations in Oxidative Stress Markers and Bioactive Proteins in Hereford Bulls:
Associations with DGATL, LEP, and SCD1 Genes. Biomolecules, 14, 1309.

W publikacji przeprowadzono identyfikacj¢ i charakterystyke polimorfizméw w genach
kandydujacych, takich jak DGATI1, LEP oraz SCD1 w celu okre$lenia ich wptywu na
funkcjonowanie endogennych mechanizméw ochrony antyoksydacyjnej u buhajow rasy

hereford.

Zalezno$¢ miedzy genami, a markerami stresu oksydacyjnego

Analiza polimorfizmu genu DGAT1 wykazata najwyzszy poziom MDA u homozygot
TT, ktory wynidst 15% wigcej niz w przypadku CC oraz 26% wigcej niz w CT. W przypadku
GluRed najwyzszy poziom réwniez stwierdzono u TT 1 byt on wyzszy o 57% od wyniku CC
1 19% wyzszy od wyniku CT. Homozygoty TT miata rowniez najwyzszy wynik w odnosnie
poziomu GPx i byt on 20% wyzszy od CC 1 46% od CT. W przypadku SOD najwyzszy wynik
zaobserwowano
w genotypie CT, gdzie rdznica wynosita 14% wzgledem CC 1 28% wzgledem TT. Roéwniez
najwyzszy wynik zaobserwowano w TAS dla CT 1 wynosil on 95% wigcej niz w CC 1 40%
wigcej niz TT.

W przypadku LEP najwyzszy poziom stwierdzono dla MDA u homozygoty CC, ktora
byta 9% wyzsza od CT 1 10% od TT. Analiza GluRed wykazala najwyzsze warto$ci
u TT, ktore byly wyzsze o 16% od CC i 7% od CT. Najwyzsze wartosci dla GPx
zaobserwowano w genotypie CC, ktore bylty wyzsze o 5% od CT 1 26% od TT. W SOD
najwyzsze wartosci zaobserwowano u CT 1 wynosity 24% wiecej niz w CC 1 14% niz w TT.
Analiza TAS wskazata najwyzsze wartosci u TT 1 wynosily one 24% wigcej niz w przypadku

CC19% nizu CT.

Analiza genu SCD1 wykazata najwyzsze wartosci MDA u heterozygoty VA, ktore byly
wyzsze 0 3% niz u AA 1 14% wyzsze od VV. Wartos¢ GluRed byta najwyzsza w przypadku
genotypu AA, wykazujac 18% wyzszy wynik w porownaniu do genotypu VA oraz 50% wyzszy
w poréwnaniu do genotypu VV. Aktywnos¢ GPx osiggneta najwyzszy poziom
w genotypie VA, z 33% wyzszym poziomem w poréwnaniu do genotypu AA i o 68% w

porownaniu do VV. Aktywnos¢ SOD byta najwyzsza w genotypie AA, uzyskujac o 35%
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wyzszy poziom niz w genotypie VA i 0 38% wyzszy niz w genotypie VV. Poziom TAS réwniez
byl najwyzszy w genotypie AA, 0 9% wyzszym wynikiem w poréwnaniu do genotypu VA oraz

wyzsza zawartoscig o 59% w poréwnaniu do homozygoty VV.

Analiza korelacji miedzy markerami stresu oksydacyjnego, a genami kandydujacymi
wykazata istotne statystycznie zaleznosci. Gen DGAT]1 skorelowany byt z aktywno$cig GluRed
(r=0,369, p<0,01), a takze z poziomem TAS (r=0,309, p<0,05), ktéry wskazuje na ogdlna
wyzszg zdolno$¢ ograniczania stresu oksydacyjnego, co wskazuje na zwigzek z ochrong
antyoksydacyjng. Wykazana zostata ujemna korelacja LEP z tauryng (r=-0,578, p<0,01) oraz
anseryng (r=-0,514, p<0,01). W przypadku SCD1 stwierdzono istotne ujemne korelacje z
GluRed (r=-0,318, p<0,05) oraz SOD (r=-0,368, p<0,01), co oznacza, ze polimorficzne formy
SCD1 sa zwiazane z obnizong aktywnoscig tych zwiazkéw antyoksydacyjnych. SCDI1
wykazywat takze ujemna korelacje z TAS (r=-0,275, p<0,05), co sugeruje odwrotng zalezno$¢
z 0g6lna zdolnoscig antyoksydacyjna.

Analiza zawartosci tauryny, Q10, karnozyny i anseryny z genami DGATL, LEP i SCD1
wykazata réznice zalezne od genotypoéw. Dla genu DGATI, poziom tauryny byt najwyzszy w
przypadku homozygot TT, i byl wyzszy o 38% w poréwnaniu do genotypow CC i CT.
Karnozyna wykazata najwyzsze wartoSci w genotypie TT, z 8% wyzszym wynikiem w
poréwnaniu do genotypu CC 1 12% w pordwnaniu do CT. Poziom anseryny takze byt

najwyzszy w grupie TT, z 26% przewaga wzgledem CC i 15% wzglgdem CT.

W przypadku genu LEP, poziom tauryny byly zblizone dla genotypow CC i CT.
Stezenia Q10 byly jednakowe we wszystkich genotypach. Zawarto$¢ karnozyny byta
najwyzsza w przypadku homozygot CC z wynikiem o 6% wyzszym od TT. Najwyzszy poziom
anseryny odnotowano u homozygot TT, wykazujac przewage o 24% wzgledem CC 1 27%
wzgledem CT.

W przypadku SCD1, poziom tauryny byt o 19% nizszy u homozygot AA w porownaniu
do VA 1 VV. Stezenie Q10 byly najwyzsze w genotypach AA, VA i VV, bez istotnych réznic
migdzy nimi. W genotypie AA stwierdzono najwyzszy poziom karnozyny 1 jej zawarto$¢ byta
wyzsza 0 4% w stosunku do VA 1 o 10% wzgledem VV. Anseryna osiagneta najwyzsze

warto$ci w genotypie VV, z wyzszym poziomem o 13% w porownaniu do AA 1 VA.

Analiza korelacji wykazata, ze dla genu DGAT]1 korelacje z tauryna, Q10, karnozyna i
anseryng byly ujemne, ale nieistotne statystycznie. Dla genu LEP réwniez zaobserwowano

istotne ujemne korelacje: tauryna (r=-0,578, p<0,01), Q10 (r=-0,411, p<0,05), karnozyna (r=-
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0,278, p<0,05) i anseryna (r=-0,514, p<0,01). Wskazywa¢ moze to na odwrotng zalezno$¢
mig¢dzy wariantami genu LEP a tymi biomarkerami. W przypadku genu SCDI1 korelacje byty

nieistotne statystycznie dla wszystkich biomarkeréw.

Wyniki przeprowadzonych prac wskazuja na powigzania miedzy DGAT1, SCD1 i LEP,
a metabolizmem tluszczu, stresem oksydacyjnym i aktywnoscig antyoksydantow. Wykazane
zaleznos$ci stanowig podstawe do wuznania analizowanych gendéw jako istotnych w
ksztaltowaniu zdrowotnos$ci zwierzat poprzez odpowiednio prowadzong selekcje potaczong z
genotypowaniem, co pozwoli na ograniczenie wystgpowania zjawiska stresu oksydacyjnego i

poprawe jako$ci migsa wotowego.

5. Podsumowanie i WniosKki

P1. KOSTUSIAK P., SLOSARZ J., GOLEBIEWSKI M., GRODKOWSKI G., PUPPEL K.
(2023). Polymorphism of genes and their impact on beef quality. Current Issues in
Molecular Biology, 4749-4762.

Analiza polimorfizmu genéw zwigzanych z jakoScig migsa, takich jak miostatyna,
tyreoglobulina, kalpaina oraz kalpastatyna, stanowi istotny obszar badan genetycznych.
Badania nad tymi genami umozliwiajg lepsze zrozumienie mechanizméw molekularnych
regulujacych fenotypowe cechy jakosciowe migsa, co jest kluczowe dla optymalizacji
programow selekcyjnych. Dalsze eksploracje gendéw charakteryzujacych si¢ istotnym
wplywem na parametry jakosciowe migsa powinny by¢ kontynuowane, aby wspiera¢ rozwoj
zrownowazonych strategii hodowlanych, ktore uwzgledniajg zaréwno wydajnos$¢ produkeyjna,
jak 1 dobrostan zwierzat. Zrozumienie interakcji pomiedzy genotypem a fenotypem oraz ich
wplywu na wlasciwosci organoleptyczne i biochemiczne migsa jest niezbedne do uzyskania
produktéw o wysokiej jako$ci, co jest wazne w kontekScie rosngcego zapotrzebowania na

zdrowa 1 wysokowarto$ciowg zywnos¢.

1. Miostatyna jest kluczowym regulatorem miogenezy, a jej polimorficzne formy maja
istotny wplyw na rozwo6j migéni szkieletowych. Zmniejszona ekspresja MSTN
prowadzi do hipertrofii mig$niowej, objawiajacej si¢ zjawiskiem ,,podwodjnego

umiesnienia” (double muscling), co skutkuje przyrostem masy migsniowej o 20-25%.
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Taki fenotyp sprzyja poprawie konformacji tuszy oraz zwigkszeniu udziatu

warto§ciowych wyrebow, co jest korzystne w kontekscie produkcji bydta migsnego.

. Tyreoglobulina jest istotnym czynnikiem determinujgcym zawarto$¢ tluszczu

srodmigsniowego, ktory ma kluczowe znaczenie dla soczystosci i smakowitos$ci migsa.
Zréznicowanie genetyczne w ekspresji TG moze znaczaco wptywaé na profile lipidowe

réznych ras bydta, co w konsekwencji przektada si¢ na jakos¢ wotowiny.

. Uktad kalpaina (CAPN) i kalpastatyna (CAST) odgrywa fundamentalng rol¢ w procesie

proteolizy mi¢sniowej podczas dojrzewania. Polimorfizmy w genach CAPN1 1 CAST
sa odpowiedzialne za znaczng cz¢$¢ zmiennosci w krucho$ci migsa, co wskazuje na ich
potencjat w selekcji genetycznej. Odpowiednia regulacja aktywnosci kalpain, w
szczegllnosci CAPN1, w polaczeniu z inhibicja przez CAST, jest niezwykle wazna w

ksztaltowaniu jakos$ci mig¢sa.

P2. KOSTUSIAK P., SLOSARZ J., GOLEBIEWSKI M., SAKOWSKI T., PUPPEL K.

(2023). Relationship between Beef Quality and Bull Breed. Animals, 13, 1-16.

Badania przeprowadzone na bydle ras polskiej holsztynsko-fryzyjskiej (PHF), limousine

(LM), charolaise (CH) oraz hereford (HH) wykazaly istotne réznice w parametrach

jakosciowych migsa, w tym potencjale antyoksydacyjnym, ktore mozna przypisa¢ genotypowi

zwierzat. Na podstawie przeprowadzonych badah mozna sformutowac nastepujace wnioski:
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1. Analiza catkowitego statusu antyoksydacyjnego oraz stezenia dialdehydu malonowego

wskazata na wyzszg stabilno$¢ oksydacyjng migsa pochodzacego od ras migsnych.
Nizsze wartosci MDA u ras takich jak limousine i charolaise sugeruja bardziej
efektywny mechanizm obronny przeciwko reaktywnym formom tlenu, co przektada si¢

na wyzszy stopien ochrony antyoksydacyjnej (DAP).

. Potencjal antyoksydacyjny migsa ras pdézno dojrzewajacych jest wspierany przez

wyzsza zawarto$¢ bioaktywnych peptydéw oraz nienasyconych kwaséw tluszczowych,
takich jak sprzgzone dieny kwasu linolowego i kwasy omega-3. Te komponenty nie
tylko stabilizuja strukture lipidowa, ale rowniez redukujg stres oksydacyjny poprzez
neutralizacj¢ reaktywnych form tlenu, co ogranicza uszkodzenia komorek

mig$niowych. Wyzszy poziom calkowitego potencjalu antyoksydacyjnego w migsie ras



p6ézno dojrzewajacych $wiadczy o ich przewadze w kontek$cie ochrony przed
oksydacja.

3. Migsnie ras migsnych charakteryzowaly si¢ wyzszymi zawarto§ciami nienasyconych
kwasow ttuszczowych oraz witamin rozpuszczalnych w thuszczach, co moze miec
istotne znaczenie dla metabolizmu lipidow. Obecno$¢ bioaktywnych sktadnikéw
wspiera mechanizmy obronne organizmu oraz stabilizuje jako$¢ migsa.

4. Wyzsze stezenia MDA w miegs$niach rasy PHF wskazuja na nasilenie peroksydacji
lipidéw, co jest powigzane z wyzszym stresem oksydacyjnym w tej grupie. Zjawisko to
moze negatywnie wptywac na jako$¢ migsa oraz jego trwatos¢. W przypadku ras p6zno
dojrzewajacych, takich jak limousine i charolaise, korzystniejszy profil lipidowy oraz
wyzsza aktywnos$¢ antyoksydacyjna moga przeciwdziala¢ tym negatywnym skutkom,

co potwierdza ich przewage w konteks$cie jako$ci migsa.

P3. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genetic Markers Related to
Meat Quality Properties in Fattened HF and HF x Charolaise Steers. Genes, 5, 1-16.

Podsumowujac, wyniki badan jednoznacznie wskazujg na istotny wptyw polimorfizmow
genow DGAT], LEP, SCD1, SREBF1 i TG na ksztattowanie si¢ jako$ci migsa wotowego,
zarowno pod wzgledem wartosci odzywczej, jak 1 wlasciwos$ci sensorycznych. Analizowane
genotypy determinujg akumulacj¢ tluszczu oraz cechy organoleptyczne, co potwierdza
wszystkie postawione hipotezy 1 podkresla kluczowa role tych gendéw w poprawie cech

produkcyjnych w hodowli bydta migsnego.

Na podstawie przeprowadzonych badan oraz postawionych hipotez mozna sformulowac

nastepujace wnioski:

1. Polimorfizmy w genie DGATI1, kodujacym enzym diacyloglicerol acylotransferazg,
istotnie wptywaja na akumulacje trojglicerydow w tkance mig$niowe;j, co przektada sie
na sktad thuszczu §rédmigsniowego oraz wiasciwosci sensoryczne migsa wotowego,
takie jak marmurkowatos¢, krucho$¢ i soczystos¢. Analiza wynikow wskazuje, ze
warianty genetyczne DGAT1 maja bezposredni wptyw na zawarto$¢ i rozmieszczenie
thuszczu, co determinuje rdéznice w jakoSci migsa migdzy genotypami

homozygotycznymi i heterozygotycznymi. Homozygoty TT wykazywaly wyzsze
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warto$ci w parametrach sensorycznych niz homozygoty CC, co potwierdza hipotez¢ o
istotnym wptywie polimorfizmdéw tego genu na jako$¢ migsa.

Polimorfizmy w genie LEP, kodujacym leptyng, wykazujg istotny wplyw na
wlasciwosci odzywcze 1 sensoryczne migsa wolowego, poprzez modulacje
mechanizmow regulujacych dystrybucje tlhuszczu $rodmigsniowego i podskoérnego.
Wyniki badan potwierdzaja, ze réznice w sekwencjach kodujacych LEP przektadajg si¢
na zréznicowang zawartos¢ thuszczu, wptywajac na parametry jakos$ci migsa, takie jak
marmurkowato$¢. Homozygoty CC charakteryzowaly si¢ wyzszg zawarto$cig thuszczu
1 otluszczeniem tuszy w porownaniu do homozygot TT, co potwierdza istotno$¢
polimorfizméw LEP w regulacji homeostazy lipidowej oraz ich wplyw na wartos¢
odzywcza migsa.

Polimorfizmy w genie SCD1, kodujacym desaturaze stearylo-CoA, wykazuja znaczacy
wplyw na wlasciwosci sensoryczne migsa poprzez modulacje zawartosci thuszczu
srédmiesniowego 1 desaturacje kwasow thuszczowych. Zrdéznicowane warianty
genetyczne SCD1 wplywaja na tekstur¢ 1 walory smakowe migsa, co potwierdzaja
wyzsze warto$ci sensoryczne u heterozygot VA w pordwnaniu do homozygot AAi1VV.
Wyniki te wskazuja na istotny udziat genu SCD1 w regulacji cech sensorycznych,
takich jak soczystos¢, smak i tekstura, co jest zgodne z zalozeniami hipotezy 3.
Polimorfizmy w genach SREBF1 i TG odgrywaja istotng role w ksztattowaniu profilu
lipidowego oraz wiasciwosci odzywczych 1 sensorycznych migsa wotowego. Warianty
tych gendw maja wplyw na zawartos¢ thuszczu srodmiesniowego, marmurkowatosc, co
przektada si¢ na roznice w jakoSci migsa miedzy analizowanymi grupami
genotypowymi. Wyzsze warto§ci marmurkowato$ci 1 zawartosci thuszczu
zaobserwowano w homozygotach TT genu TG oraz homozygotach LL genu SREBF1,

co potwierdza hipotez¢ o wptywie tych gendow na cechy zwigzane z jako$cia migsa.



P4. KOSTUSIAK P., BAGNICKA E., ZELAZOWSKA B., ZALEWSKA M., SAKOWSKI
T., SLOSARZ J., GOLEBIEWSKI M., PUPPEL K. (2024). Genotype-Dependent
Variations in Oxidative Stress Markers and Bioactive Proteins in Hereford Bulls:
Associations with DGAT1, LEP, and SCD1 Genes. Biomolecules, 14, 1309.

Na podstawie przeprowadzonej analizy wynikéw dotyczacych polimorfizmu genow
DGAT1, LEP i SCD1, oraz ich wplywu na markery stresu oksydacyjnego i wiasciwosci

jakosciowe migsa wotowego, mozna sformutowac nastepujace wnioski:

1. ZmiennoSci genotypowe w genach DGAT], LEP
I SCD1 miaty istotny wptyw na aktywnos$¢ enzymow antyoksydacyjnych oraz stezenie
produktow peroksydacji lipidow, takich jak dialdehyd malonowy. Genotypy homozygot
TT 1 CC wykazatly roznice w poziomach MDA, co sugeruje zré6znicowana odpowiedz
na stres oksydacyjny w tkance mig¢$niowe;j.

2. W przypadku genu DGAT1, homozygoty TT charakteryzowaly si¢ wyzszym poziomem
MDA oraz aktywnos$cia enzymow GluRed 1 GPx. Wykazane réznice wskazuja na
mechanizmy adaptacyjne organizmu w odpowiedzi na zwigkszone obcigzenie
oksydacyjne.

3. Gen LEP miat zwigzek z wyzszymi poziomami MDA u homozygot CC, co sugeruje
potencjalng podatno$¢ na stres oksydacyjny. Jednoczesnie, u homozygot TT wykazana
zostala wyzsza aktywno$¢ GPx.

4. Badania wykazaly, ze polimorfizmy w genie SCD1 wptywaja na potencjat
antyoksydacyjny migsa wotowego. .

5. Wykazane korelacje migdzy genem DGAT1 a aktywnos$cia GluRed oraz TAS wskazuja,
ze polimorfizmy w obrebie tego genu wptywaja na zdolnosci adaptacyjne organizmu do
utrzymania homeostazy. Ujemne korelacje migdzy SCD1 a aktywnos$cig enzymow
antyoksydacyjnych wskazuja na zalezno§¢ migdzy genotypem a odpornos$cia na stres
oksydacyjny.

Wyniki przedstawionych badan potwierdzity hipotezy dotyczace wplywu polimorfizmow

gendw na jako$¢ migsa wotowego poprzez modulacj¢ proceséw zwigzanych ze stresem

oksydacyjnym.
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Abstract: The single-nucleotide polymorphism (SNP) form of genes is a valuable source of informa-
tion regarding their suitability for use as specific markers of desirable traits in beef cattle breeding. For
several decades, breeding work focused on improving production efficiency through optimizing the
feed conversion ratio and improving daily gains and meat quality. Many research teams previously
undertook research work on single-nucleotide polymorphism in myostatin (MSTN), thyroglobu-
lin (TG), calpain (CAPN), and calpastatin (CAST) proteins. The literature review focuses on the
most frequently addressed issues concerning these genes in beef cattle production and points to a
number of relevant studies on the genes” polymorphic forms. The four genes presented are worth
considering during breeding work as a set of genes that can positively influence productivity and
production quality.

Keywords: cattle; beef; myostatin; thyroglobulin; calpain; calpastatin; SNP

1. Introduction

Population growth and the enrichment of many countries are increasing the demand
for quality products [1]. One of these is beef, which is an important part of many people’s
diets. A number of research teams previously undertook work to study the determinants
of beef quality and looked for a way to implement the results of their research. This paper
undertakes the task of reviewing the current state of knowledge about four candidate genes
and the determination of their impact on beef quality. The genes highlighted in this work are
myostatin (MSTN), thyroglobulin 5 (TG5), u-calpain (CAPN1), and calpastatin (CAST). Beef
has long been the third most consumed meat after poultry and pork [2], with this trend due
to its high price and, thus, higher consumer demand for quality [3]. In developed countries,
it probably previously reached its peak per capita consumption, and for ethical reasons and
due to environmental concerns, its consumption is now slightly decreasing [4]. Customers
in highly developed countries prefer meat with a lower fat content [5,6]; this contradicts
their taste choices in blind tests, in which they stated that they preferred the taste of beef
with a higher fat content [7]. Beef with a higher intramuscular fat (IMF) content is also
more nutritious [8]. Polymorphic forms of TG5 gene can increase intramuscular fat content
by 6.5% [9] and can be used to further improve of cattle performance. This state of affairs,
therefore, is a challenge for breeders, who must meet the demand of customers whose
actual preferences seem to contradict the choices they make. Null mutation in MSTN results
in 20-25% lower muscle mass in the Belgian Blue breed [10], which makes a significant
difference in terms of productivity. To increase meat tenderness, work on CAPN1 and
CAST, which improve meat quality, should be carried out at the same time [11]. Genomic
selection is extremely important due to its effectiveness in the process of improving meat
quality. Juiciness, color, tenderness, and water-holding capacity are important elements of
beef quality [12]. Meat production worldwide exceeded 337 million tons in 2020 [13], and
this growth was accompanied by an increasing interest in higher quality products [14,15]. It
is, therefore, necessary to conduct work on candidate genes, which can be an important tool
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in shaping breeding programs and will expand our knowledge about important issues, such
as production efficiency and meat quality. The literature was selected based on keywords
related to the topic of the paper in several bibliographic databases of the Warsaw University
of Life Sciences, including Web of Science and Scopus.

2. Myostatin

Myostatin (MSTN), also known as GDF8 (growth and differentiation factor 8), is one of
the most important regulators of skeletal muscle development [16]. It is a highly conserved
gene that can be identified in many mammal livestock species [10]. This gene plays a
crucial role in muscle size development [17]. Huang et al. reported that a lack of MSTN
activity resulted in the overgrowth of skeletal muscles—this issue is called the double
muscling (DM) trait [18]. The double muscling phenotype is described using a number of
symbols: DM or N, DM or dm, D orn, Cor N, A or a, and mh or + [19]. It is highly desired
among cattle producers due to its positive impact on the meat content of carcasses. MSTN
can generate both a significantly higher proportion of skeletal muscle on the carcasses of
slaughtered animals and the expression of adipose tissue through inhibiting or promoting
adipogenesis [20]. Muscles can be as much as 20-25% larger than those of individuals
without the mutation [10], while a decrease in the proportion of organ mass [21,22] and a
reduced proportion of fat on the carcass are also associated traits [23].

All members of the TGF -f (transforming growth factor -f3) family are characterized
by three distinct domains: the N-terminal signal domain, the C-terminal mature peptide,
and the propeptide domain [10]. In cattle, these trait were mapped at chromosome 2 [24].
Other similar characteristics, such as the hydrophobic core of amino acids near the N-
terminal signal domain, cysteine residues in the C terminal region, and the conserved RSRR
proteolytic processing signal at the C-terminus, indicate that MSTN is a member of this
family [25]. However, there is a difference that distinguishes MSTN from the rest of this
family—the shorter nucleotide sequences at the C-terminus.

MSTN expression might be identified in various tissues. It can be identified in mam-
mary glands, lymphocytes, spleen, and the cardiomyocytes in heart tissue, and it has an
important role in skeletal muscle development [26]. It consists of three exons and two
introns. The exons code for a 375 amino-acid (aa) latent protein, which later becomes
biologically active through post-translational modification. Through forming disulfide
bonds, the polypeptide undergoes intracellular homodimerization [27,28]. Two forms are
produced: the N-terminal propeptide region and the C-terminal mature region. These
forms initiate intracellular signaling cascades due to their ability to bind and activate the
type II activin receptor located on the cell surface (ActRIIB and ActRIIA). Subsequently,
the autophosphorylation process of ActRIIB 1 leads to the recruitment and activation of
the low-affinity activin type I receptors ALK-4 or ALK-5. Through phosphorylating the
transcription factors Smad2 and Smad3 with activated type I receptor kinase, it is possi-
ble for them to interact with Smad4 (co-Smad) and translocate to the nucleus in order to
activate the transcription of the target gene [29]. The activated MSTN receptor is able to
inhibit protein kinase B, which determines muscle protein synthesis and cell proliferation.
The process of increasing the size of muscle fibers is called muscle fiber hypertrophy (or
hypertrophy for short) and is strongly regulated through Protein kinase B (Akt). The
formation of mature skeletal muscles is the result of myogenic differentiation. The high
proliferation muscle precursors formed during embryogenesis differentiate into myoblasts.
Myostatin determines the regulation of pre-natal muscle development processes through
affecting myoblast proliferation, muscle precursors, and differentiation [30]. MSTN also
affects the regulation of the marker that initiates the proliferation of the muscle precursor
Pax3 in limb muscles. MSTN is additionally responsible for the increased expression of p21,
which stops the proliferation of myoblasts that express myoblast determination protein 1
(MyoD), which is an important regulator of MSTN expression during myogenesis [20].

The phenomenon of muscle hypertrophy was previously identified in many mam-
malian species. However, muscle hypertrophy is not an accurate term because, in many
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cases, muscle growth is due to pre-natal hyperplasia [31]. The literature indicates that in
species such as cattle, horses, sheep, and goats, changes in MSTN gene expression mainly
cause hyperplasia, while hypertrophy is observed in mice [32]. Thus, the term is used
casually. Muscles with larger surface areas increase their size significantly, while deeper
muscles tend to decrease in size compared to normal muscles. When raising beef cattle,
muscle size is very important, as it affects the conformation of the carcass and the propor-
tions of the valuable elements that determine profits from the sale of the animal. Reduced
body weights and body fats were observed in obese rats using sActRIIB or a polyclonal
antibody to MSTN [33].

MSTN is an important component in myogenesis. However, this action is not its only
function that affects production yield. Some sources report that it plays an important role
in adipogenesis. MSTN can inhibit either adipogenesis in preadipocytes or can promote it
in pluripotent stem cells. The deletion or inhibition of MSTN might improve muscle mass
and reduce fat mass [34-36]. To determine the effect of MSTN on adipogenesis, white and
brown adipocytes should be distinguished. White adipocytes are responsible for storing
energy in large lipid droplets, while brown adipocytes contain much more numerous small
droplets, which are used in non-shivering thermogenesis [37]. Studies report that MSTN
can not only inhibit the adipogenesis of white adipocytes but also of brown adipocytes. This
process involves Smad3-mediated 3-catenin stabilization and TGF-3 /Smad3 signaling [38].
Moreover, it was previously proven that under certain conditions of adipogenesis, mouse
embryonic fibroblasts can differentiate into brown fat cells. MSTN-deficient primary mouse
embryonic fibroblasts show differentiation into brown adipocytes with increased lipid
metabolism [39]. MSTN inhibition can lead to a reduction in subcutaneous body fat in
mammals. Transgenic mice whose propeptide cDNA sequence had suppressed MSTN
showed reduced subcutaneous, epididymal, and retroperitoneal adipose tissue compared
to normal animals [40]. McPherron and Lee [41] concluded that myostatin inhibition may
be more effective at limiting adipose tissue gain than reducing it when soluble MSTN
receptors from the extracellular domain of type IIB activin receptors were used in mice
and induced through a high-fat diet. Reduced body weight and body fat were observed in
obese rats using sActRIIB or a polyclonal antibody to MSTN. McPherron and Lee observed
that white adipose tissue was converted to brown [41].

There are many reports on the effects of the various allelic variants through which
breeding work was carried out to improve both slaughter yield and the quality of the
meat itself, as well as reports of inactive MSTN on traits related to growth rate and carcass
conformation [20,42,43]. The result of these works is the consolidation of the DM trait in
the population, which is a desirable trait because of its beneficial effects on production
efficiency and raising the quality of meat—a characteristic that is desired by consumers [44].
These animals have a lower proportion of bone and fat in the carcass, significantly higher
proportions of muscle, a lower proportion of connective tissue, and improved meat ten-
derness. Many researchers focused their work on studying this phenomenon for specific
breeds (Table 1).

Table 1. MSTN gene polymorphism in cattle breeds.

SNP
Reference Breed Position Mutation
[24] Belgian Blue c.821 Dell1
[10] c.821 Delll
[43] Blonde d’Aquitaine 23811 T-G
[46] Charolaise c.610 C>T
[46] c.821 Delll
[47] Limousine c.610 C>T
[48] g.433 C>A
[47] Marchigiana g.874 G>T

[46] Piedmontese c.938 G>A
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One of the best-known cattle breeds with the DM trait is the Belgian Blue [49]. Many
years of selection for this trait resulted in it being accentuated to an unprecedented level.
According to a study by Grobet et al. [24], this breed has an 11-bp deletion (g.821-831 del11)
in the open reading frame. There is the loss of three amino acids (275-277) and a shift in
the reading frame after aa 274, resulting in a stop codon after aa 287.

The differences between DM and normal cattle can be seen in many aspects of the
slaughter performance. The carcass’ lower fat and bone content, the lower collagen content
of the muscles, and the significant increase in the size of some muscles relative to normal
cattle all account for the value of this trait in beef cattle production conditions [50]. In
Belgian Blue cattle, the semitendinosus muscle can be 1.6 times larger than in normal
animals [51]. There are also significant changes in subcutaneous and intramuscular fat
content. It is worth separating these two types of fat due to the consumption value of the
meat. European customers prefer lean beef; thus, these changes are particularly welcome.
The situation is, however, different in the markets of many countries where reduced
intramuscular fat reduces the steaks’ attractiveness [52-54].

Myostatin plays a key role in the processes of adipogenesis and myogenesis. The
deletion and inhibition of MSTN contributes mainly to an increase in size of individual
skeletal muscles and a reduction in the proportion of fat in the carcass. These are important
traits from the breeder’s point of view; thus, they are often used in crossbreeding to improve
slaughter performance.

The DM phenotype is characterized by significant muscle hypertrophy relative to
normal individuals. There is significant muscle prominence in the hindquarter and anterior
quadrant areas, with clearly defined individual muscle parts separated by grooves. Breed-
ing work led to the consolidation of the DM trait, which improves production results. It was
only after some time that research began on the impact of this trait on animal health. Arthur
et al. pointed out health problems in such animals, stating that lower fertility and lower
calf viability were observed [55,56]. Dystocia is another problem found in DM cattle [57].
The well-muscled hindquarters and the effect of hyperplasia on calves prior to birth result
in a higher frequency of dystocia. Belgian Blue cattle are the best example of this—almost
every parturition ends with a cesarean section. It also turns out that these animals are more
likely to become ill, as evidenced by an increased frequency of disease entities involving
the respiratory, urinary, digestive, motor, and many other systems. For breeders, the effect
on reproduction is also important. Animals with this trait are characterized by higher birth
weights, which makes calving more difficult [54]. In addition, DM cattle have increased
proportions of glycolytic muscle fibers, which are characterized by a susceptibility to fa-
tigue; thus, these animals show a lower resistance to physical exertion and a faster onset of
metabolic acidosis [58].

3. Thyroglobulin

Thyroglobulin (TG) is the main protein of the thyroid gland and makes up to 75% of the
gland’s protein [59]. The thyroglobulin gene is considered to be a candidate gene that affects
the ability to accumulate intramuscular fat; thus, it is important for breeders and further
breeding work. Thyroglobulin production takes place in the thyroid gland’s follicular cells,
and is secreted from the endoplasmic reticulum into a site where it undergoes iodination
(incorporation of iodine into the tyrosine residues of thyroglobulin). It is stored inside
thyroid follicles [60]. As a glycoprotein homodimer, it is a substrate in the production
of the thyroid’s hormones and a carrier of triiodothyronine (T3) and tetraiodothyronine
(T4) (called thyroxine). The influence of thyroid hormones is important for the regulation
of metabolism and its effects on the growth, differentiation, and homeostasis of fat cell
composition [61]. Thus, these are important hormones that affect the development of fat
cells. Hormone release occurs due to the stimulation of the thyroid cells by the thyrotropic
hormone (TSH). Further activity by the released hormones stimulates the hepatic processes
of gluconeogenesis and lipogenesis, as well as the occurrence of glycogenolysis [62].
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The TG5 gene is one of the longest genes in mammals. In cattle, it is located in the
centromere region of the fourteenth chromosome, and consists of 37 exons. It is made up
of two allelic variants, i.e., TG5C and TG5T, and three genotypes, i.e., TG5CT, TG5DW,
and TG5T [63,64]. This gene affects the accumulation of body fat and is used for animal
selection based on a single nucleotide polymorphism (SNP) located in the 5’ untranslated
region of this gene [65].

Intramuscular fat content is an important factor in determining the quality of beef.
This trait positively correlated with the juiciness and palatability of meat, and improves its
flavor, tenderness, and nutritional value. Meat rich in intramuscular fat is characterized by
a higher content of fat-soluble vitamins and unsaturated fatty acids [66]. This characteristic
is referred to as meat marbling, and influences consumers’ interest during the purchase [67].
Most of the intramuscular fat is located between bundles of muscle fibers in the perimysium
connective tissue [68].

Intramuscular fat deposition can be influenced by factors such as sex, weaning age,
age and weight at slaughter, nutrition, and environmental factors. However, the trend in
the quantitative change in intramuscular fat that is under the influence of the mentioned
factors is related to breed [69]. Genetic potential largely determines the final marbling score
(MS) [69].

In studies by Rincker et al. [70] and Casas et al., the TG5 SNP had no clear effect
on beef marbling [70,71]. This result could be due to the rearing period being too short
(<250 days) or other factors. Wood et al., in their meta-analysis based on 11 papers,
indicated that there was a positive association between the polymorphic forms of TG5
and the degree of meat marbling [72]. A significant relationship between beef quality and
TGS for Charolaise and Angus cattle was also determined by Van Eenennaam et al. [73].
They indicated there was a significantly higher IMF content for TT genotypes compared
to CC. Moreover, in the work of Barendse et al. on a sample containing 1750 cattle, it was
indicated that TG5 can be used as an effective tool to improve marbling [9].

Park et al. [69], on the basis of papers written by Albrecht et al. [74] and Irie et al. [75],
determined that the average IMF content in the longissimus dorsi (LD) muscle in the
Japanese Wagyu breed was 36.5%; for the Korean Hanwoo breed, it was 13.7% [76-79],
while for the Angus breed, it was 7.1% [80-82]. For the Hereford crossbreed, the figure
was 6.9%. In research by Dubovskova et al., the presence of TT homozygote at 5% was
determined in beef characterized by good marbling, and this also had the best results in
terms of IMF content [83].

4. The Calpain-Calpastatin System

In the case of CAST and CAPNI1, the influence on meat tenderness variability is more
than 40% [84]. Thus, they are an extremely important element in the beef production
process and have a very strong impact on the quality of the final product. Work carried
out on beef tenderness is very important for improving meat quality. Out of the group of
genes on which research has been conducted for decades, most of the work focused on
calpains (CAPN) and calpastatins (CAST), which are the CAPN inhibitors. From 1993 to
2021, there were at least 175 English-language papers related to the topic [85]. This is a
clear signal that work should be conducted to analyze the factors affecting meat quality,
in particular tenderness (associated both with CAST [86] and CAPN1 [87,88]), which is
the most important determinant of the customers’ willingness to buy. The variability in
genes in the calpain—calpastatin system depends on the breed of cattle; therefore, the use of
SNPs as genetic markers for animal selection to improve genetic progress is a promising
direction [89,90]. Smith et al. indicated that meat tenderness is 46% determined by genetic
factors and 54% determined by environmental factors [91].

Calpains are considered a candidate for being responsible for the meat tenderization
process, alongside Takahashi’s calcium tenderization theory [92]. Many authors argue that
the calpains that are dependent on the presence of calcium ions are responsible for this
process. There is the consideration that these calpains may be responsible by virtue of
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their access to substrates, their ability to hydrolyze proteins, and because they are also
found within the cells of muscle tissue. Evidence for their actions are indicated via the
reduction in proteolysis under the influence of calcium ion chelators [93], as well as zinc
chloride [94]. The main components of the calpain system are p-calpain (CAPN1), m-
calpain (CAPN2), calpain 3 (originally named p94, CAPN3), and their specific inhibitor, i.e.,
calpastatin (CAST), which blocks their activity [95]. Calpains are found in the cytoplasm
of all vertebrate cells [96]. They are named after the calcium ion concentration required
for their activation: p-calpain requires 3-50 uM of calcium and m-calpain 0.4-0.8 mM to
reach half of its maximum activity. In live animals, calcium concentration in the muscles is
0.2 uM [97], and only after slaughter does the calcium ion concentration rise to 100 uM [98],
thus allowing p-calpain activation. CAPN1 is considered to be the most important element
in the maturation of meat due to its early activation stage, which occurs after slaughter.
CAPN?2 is activated later, when the calcium ion concentration increases further. CAPN2
is, therefore, important in the later stages of meat maturation. For CAPN3, no significant
effect on the post-mortem proteolysis of meat was found [86], though some results may
be promising [99-101]. The activity of p-calpain and calpastatin fall sharply in the first
few days after slaughter [102], which correlates with an increase in meat tenderness [103].
Boehm et al., Koohmaraie, and Pringle et al., confirmed that calpain plays a major role in
this process [93,104,105]. CAPN1 4751 and CAPN1 316 were addressed by research teams
in several studies (Table 2), and are largely responsible for meat tenderness in Bos taurus
and Bos indicus cattle, as well as in their crosses. In the case of CAPN4751, a significant
effect on tenderness was confirmed by Morris et al. [106], while in the case of CAPN316,
the cutting force was decreased by about 20% [107] in Bos taurus crosses, which can be
used as a meat quality predictor. For the CAPN1 530 marker, no significant effect on meat
tenderness was observed in any breed.

Table 2. CAPN gene polymorphism in cattle breeds.

Reference Breed Muscle CAPN SNP
. .. . CAPN1 184%, CAPN1 187,
[108] Angus, Charolalse,‘ Longissimus thoracis CAPN1 4751* and CAPN2
Brahman, and Nguni et lumborum 780+

Charolaise, Limousine, .. . N

[109] and Retinta Longissimus dorsi CAPN1
Jersey-Limousine cross,

[106] Angus, and Hereford Longissimus dorsi CAPNI1: ¢.947C > G*

Cross

Piedmontese—Angus

[110] cross and Longissimus thoracis 38 SNPs*
Jersey-Limousine cross
Angus, Red Angus,
Beefmaster, Brangus,
[111] Hereford, Bonsmara, No data CAPNT*
Romosinuano, Brahman,
Limousine, Charolaise,
Gelbvieh, and Simmental
Brangus, Beefmaster,
[107] Bonsmara, Brahman, Loneissimus CAPN1 316", CAPN1
Romosinuano, Hereford, & 4753%, and CAPN1 530*
and Angus
CAPN1:¢c.1589G > A,
Longissimus CAPN1:c.658C > Tt,
[112] Hanwoo lumborum CAPN1:¢.948G > C*, and

CAPN1:c.580A > G*
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Table 2. Cont.
Reference Breed Muscle CAPN SNP
B. taurus, B. indicus, and .. . CAPN1 316* and CAPN1
[113] Longissimus dorsi +
Crosses 4751
. . CAPN316* and
[114] Brahman Longissimus dorsi CAPN4751+
CAPNI1 316*, CAPN1
[115] Nellore Longissimus dorsi 4751*, CAPN1 530*, and
CAPN1 4753*
[116] Nellore Longissimus dorsi CAPNT1 4751~
[117] Nellore Longissimus dorsi CAPN1 4751+
+
[118] Turkish Grey Longissimus dorsi CAPNI 314675??(:1 CAPN1

Parda de Montafia and
Pirenaica

CAPN1 316—, CAPN1

[119] 5307, and CAPN1 4751~

Longissimus thoracis

No association with meat tenderness, (—); association with meat tenderness, (+).

Along with p-Calpain, calpastatins are endogenous calcium-dependent proteinases
that are responsible for mediating the proteolysis of myofibrillar proteins during meat
aging processes [120]. CAPNI1 is responsible for the proteolysis of cytoskeleton proteins
and intermediate filaments. Endogenous proteases called calpains and their inhibitor
(calpastatin) are thought to be responsible for initiating the degradation of myofibrillar
proteins after slaughter [95].

The degradation of cytoskeletal and myofibrillar proteins largely influences changes
in muscle cell integrity, which determines the degree to which the meat is tender and
shapes organoleptic parameters. This process is shaped through the right aging conditions,
such as temperature, time, and type of aging (dry or wet), which affect changes in meat
pH over time. The activation of endogenous proteolytic enzymes is necessary to trigger
these processes. One of the most important enzymes is p-calpain, which digests desmin
structures and is encoded by the CAPNI1 gene. Barendse et al. indicated a strong epistatic
effect between the CAST and CAPNI genes, which occurs in most breeds [121]. The study
observed that substituting alanine for glycine in CAPN1: c.947G > C had the greatest effect
on meat tenderness in the Angus and Belmont Red cattle breeds.

Changes in consumer needs and eating habits require breeders to make breeding
progress and continually improve product quality. A number of studies carried out on
calpain also included calpastatin [122], which, as its inhibitor, plays an important role in
the maturation of meat [115]. There are several forms of calpastatin, such as CAST, CAST1,
CAST2, CAST3, and CAST4 [123]. Calpastatin is also dependent on calcium ions. In a study
by Malheiros et al., which was conducted on Bos Indicus, significantly higher expressions
of the CAST2 isoform were observed for hard meat and very hard meat compared to
medium-hard meat [124]. For the CAST and CAST1 isoforms, no significant differences
were observed between the experimental groups. In a study by Muroya et al., variations
in expression were observed depending on the type of muscle [125]. Such results indicate
that there are variable expressions of CAST isoforms in different muscles (Table 3), which
may result in different calpain inhibition and, thus affect meat maturation differently.
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Table 3. CAST gene polymorphism in cattle breeds.

Reference Breed Muscle CAST SNP
[108] Angus, Charolalse,. Longissimus thoracis CAST 736" and CAST 763*
Brahman, and Nguni et lumborum
Charolaise, Limousine, .. . "
[109] and Retinta Longissimus dorsi CAST
Jersey—Limousine cross,
[106] Angus—Hereford, and Longissimus dorsi CAST: ¢.2959A > G*
other crosses
Angus, Red Angus,
Beefmaster, Brangus,
[111] Heref.ord, Bonsmara, No data CAST*
Romosinuano, Brahman
Limousine, Charolaise,
Gelbvieh, and Simmental
Loneissimus CAST:c.182A > G¥,
[112] Hanwoo ) Hglb um CAST:c.1985G > C*, and
umbort CAST:c.1526T > C*
[113] B. taurus, B. indicus, and Longissimus dorsi CAST-T1~
crosses
[114] Brahman Longissimus dorsi CAST*
. . UOGCAST* and
[115] Nellore Longissimus dorsi WSUCAST*
[117] Nellore Longissimus dorsi UOGCAST*
[118] Turkish Grey Longissimus dorsi UOGCAST*
[119] Parda de Montafia and Loneissimus thoracis CAST1t, CAST2*, CAST3,
Pirenaica & CAST4*, and CAST5~

No association with meat tenderness, (—); association with meat tenderness, (+).

In a study by Allais et al., which was conducted on three beef cattle breeds (Charolaise,
Limousine, and Blonde d’Aquitaine), differences were found between the CAST SNP
results for each breed [126]. For the Blonde d’Aquitaine breed, an increase in required
cutting power and a decrease in tenderness were observed for the GA haplotype on the
CAST-2 and Cast-3 markers. Casas et al. demonstrated the additive effect of the CAST-2 G
allele in the GPE cycle7 group [111], which confirmed the findings of Allais et al. and, at
the same time, indicated the positive effect of CAST TT on meat tenderness [126]. Similar
conclusions were reached by Johnston and Graser in the case of required cutting strength for
the CRC1 population, using Angus, Hereford, and Murray Grey breeds as examples [127].
The G allele was found to have a reduced effect in Charolaise x Angus, Brahman, and
Hereford populations [73]. The important role of CAST and the relationship between CAST
and CAPNT1 in the regulation of beef tenderness was also confirmed by Tait et al. and

Leeetal. [112,128].

5. Conclusions

The MSTN SNP, also known as DM, is associated with a mutation in the myostatin
gene that affects muscle hypertrophy relative to normal individuals, and can be used to
identify the double muscle phenotype in the further selection of individuals. The identi-
fication and isolation of the gene makes it possible to distinguish between heterozygous
and homozygous individuals, which provides a significant advantage in achieving genetic
progress in breeding and, thus, achieving more efficient production. DM is either hyper-
plasia, which increases the number of muscle fibers pre-natally, or hypertrophy, which
manifests itself as an increase in muscle fiber diameter post-natally. The trait is widespread
in some European cattle populations, particularly Belgian Blue cattle.
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The thyroglobulin gene (TG5) is an important determinant of the degree of meat
marbling. Intramuscular fat content is an important element from the consumer’s point of
view, and enables the identification of individuals characterized by higher (TT genotype)
or lower (CC genotype) proportions of fat in the muscle, which, depending on the market,
can be desirable or undesirable. The TG5 SNP will allow breeding directions to be adapted
to the needs of consumers in the market.

Calpain and calpastatin are the main determinants of the degree of tenderness in beef.
Thus, they are an extremely important factor in the meat maturation process, which is
the last stage of production; therefore, any loss in quality at this stage has the greatest
consequences. CAST and CAPN1 SNP, through their influence, significantly enhance
organoleptic qualities, and breeding work that utilizes them can significantly improve beef
quality. It makes sense to identify those individuals that are characterized by the best meat
tenderness, as thos strategy encourages customers to buy beef products.

Single nucleotide polymorphisms are a kind of signpost for beef cattle breeders. They
are very helpful in the process of breeding progress and allow for more rational decision-
making in the selection of individuals. They are also important in scientific and research
work. However, it should be remembered that realizing the genetic potential of animals
requires the highest possible level of welfare and optimal environmental conditions. Many
environmental factors can negatively affect animal weight gain and meat quality. Among
the most important factors that we can point to is heat stress, which can cause changes in
the color of meat, reduce daily gains [129], and negatively affect reproduction [130]. It is
important to provide proper rearing conditions to take advantage of the genetic potential
of the animals. Careful analysis of SNPs and the study of their effects on animals is an
important research direction, and it is important to carry out further work to learn as much
as possible about the operation of such critically important genes in breeding.
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Simple Summary: The aim of this study was to determine and compare the nutritional value of meat
from the four most popular cattle breeds in Poland. A study comparing the nutritional value and
quality of beef from the Polish Holstein-Friesian (PHF) dairy breed with that from the Limousine
(LM), Hereford (HH) and Charolaise (CH) beef breeds found that beef from beef breeds had higher
levels of total antioxidant status (TAS) and degree of antioxidant potential (DAP) than PHF beef. The
LM breed had the highest concentration of DAP, anserine, taurine, and creatine, while CH had the
highest levels of TAS, carnosine, and coenzyme Q10. In addition, LM, CH, and HH had significantly
higher levels of C18:2 cis-9, trans-11. The breed significantly influences the antioxidant potential
of beef.

Abstract: The beef industry in Poland heavily relies on the Polish Holstein-Friesian (PHF) breed,
known for its primary use in dairy production, but which also contributes significantly to the beef
supply. In contrast, the Limousine (LM), Hereford (HH), and Charolaise (CH) breeds have gained
popularity due to their ideal specialized characteristics for beef production. As PHF continues to
dominate the beef market, a thorough comparison of its beef quality and nutritional attributes with
the three most popular beef breeds in Poland is essential. This study aims to address this knowledge
gap by conducting a rigorous comparison. The experiment was carried out on the beef from 67 bulls
kept in a free-stall system with standardized feeding. The highest total antioxidant status (TAS) was
found in CH and was 147.5% higher than that in PHF. Also, compared with PHF, a large difference
of 70% was observed in LM, while in HH it was only 6.25%. For degree of antioxidant potential
(DAP), the highest concentration was found in LM, while CH had a slightly lower score than LM.
PHF had the lowest scores for each of the analyzed parameters of protein fraction. For anserine,
taurine, creatinine, and creatine content, the highest results were found for LM. For carnosine and
coenzyme Q10, the highest values were found for CH. Overall, these results highlight the impact
of maturity and breed on carcass composition and quality. Late-maturing breeds, such as LM and
CH, tend to exhibit leaner carcasses with superior fatty acid profiles and antioxidant properties.
This knowledge is valuable for producers, enabling them to make informed decisions regarding
breed selection and production strategies to meet specific market demands for beef with the desired
composition and quality.

Keywords: cattle; beef; bioactive components; fatty acid profiles; antioxidants

1. Introduction

Cattle production in Poland is focused on milk production [1]. This means that
breeding work carried out over the years has focused on improving animals for milk,
especially in the Polish Holstein-Friesian (PHF) breed, and has ignored issues to do with the
meat quality of these animals; this has been influenced by the lack of tradition related to beef
consumption [2]. According to Statistics Poland (GUS), in 2021 there were 6,378,742 head
of cattle, including 2,289,025 cows [3]. The number of beef cows under performance
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evaluation was determined by the Polish Federation of Cattle Breeders and Dairy Farmers
(PZHiPBM), and on 31 December 2021 this figure was 21,840 head of cattle [4]. It was
established that the average number of cows per farm was 21.8 head, and the number of
herds registered with the PZHiPBM was 1147. The Polish Federation of Cattle Breeders and
Dairy Farmers reported that there were 704,506 head of PHFs under dairy performance
evaluation in 2021, which accounted for 88.76% of all dairy cows under evaluation in Poland
and 11.04% of the total number of cattle [5]. The number of herds containing cows under
performance evaluation in 2021 was 18,559. Thus, the proportion of beef cattle in Poland is
dramatically low compared with the dominant dairy cattle population. This is due to milk
production intensification, which results in dairy breeds dominating in beef production.
In 2021, 1,866,484 bovine animals were slaughtered in Poland, including 52,053 calves,
310,881 heifers, 555,220 cows, and 948,330 bullocks and bulls [3], resulting in 553,706 tons
in carcasses post-slaughter warm weight. Of the total amount of cattle in the country, 93%
are dairy, so special attention should be paid to the quality and nutrient content indicators
of the meat being produced, and crossbreeding should be considered as a way to improve
these indicators [6]. Based on data since 2012, changes in the population of the most popular
breeds have been observed. The changes in the Polish Holstein-Friesian (PHF), Limousine
(LM), Charolaise (CH), and Hereford (HH) populations are shown in Table 1.

Table 1. Population changes of PHF, LM, CH, and HH [4].

No. of Heads in 2012  No. of Heads in 2021 = Population Change

PHF 597,715 704,506 (31076.’87690}0)
Limousine 11,879 13,948 ( ++127(?Z(?/0)
Charolaise 2265 1571 (—gg .96%’/0)
Hereford 743 1409 (+gg.666%)

The characteristics of cattle production in Poland during the 2012-2021 period did not
change significantly. Dairy production continued to be the dominant production sector.
During this period, an increase of 17.86% in the country’s PHF herd, 17.4% in the LM
herd, and 89.6% in the HH herd was observed, while the CH herd decreased by 30.6%,
which is related to the higher price prosperity obtained for LM. The increases in the LM
and HH herds are too low to be able to compensate for PHF beef production, which is the
main contributor, so it is important to analyze and compare these breeds to determine their
quality and health-promoting differences.

In order to study the influence of genotype on the formation of meat quality and
its nutritional value, this study included bulls from the dominant dairy breed in Poland,
the Polish Holstein-Friesian, and the three most popular beef cattle breeds, Limousine,
Charolaise, and Hereford. The selection of breeds was made on the basis of available data
on the proportion of breeds within the structure of beef production in Poland. The PHF
breed is characterized by high milk yield, but in meat production it is characterized by
poorer feed utilization and higher collagen content in muscles, which negatively affects
consumption quality. Dairy cattle account for 93% of cattle heads, while the remaining
7% are made up of other cattle, including beef breeds, of which there are 15 registered in
Poland. Of the beef breeds, about 70% are LM, 12% are CH, and 6% are HH. The cattle
breeds used in the study make it possible to determine the quality of the meat produced in
the country and to observe any differences due to the course of breeding work in Poland.

Beef is of worldwide importance as a source of protein fraction bioactive components
such as anserine, carnosine, taurine, coenzyme Q10, creatine and creatinine, polyunsatu-
rated fatty acids (FAs), fat-soluble vitamins, and of high-biological-value protein. All these
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elements have beneficial effects on human health [6]. Anserine and carnosine demonstrate
antioxidant activity and inhibit the formation of carbonyl groups of proteins, which, by
their actions, can prevent many diseases, including Alzheimer’s disease, atherosclerosis,
and diabetes [7]. They also exhibit chelating and anti-glycation effects [8]. In the case the
w-3 family of fatty acids, C18:3 n-3, C20:5 n-3, C22:6 n-3, and C18:2 n-6, as well as C18:2
cis-9 trans-11, have anti-carcinogenic properties and antioxidant properties that help build
a balance between oxidants and antioxidants. Fat-soluble vitamins also reduce the effects
of free radicals [9]. 3-Carotene and «-retinol affect the differentiation of epithelial cells in
the gastrointestinal tract, urinary tract, respiratory tract, and organs for vision, and are
essential for the biosynthesis of fat from sugars, as well as for catalyzing the oxidation of
unsaturated fatty acids. a-Tocopherol has strong antioxidant properties and protects the
body from degenerative diseases [9].

The production of high-quality culinary beef is still rare on Polish farms. Crossbreeding
with beef breeds could be used to improve quality parameters and nutritional value,
which would improve meat quality over a relatively short period of time, as well as feed
conversion and growth rates [10]. Testing the concentrations of valuable nutrients will allow
the necessary directions for animal breeding to be determined. Improving the analyzed
parameters in the case of the PHF breed will benefit consumer health, improve meat quality
through increased proportions of antioxidant substances [11], reduce the risk of animal
diseases, and improve the export value of the raw material [12]. The aim of this study was
to compare the beef quality and nutritional value of the dominant dairy breed and the three
most popular beef breeds in Poland. The Polish Holstein-Friesian (PHF) breed is the main
source of beef produced in the country. Limousine (LM), Hereford (HH), and Charolaise
(CH) are the most popular beef breeds in Poland. A comparison of the four breeds in terms
of beef quality will answer whether this is a good solution, especially when it comes to the
formation of the level of bioactive components in muscle tissues. The PHF breed, which
is the main source of the beef produced in Poland, was taken as the reference. The aim of
this study was to determine and compare the nutritional value of meat from the four most
popular cattle breeds in Poland

2. Materials and Methods

The experiment was conducted on 67 bulls from four breeds: Limousine, Hereford,
Charolaise, and Polish Holstein-Friesian (PHF). Live weight and daily gain parameters
were standardized at 605 days of age (Table 2).

Table 2. Bull characteristics on the day of slaughter (standardized at 605 days).

Standardized Carcass Standardized Daily
Number (n) Live Weight Weight (kg) Daily Gains C.arcass
(kg) (kg) Gains (kg)

PHF 16 536 317 0.82 0.53
Limousine 18 694 413 1.08 0.68
Charolaise 17 689 416 1.06 0.67
Hereford 16 669 390 1.04 0.66
p-value 0.001 0.001 0.001 0.001

SEM 4.251 8.213 0.054 0.012

The characteristics of the feed characteristics are shown in Table 3. The bulls were kept
in a free-stall system in accordance with the minimum standards for the maintenance of
cattle (Journal of Laws No. 167 /position 1629 of 2003, as amended).
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Table 3. Characteristics of the research material.

Composition Value
Maize silage (%) 68
Barley (%) 29
Supplements (%) 3
Nutritional value

Dry matter (%) 54
Protein (g/kg) 128
NEm (Mcal/kg) 1.77
Neg (Mcal/kg) 115
NDF (g/kg) 343
ADF (g/kg) 194
Crude fat (g/kg) 19

The animals were slaughtered at 21-24 months of age, and the carcass weight was
recorded before slaughter (selected groups in the same day). The carcasses were then
cooled for 24 h at 24 °C, after which 300 g of semimembranosus muscles was sampled
parallel to the muscle axis. During the fattening period, all the bulls received the same
TMR ration, ad libitum, balanced according to National Research Council recommendations
for beef cattle.

2.1. Analytical Methods

Beef samples were chopped, then placed in a blender and ground until homogeneous.
These was later analyzed using a near-infrared spectrophotometer. The basic chemical
composition of the meat was determined using a Food Scan™ analyzer.

Meat fat extraction was performed using the Folch method [13]. Fatty acid methylation
was performed according to the EN ISO 5509 [14] transesterification method. The functional
fatty acid content was determined using an Agilent 7890A GC gas chromatograph and a
Varian Select FAME column according to Solarczyk et al. [6].

The measurement of the fat-soluble vitamin content was performed using an Ag-
ilent 1100 RP-HPLC instrument and a ZORBAX Eclipse XDB column according to the
methodology of Puppel et al. [15].

The measurement of the bioactive component of the protein fraction content was
performed using an RP-HPLC Agilent 1100 instrument and a Jupiter 5u C18 300A column
according to the methodology of Lukasiewicz et al. [8].

The determination of MDA (malondialdehyde) was carried out using a Tecan NanoQuant
Infinite M200 PRO analyzer (Tecan Austria GmbH, Grodig, Austria) according to the
methodology of Kapusta et al. [16].

The cholesterol determination was achieved using an Agilent 7890A gas chromato-
graph (Agilent Technologies, Waldbronn, Germany) and a BP-5 column according to the
methodology of Kapusta et al. [16].

DAP (degree of antioxidant protection) was calculated from the molar ratio between
antioxidants and oxidants according to Pizzoferrato et al. [17]:

" 1 AC; (n” moles)

bAP = OT (n"moles)

Total antioxidant potential (TAS) according to RANDOX application.
Incubation of ABTS® with peroxidase (methemoglobin) leads to the formation of
radical cation ABTS + +. This substance is blue-green and can be detected at 600 nm.
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Antioxidants present in the sample reduce the formation of blue-green color in proportion
to their concentration.

HX-Fe'" + H,0, — X-[Fe!¥ = 0] + H,O

ABTS® + X-[Fe!V = 0] — ABTS®* + HX-Felll

where HX-Fe' —metmyoglobin, X-[Fe!V = 0], ABTS®—2,2-azino-di [3-ethylbenzothiazolin-
osulfonate] (RANDOX materials). U/L defines the concentration of TAS.

2.2. Statistical Analysis

The data obtained were subjected to analysis of variance using ANOVA. The distri-
bution of bioactive components was checked using the Shapiro-Wilk test. All tests were
performed using the IBM SPSS 23 (2023) package [18]. Data were presented as least-squares
means with standard error of the mean.

The following statistical model was used:

Yijk = p+ Ai + eij

where Yijk—value of the tested trait; p—mean; Ai—effect of the i-th breed (i = 1-4);
eij—standard error.

3. Results

For the most part, the results in Table 4 show significant differences between the
protein, crude fat, and collagen content of muscle. The highest proportion of protein was
determined for the LM breed, and was 22.32% higher than that of the PHF breed, which
had the lowest protein content. Protein is the most valuable nutrient, so the highest possible
results should be expected in resource-consuming meat production.

Table 4. The effect of breed on the formation of the basic chemical composition in Semimembranosus
muscles. In parentheses are % of variation in relation to PHF. Means (in column) marked with the
same letters differ significantly at: lowercase letters, p < 0.05; uppercase letters, p < 0.01.

Protein [g/100 g] Crude Fat [g/100 gl Collagen [mg/100 g]
PHF 19.40 ABC 295AB 592.24 ABC
Limousine 23.73 Ad 2.16 AC 549.84 Ad
(+22.32%) (—26.78%) (—7.16%)
Charolaise 22.058B 2.26BD 542.52 Be
(+13.66%) (—23.39%) (—8.40%)
Hereford 21.21 ¢4 3.01 P 552.62 Cde
(+9.33%) (+2.04%) (—6.69%)
SEM 1.236 0.441 7.625

The fatty acid profile showed significantly better results for LM, CH, and HH compared
with PHF in the C18:2 cis-9, trans-11 group, which is a potent antioxidant and may have
anti-carcinogenic effects (Table 5). The results of the fatty acid profile were higher for
HH (40.15%) and CH (64.86%). These are important differences that should be taken
into consideration in consumer decisions for their health-promoting properties [19]. The
greatest differences in the analyzed acids were observed in the C22:6 and C18:1 content in
the CH group compared with PHF, with differences of 100% and 96.39%, respectively. Fatty
acid content in the PHF breed was no higher compared to the rest. These results indicate
that beef breeds have a very significant advantage over dairy breeds.
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Table 5. The effect of breed on the formation of functional fatty acid levels in Semimembranosus muscles.
In parentheses are % of variation in relation to PHF. Means (in column) marked with the same letters
differ significantly at: lowercase letters, p < 0.05; uppercase letters, p < 0.01.

[2/100 g] C18:1 C18:2 S}:;Z C18:3 C20:5 C22:6
& trans-11 n-6 4 n-3 n-3 n-3
trans-11
PHF 0.83 ABC 8.24 ABC 2.59 ABC 0.49 ABC 0.42 ABC 0.07 ABC
. . 139 ADE 1219 AdE 403 AdE 0.74 AD 0.71 AD 0.11 Ad
Limousine
(+67.45%)  (+47.94%)  (+55.60%) (+51.2%) (+69.05%)  (+57.14%)
. 1.63 BDF 13.45 BAF 427 BAF 0.71BE 0.74 BE 0.14 B4E
Charolaise
(+96.39%)  (+63.23%)  (+64.86%)  (+44.90%)  (+76.19%) (+100%)
Hereford 126 “EF 1038 CEF  363CEF 066 PE  065CDE 009 CPE
(+51.80%)  (+25.97%)  (+40.15%)  (+34.70%)  (+54.76%)  (+28.57%)
SEM 0.233 0.478 0.119 0.017 0.041 0.011

-Carotene and «-retinol, which function as vitamin A, showed high variability across
breeds (Table 6). The lowest results were observed for PHF in each group. The smallest
difference was found between HH and PHF for o-retinol, with a variation of 3.03%, and
the highest was between LM and PHF for [3-carotene, at 80%. Large differences were
observed in the a-tocopherol group, which is a type of vitamin E with strong antioxidant
properties. CH had a 93.17% higher result relative to PHF, while LM showed the smallest
difference, but still high, at 72.67% relative to PHF (Table 6). In most of the analyzed cases,
the differences were significant and reached dozens of percentage points, and in some cases
exceeded 90%, which indicates the significantly higher amounts of vitamin content in the
meat of beef breeds compared with that of the dairy PHF breed.

Table 6. The effect of breed on the formation of fat-soluble vitamin levels in Semimembranosus muscles.
In parentheses are % of variation in relation to PHF. Means (in column) marked with the same letters
differ significantly at: lowercase letters, p < 0.05; uppercase letters, p < 0.01.

[ug/gl [3-Carotene a-Retinol a-Tocopherol
PHF 0.20 ABC 0.66 ABC 1.61 ABC
Limousine 0.36 AP 0.81 AD 2.78 ADE
(+80%) (+22.73%) (+72.67%)
Charolaise 0.33 BE 0.79 BE 3.11 BDA
(+65%) (+19.70%) (+93.17%)
0.21 CDE 0.68 CDE 3.08 CEf
Hereford (+5%) (+3.03%) (+91.30%)
SEM 0.012 0.078 0.113

The highest total antioxidant status (TAS) was found in CH and was 147.5% higher
than PHF. This is a very large difference, and indicates that the meat of this breed has
significantly greater antioxidant properties compared with that of the other breeds (Table 7).
Also, compared with PHF, a large difference of 70% was observed in LM, while in HH it was
only 6.25%. For the degree of antioxidant potential (DAP), the highest concentration was
found in LM, while CH had a slightly lower score than LM. Both the TAS and DAP indexes
indicate antioxidant properties, and it is desirable to have them at their highest possible
concentrations. In the case of malondialdehyde (MDA), the lower the score, the better. The
lowest MDA content was found in CH, with LM being only slightly worse, while in HH the
result was significantly worse. For all three analyzed elements, PHF had the worst results,
indicating that it had lower quality and lower nutritional value parameters (Table 7).
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Table 7. The effect of breed on the formation of TAS, DAP, and MDA levels in Semimembranosus
muscles. In parentheses are % of variation in relation to PHF. Means (in column) marked with the
same letters differ significantly at: lowercase letters, p < 0.05; uppercase letters, p < 0.01.

TAS [mmol/L] DAP MDA [mM/g]
PHF 0.80 ABC 5.12 x 1073 ABC 3.30 ABC
Limousine 1.36 ADE 8.10 x 10~3 AdE 1.24 AD
(+70%) (+58.20%) (—62.42%)

Charolaise 1.98 BDF 7.80 x 10~3BdF 1.20BE

(+147.5%) (+52.34%) (—63.64%)

0.85 ©EF 6.25 x 1073 CEF 245 CDE
Hereford

(+6.25%) (+22.07%) (—25.76%)
SEM 0.011 0.013 0.013

The analysis of the bioactive content of the protein fraction was in line with previous
results. The higher the index of each parameter, the higher the nutritional value of the
meat. PHF had the lowest scores for each of the analyzed parameters (Table 8). For
anserine, taurine, creatinine, and creatine content, the highest results were found for LM.
For carnosine and coenzyme Q10, the highest values were found for CH. In the HH group,
all analyzed elements were at higher levels than the PHF group, but they were not as high
as they were in the LM and CH groups (Table 8).

Table 8. The influence of breed on bioactive protein fraction levels in Semimembranosus muscles. In
parentheses are % of variation in relation to PHF. Means (in column) marked with the same letters
differ significantly at: lowercase letters, p < 0.05; uppercase letters, p < 0.01.

[mg/100 g] Anserine Carnosine Taurine Coenzyme Q10 Creatinine Creatine
PHF 61.22 ABC 387.30 ABC 34.28 ABC 1.87 ABC 412 ABC 396.96 ABC
Limousine 74.08 AdE 431.53 ADE 43.49 AAE 2.33 Ade 5.61 AdE 422 .66 A4E
(+21.00%) (+11.42%) (+26.87%) (+24.60%) (+36.17%) (+6.47%)
Charolaise 72.52 BA.F 445.36 BDF 42.14 BAF 2.54 BAF 5.44 BAF 418.22 BAF
(+18.46%) (+14.99%) (+22.92%) (+35.82%) (+32.04%) (+5.36%)
Hereford 69.29 CEF 419.59 CEF 37.31 CEF 2.08 CeF 4.85CEF 411.05 CEF
(+13.18%) (+8.34%) (+8.84%) (+11.23%) (+17.72%) (+3.55%)
SEM 0.752 1.114 0.442 0.022 0.073 0.812

4. Discussion

Long et al. [20] conducted research revealing that optimal slaughter ages and weights
vary significantly depending on the rate of maturity, which is characterized by the ac-
cumulation of fat during the “finishing” period. The average fattening time has been
standardized at 605 days. PHF gained 0.82 kg per day, LM 1.08 kg, CH 1.06, and HH 1.04 kg
(Table 2). Sakowski et al. [21], Kayar and Inal [22], and Pogorzelska et al. [23] reported
similar trends in fattening rates and fattening results for LM, CH, and HH. Southgate
et al. [24] conducted a study comparing breeds slaughtered at the same carcass fat cover.
They found that Canadian Holsteins required approximately an additional 65 and 45 days
to reach slaughter in a 16-month and 24-month production system, respectively, compared
with either British Friesian or Charolais x Friesian steers. The Netto daily gains (daily
carcass gains, Table 2) of PHF were 0.53 kg, 0.68 kg for LM, 0.67 kg for CH, and 0.66 for
HH; this stays in agreement with McGee et al. [25] and indicates the benefits of CH steers
compared with HF steers in fattening. Those results show the lowest daily gains and daily
carcass gains for PHF achieved on the same feeding.
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The growth ability of cattle is influenced by various factors, including breed, genetic
predisposition, nutrition, microclimatic conditions, farm or breeding conditions, and the
month of birth [26]. Daily weight gains can be visualized using a growth curve, which
exhibits a sigmoid character [27]. Differences in growth ability exist not only among
different breeds but also among individuals within the same breed, emphasizing the impact
of body frame on slaughter age and carcass weight [28]. The length of the fattening period
significantly affects growth parameters and carcass quality. Ustuner et al. [29] confirmed
that both the initial weight at the start of fattening and the timing for the end of the
fattening period are crucial for the final meat production performance. Carcass weights
were 536 kg, 694 kg, 689 kg, and 669 kg for PHF, Limousine, Charolaise, and Herford breeds,
respectively (Table 2). The differences in standardized live weight among these breeds
can be attributed to various factors, including genetic characteristics and growth rates.
Alberti et al. [30] reported that LM and CH breeds had higher carcass yields than Angus
and HH. However, HH had the highest slaughter weight. Each breed has its own genetic
potential for growth and carcass development, which influences the final carcass weight
attained. Abramowicz et al. [31] highlighted that fat accumulation occurs after the relative
growth of muscle decreases, while bone growth continues to decrease. This suggests that
as animals mature, there is a shift in nutrient allocation towards fat deposition. The growth
rate of fatty tissues can vary depending on their location and the stage of growth [32].
This indicates that different fat depots may exhibit different growth patterns and rates. In
the study by Berg et al. [33], the carcass composition of seven different beef breeds was
compared. The breeds exhibited variations in the muscle, fat, and bone composition of
the carcasses. Notably, larger-framed breeds such as Chiannia and Blonde d’Aquataine
resulted in carcasses with less fat compared with Danish Red and Hereford at a standard
carcass weight. This suggests that breed-specific characteristics play a significant role in
determining carcass composition.

Augustini et al. [34] demonstrated that the percentage of carcass meat and the pro-
portion of beef cuts undergo changes during the growth of cattle. As animals mature,
each tissue reaches its growth maximum at different stages, resulting in alterations in
carcass tissue composition. Irshad et al. [35] highlighted that late-maturing cattle breeds
exhibit slower physiological development compared with early-maturing breeds. This
slower development is associated with a higher growth potential and slower fat accretion.
Late-maturing breeds tend to show a preference for leaner carcasses, as they exhibit faster
growth rates and more efficient conversion of high-energy feed into carcass weight. Van der
Westhuizen [36] supported the notion that late maturity in cattle leads to increased growth
of leaner carcasses. The delayed maturity allows for faster growth rates and improved
conversion of feed into carcass weight [6]. This suggests that late-maturing breeds may
have advantages in terms of producing leaner beef. The highest proportion of fat was
determined for the HH breed, and was 2.04% higher than that of the PHF breed (Table 4).
The Limousine breed had the highest average standardized live weight of 694 kg, followed
closely by the Charolais breed with 689 kg. These breeds are known for their excellent
muscling and growth potential, which may contribute to their higher carcass weights. The
Hereford breed had a slightly lower average standardized live weight of 669 kg (Table 4).
Collectively, these studies emphasize the dynamic nature of tissue development during
cattle growth and the impact of maturity on carcass composition. Kempster et al. [37] high-
light that when cattle of diverse breeds are compared at the same age and under similar
management conditions, there will be variations in carcass weight. These differences are
influenced by various factors, including the breed-specific growth curves and the range of
target weights for each breed.

The results of the basic chemical composition, functional fatty acids, bioactive compo-
nents of the protein fraction, fat-soluble vitamins, and oxidative and antioxidant potential
indicate that PHF beef will have a significantly lower palatability and nutritional quality.
Concerning fat content, LM and CH had significantly lower percentages (—26.78% and
—23.39%, respectively) than the PHF breed. In the realm of cattle genetics and fat parti-
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tioning, Kempster et al. [37] conducted a seminal study demonstrating the significance of
genetic variation in the distribution of fat between different depots. The findings of this
study underscore the role of genetics in shaping fat deposition patterns in cattle. Addition-
ally, Casasus et al. [38] reported that such genetic variation in fat partitioning persists even
under similar nutritional conditions, further supporting the influence of genetic factors on
fat distribution. Low fat content is characteristic for consumer needs in many developed
countries, despite its lower palatability [39]. Only HH had a higher fat content, which
was minimal at 2.04%. As the dominant breed in beef production worldwide, HH is char-
acterized by high palatability because of its higher intramuscular fat content. The crude
fat content positively influences the juiciness of the meat as intramuscular fat, but not as
cover fat around the meat [40,41]. Additionally, Diler et al. [42] reported that muscle and
fat type are essential sources of variations in the textural characteristics, sensory panel
attributes, and fatty acid profile of meat from Holstein-Friesian bulls. The highest collagen
content was found in PHF—in culinary beef production, this indicator should be as low
as possible due to its negative effect on meat tenderness [43]. Increased collagen content
also negatively affects meat quality [44,45], and significantly higher proportions of it were
found in PHF. Compared with the beef breeds HH, CH, and LM, the dominant PHF breed
significantly stands out in terms of its lower nutritional value and quality. Meat quality
might be improved by crossbreeding with beef breeds [6,46]. This is a solution that will
help make progress in shaping the quality of the beef produced in Poland and positively
influence its health-promoting properties.

The hormonal and metabolic distinctions between beef cattle and dairy breeds play
a crucial role in determining their respective fat deposition tendencies. As elucidated by
Kempster et al. [37], beef cattle exhibit a remarkable ability to convert nutrients predomi-
nantly into proteins. In contrast, dairy breeds, due to their unique hormonal and metabolic
status, tend to deposit more intra-abdominal fat. The influence of breed and feed type
shape the basic chemical composition and nutritional value of beef. The positive effect
of the fatty acids” improvement has been confirmed in a number of studies concerning
the Limousine [47,48], Polish Holstein-Friesian [49,50], Charolaise [51,52], and Hereford
breeds [53,54]. The authors of the studies demonstrated there is a variability in the fatty
acid profile, indicating a benefit in nutritional value from the use of meat from breeds
with better monounsaturated and polyunsaturated FA profiles. However, Sobczuk-Szul
et al. [55] reported that intramuscular fat had a higher MUFA concentration (46.2%) than
visceral fat (36.7%). Appropriate breed selection decreases the saturated FA content and
improves the ratio of n-3 and n-6 fatty acids [21]. Barton et al. [56] indicated similar trends
in the basic chemical composition of meat and the FA profile of LM and CH. Gregory
et al. [57] pointed out that breed is an important factor in shaping slaughter performance.
Comparative studies on the fattening value of PHF, LM, CH, and HH confirmed these
reports [58-60]. Additionally, Sargentini et al. [61] and Humada et al. [62] reported that total
SFA content did not significantly alter with increasing slaughter age. Breed has a significant
effect on the fatty acid profile and how fat is deposited with age due to differences in intra-
muscular fat [47]. The proportion of unsaturated fatty acids in intramuscular fat increases
with age [63,64]. By 18 months of age, meat palatability increases [65], accompanied by
changes in soluble collagen structure [66]. The mechanism of these changes is not fully
understood [67], but they are observable over the life of the cattle. Cattle slaughtered at the
same weight, but of different breeds, can be characterized by different intramuscular fat
content, which is deposited after the muscles’ growth phase, indicating different rates of
breed development [68]. Research by Niirnberg et al. [69] on the dairy German Holstein and
Belgian Blue breeds indicate relatively small modifications in the proportions of saturated
fatty acids and n-3 between 18 and 25 months of cattle age, which may suggest a limited
effect of age on the fatty acid profile after 18 months.

Fat-soluble vitamins are an essential part of the human diet, which can be supple-
mented with beef that is rich in vitamins E and A. There are a number of properties of
vitamins E and A, from protective effects on lipids [70] to improved health in people with
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Alzheimer’s [71] and cancer [72], but we can still observe deficiencies of those vitamins in
human diets [73]. It seems reasonable to raise vitamin E levels in animals to benefit both
animal welfare and the diets of meat consumers. The results in Table 6 show that breed
has a significant effect on the formation of levels of 3-carotene, x-retinol, and «-tocopherol,
which may suggest the need for further research on the concentrations of these vitamins
in beef meat. The results obtained in this study indicate that there are significantly higher
concentrations of these vitamins in LM and CH relative to PHF, and, in the case of HH,
that a-tocopherol was clearly higher than in PHF. This allows us to conclude that the LM
and CH breeds are significantly more nutritious than PHF. In addition, vitamin ratios
can be further improved by pasture grazing, which beef breeds are predisposed to utilize
effectively [74]. The effect of age on vitamin E content is described in the study by Warren
et al. [75]. In the case of Holstein-Friesian and Angus breeds, the differences in concentra-
tion of animals uniformly fed vitamin E concentrations on the example of Longissimus
muscle at 14, 19, and 24 months were 1.3, 1.4, and 1.6 ug/g, respectively.

TAS results for LM and CH were characterized by high values; however, CH had
the highest score. For DAP, the results for LM and CH were similar. Skaperda et al. [76]
indicated increased antioxidant potential, which can be further increased by utilizing
pasture grazing [77]. In contrast to TAS and DAP, where higher values benefit animal
health, MDA content should be as low as possible [78]. In this case, LM, CH, and HH
showed significantly lower values than PHF. Elevated MDA levels can negatively affect
beef quality [79], so nutritional supplements containing selenium are used to improve this
situation [79,80].

Anserine (3-Alanyl-3-methyl-L-histidine is a dipeptide, a methyl-carnosine derivative.
It consists of 3-alanine and L-(N-methyl) histidine. With carnosine, it exhibits antioxidant
activity, and high concentrations are found in skeletal muscle. The concentration is influ-
enced by breed, sex, age, environment, and type of muscle [8]. Carnosine decreases MDA
concentrations [81], reduces cellular aging processes [82], and can inhibit metmyoglobin
formation [83]. The largest difference relative to PHF was found for anserine in LM and was
21%, while the smallest difference was between PHF and HH for carnosine and was 8.34%
in favor of HH. The study by Watanabe et al. [84] shows that between 15 and 25 months of
age there can be significant changes in the content of anserine and taurine in the Longissimus
dorsi muscle. Such a relationship was not observed for carnosine. However, the authors
indicate a significant effect of breed on each of the three and a variation in concentration in
individual carcass elements [85].

Taurine is a 2-aminoethylsulfonic acid and is responsible for maintaining adequate
leukocyte levels; its lack negatively affects the ability of neutrophils to oxygen burst and
carry out phagocytosis. It also reduces the effects of oxidative stress and pro-inflammatory
changes [86], and is involved in free radical neutralization, membrane stabilization, the
formation of bile acid salts, and the maintenance of calcium homeostasis [87]. In this study,
taurine was shown to have increased concentrations in all the beef breeds relative to PHF,
reaching as high as 26.87% in LM. Taurine is also important for reducing nervous tension
and improving mental performance by increasing glial cell metabolism [88]. It also has
lipids, protective properties [89], and extends the shelf-life of beef [90].

Meat is a rich source of coenzyme Q10 [91]. It is an important component in the
oxidative phosphorylation process. It converts energy from carbohydrates and fatty acids
into ATP [92] and is part of the mitochondrial electron transport chain [93]. A lack of
coenzyme Q10 results in the insufficient production of high-energy compounds [94]. A
reduced form of coenzyme Q10 called ubiquinone is able to renew vitamin E [95]. The
largest differences, when compared with PHF, were found in CH (35.82%), while in LM the
variation was 24.60%, and that in HH was 11.23%.

Creatinine is a creatine derivative formed during metabolic processes as an endoge-
nous metabolite of the non-enzymatic breakdown of creatine phosphate. Creatinine is used
to store and transfer energy in muscle cells and tendons. It is synthesized in the body;
however, it must also be partially supplied via the human diet from food [96,97]. All the
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beef breeds in the study contained higher concentrations of creatinine relative to PHEF:
36.17% for LM, 32.04% for CH, and 17.72% for HH.

Creatine is synthesized from arginine, methionine, and glycine [98]. It is responsible
for providing the energy in skeletal muscles, especially muscles characterized by a high
energy transfer to ADP in muscle cells [99]. Creatine is converted to creatinine through
the non-enzymatic processes of creatine phosphate breakdown. Its concentration in the
samples showed less variation across all the breeds than did creatinine. It was higher than
PHF by only 6.47% for LM, 5.36% for CH, and 3.55% for HH.

The quality of beef is significantly influenced by functional type and breed. Beef
production in Poland is based on dairy or dual-purpose cattle herds. Intensive feeding and
extended finishing time can favorably affect the yield and quality of beef produced. It is
important to increase the intensity and method of feeding in the final fattening stage [100].
The high growth potential of the animal at a young age is inhibited when the animal
reaches somatic maturity [101]. Late-maturing animals are effective for intensive fattening.
The growth phase, where most fat is deposited, is postponed, so they can be fattened
to high body weights without a decrease in carcass quality. Tissue development occurs
through the expansion of the skeleton, followed by muscle and fat in the last stage. Age
affects nutritional value, so slaughtering rules have been adopted to help maintain quality
beef [102]. All animals were fed the same diet and slaughtered at around 20 months of
age, which allowed the results to be used for comparison after standardization due to the
effect of age on shaping beef quality and composition. From birth to physical maturity,
the rate of muscle growth is higher than the rate of fat deposition and influence on fatty
acid composition [103]. The effect of age on the development of the fatty acid profile is
important and should be taken into account during the current work on beef quality. It also
affects the vitamin content of the meat [58] and is an important element in the formation
of beef quality [21]. This also affects the bioactive protein fraction [84]. Therefore, it is
important to take into account the age of the animals in comparisons for different breeds
and feeding systems. The age of the animal is an important factor shaping meat quality.
With age, the fat content and size of fat cells change [69,104].

Each cattle breed possesses unique genetic characteristics that influence their growth
potential and carcass development. As cattle mature, there is a shift in nutrient allocation,
with a decrease in the relative growth of muscle and bone and an increase in fat accu-
mulation. This phenomenon implies that as animals reach their mature stages, they tend
to deposit more fat, contributing to the final carcass weight attained. The allocation of
nutrients towards fat deposition during the finishing period is essential for meat production
and quality. The balance between muscle and fat development can impact the meat’s mar-
bling, tenderness, and flavor. Understanding breed-specific growth patterns and nutrient
partitioning is crucial for the effective management and optimization of cattle production.

5. Conclusions

Overall, these results highlight the impact of maturity and breed on carcass composi-
tion and quality. Late-maturing breeds, such as LM and CH, tend to exhibit leaner carcasses
with superior fatty acid profiles and antioxidant properties. The fatty acid profile showed
significantly better results for LM and CH compared with HH and PHF in the C18:2 cis-9,
trans-11 group, which is a potent antioxidant and may have anti-carcinogenic effects. Large
differences were observed in the x-tocopherol group, which is a type of vitamin E with
strong antioxidant properties. CH had a 93.17% higher result relative to PHF, while LM
showed the smallest difference, but still high, at 72.67% relative to PHE. The highest TAS
was found in CH and was 147.5% higher than PHF. Also, compared with PHF, a large
difference of 70% was observed in LM, while in HH it was only 6.25%. For DAP, the highest
concentration was found in LM, while CH had a slightly lower score than LM. Both the
TAS and DAP indexes indicate antioxidant properties, and it is desirable to have them at
their highest possible concentrations. The lowest MDA content was found in CH, with LM
being only slightly worse, while in HH the result was significantly worse. PHF had the
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lowest scores for each of the analyzed parameters of protein fraction. For anserine, taurine,
creatinine, and creatine content, the highest results were found for LM. For carnosine and
coenzyme Q10, the highest values were found for CH. In the HH group, all analyzed
elements were at higher levels than the PHF group, but they were not as high as they were
in the LM and CH groups.

Collectively, these studies emphasize the dynamic nature of tissue development dur-
ing cattle growth and the impact of maturity on carcass composition. Late-maturing breeds
exhibit a different growth pattern, with slower fat deposition and a preference for leaner
carcasses. Carcass composition is a result of the interplay between genetic factors, growth
patterns, and management practices. Different cattle breeds exhibit distinct growth trajecto-
ries and rates of fat deposition, which ultimately affect the composition of their carcasses.
Additionally, the target weights set for each breed based on market preferences and pro-
duction goals also play a role in determining the composition of the final carcass. This
knowledge has implications for breed selection, production strategies, and meeting specific
market demands for beef with desired composition and quality.
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Abstract: This study involved 45 Holstein and 60 Holstein-Charolaise steers, tailored with specific
diets according to breed and rearing systems. DNA genotyping was conducted for DGAT1, LEP,
SCD1, SREBF1, and TG genes to investigate their impact on carcass conformation traits, beef quality
traits, and sensory quality traits. The results showed associations between the genetic variants and
the analyzed traits. Specifically, DGAT1 was found to affect drip loss, meat brightness, and color
saturation. The TG gene was associated with marbling and meat color. LEP influenced trim fat and
pH levels, while SCD1 was linked to metabolic energy live weight gains, and pH levels. SREBF1 was
related to fatness.

Keywords: beef; carcass quality; cattle; marker-assisted selection; meat trait

1. Introduction

The recent availability of genome sequencing methods and many previously identified
molecular markers offer new opportunities for animal breeding, including the use of
molecular information in selection programs [1]. Single nucleotide polymorphisms (SNPs)
are one of the most common DNA variations in mammals—they are biallelic, abundant, and
easy to detect. Even though beef production traits are influenced by polygenic regulation,
it is essential to apply SNP-based genetic markers to obtain animals with better genetic
backgrounds. Cattle with better genetics will develop desirable meat carcass conformation
and quality and sensory properties. Although meat quality depends on animal genetics,
it is also affected by environmental factors—animal feed, keeping conditions, welfare,
etc. Ensuring proper environmental conditions for animals with high genetic potential
may affect meat quality production yield. Animals with a proper genetic background will
convert fodder more efficiently [2]. This might be important in countries with high milk
production and the resulting large number of calves that could be used for more efficient
and profitable fattening [3].

There have been many studies that aim to assess the effect of SNPs on beef quality;
some of these are characterized by a broad range of applications, while others are specific
only to small populations [4]. For the purposes of our study, we decided to use the five most
extensively studied genes: Stearoyl-CoA desaturase (SCD), leptin (LEP), thyroglobulin
(TG), diacylglycerol O-acyltransferase (DGAT1), and sterol regulatory element binding
transcription factor (SREBF11). SCD is one of the main lipogenic enzymes in the fatty
acid synthesis pathway in mammalian adipocytes and participates in the conversion of
saturated fatty acids to unsaturated fatty acids; thus, the composition of stored fatty acids
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depends on SCD’s action [5,6]. Leptin’s main function is to regulate the assimilation,
storage, and use of energy from nutrients [7]. TG regulates metabolism and fat deposition
and also participates in fat cell development [8]. DGAT1 is engaged in triglyceride synthesis
pathways and catalyzes the last step of the triglyceride’s synthesis from diacylglycerol
to fatty acids [9]. SREBF11 is an important transcriptional activator for several lipogenic
genes [10]. Issues related to marker-assisted selection implementation have been described
by Zalewska et al. [4].

Consumers care about high nutritional quality [11], but at the same time, they are
interested in favorable sensory attributes. In this study we analyze genetic polymorphism
in the cattle breed that predominates in the milk belt of the northeastern part of Europe—the
Holstein Friesian (HF). It is well known that the growth potential and carcass composition of
HFs are generally worse compared to both dual-purpose and beef breeds [12-14]. However,
such differences in growth rates, especially between HF and the early-maturing beef breeds,
should be negligible [15]. The meat quality and sensory parameters as well as carcass
composition are measured in male calves, which are culled mostly when they have a live
body weight of 100 kg—but this may be too early. For study purposes, we determined
the same parameters in HF and HF x Charolaise crossbred steers. Crossbreeding with
Charolaise was introduced to improve beef quality.

Among the many studies exploring the influence of SNPs on beef quality, our research
focuses on five extensively studied genes: SCD, LEP, TG, DGAT1, and SREBF11. These
genes play pivotal roles in various metabolic pathways governing fatty acid synthesis,
energy regulation, and lipid metabolism, thereby exerting profound effects on meat quality
attributes. In this study, we investigate genetic polymorphisms within the HF cattle breed,
prevalent in the milk belt of northeastern Europe. Despite HF’s historical association with
suboptimal growth potential and carcass composition compared to beef breeds, efforts
to enhance beef quality have been undertaken through crossbreeding with Charolaise
cattle. Our research aims to clarify the impact of transitioning to high-quality feed and
the utilization of select dietary supplements on product quality improvement, while also
delineating the relationship between genetic factors and phenotypic traits.

Our study is driven by two overarching objectives:

1.  To assess the influence of transitioning to high-quality feed and dietary supplementa-
tion on product quality enhancement.

2. To determine the relationships between identified genetic factors and phenotypic
traits associated with meat quality in HF and HF x Charolaise crossbred steers.

2. Material and Methods
2.1. Animals and Feeding Experiment

This study was conducted on 45 Holstein (HF) steers and 60 crossbred HF x Charolaise
(HFxCH) steers. All the animals were castrated between three to four weeks old using
the elastration method. In year 1, steers were kept on semi-natural pasture for the sum-
mer season and fed in a barn in winter. The animals were under the constant care of a
veterinarian. In the performed 2 x 2 fattening experiment carried out on HF and crossbred
HFxCH steers, HF steers were compared to HFxCH steers in a closed loop, fattened from
weaning to slaughter at 15 and 18 months of age. Then, carcasses were chilled to 2—4 °C,
and samples of semimembranosus muscle (300 g) were cut parallel to the muscle axis at
24 h postmortem. The animals were divided into four groups; all four groups were fed
with grass silage with the addition of distillery spent grains and rapeseed meal. EUROP
trade grades and fat classes were estimated by graders at the slaughterhouse. Carcasses
were classified as having fat classes from 1 to 2+, while trade classes ranged from E to P.

Trim fat was defined as the combination of subcutaneous and intermuscular fat
deposits that could be discerned and separated using a standardized cutting procedure
with a knife. This procedure ensured consistency and reproducibility in the assessment of
fat content within the carcass. Subcutaneous fat refers to adipose tissue located beneath the
skin, while intermuscular fat resides between muscle bundles.
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All steers had unlimited access to pasture for 1 year of their life. Forage availability
was determined monthly using a calibrated plate meter. Forage height was measured
in a 0.210-m? quadrat using a rising plate meter before being hand-clipped to ground
level. Forage samples were collected by hand at random locations within each pasture,
representative of animal diet, for determination of forage quality. The pasture samples were
composed of approximately 63.45% Organic Matter Digestibility (OMD), 16.21% Crude
Protein (CP), 43.54% Acid Detergent Fiber (ADF), 54.67% Neutral Detergent Fiber (NDF),
and 10.08% Ash (A). The pasture was offered to the steers at 4% of Live weight (LW).

After the grazing period, animals were moved to a feeding unit where they were
kept for a finishing phase to assess the impact on their yield and meat quality. Steers
fed for 15 months (=3 months of intensive feeding) are considered as “low intensity” and
those fattened for 18 months as “high intensity”. The finishing ratios fed at this stage are
displayed in Table 1. During this phase, the steers were offered two ratios: intensive and
semi-intensive, followed by 2 transitions diets. Rations 1 and 2 were step-up diets and were
provided for 7 d each before finishing diets (3 and 4) were introduced.

Table 1. Ingredients and chemical composition of transition and finishing rations fed in the

finishing stage.
Item Ration
Ingredient composition, % as-fed 1 2 3 4
Grass silage 76.8 69.1 59.3 53.5
Rapeseed meal 3.5 4.2 7.7 8.4
Distillers grains 10 15 20 22.3
Grain mix (triticale and barley (50:50) 9 11 12.3 15.1
Minerals 0.7 0.7 0.7 0.7
Chemical composition:
DM, % 61.2 69.8 752 79.1
CP, % 14.2 15.5 16.6 17.5
Fat, % 3.2 3.8 4.3 49
NEm, Mcal/kg DM 1.7 19 21 2.3
NEg, Mcal/kg DM 1.2 1.3 15 1.6

Rations 1 and 2 = step-up diets fed for 7 d each; rations 3 and 4 = finishing diet.

All steers had unlimited access to pasture in 1 year of their life, which means that all
steers were fed with the same diet. After the grazing phase animal were divided into two
feeding groups (semi-intensive and intensive (Table 1; rations 3 and 4). To get the animals
used to a changed diet, two step-up diets (Table 1; diets 1 and 2) were introduced. Diet 1
preceded diet 3 and diet 2 preceded diet 4. To summarize, there were two genetic groups
(HF and HFxCH) x two feeding groups (fed with diets 3 and 4).

2.2. Slaughter, Carcass and Meat Quality
2.2.1. Weight Gains

The weighing of the steers was carried out using the CalmScale system (Jantar Sp. z
0.0., Bielsko-Biata, Poland), which aims to minimize stress. The system, installed in the
cattle’s watering area, utilizes RFID tags and antennas for precise identification. Weight
data, along with other pertinent details, were recorded for analysis multiple times each day
as the animals drew water. The average daily gain (ADG) was calculated by subtracting
the initial weight from the current weight and dividing it by the number of days since the
initial measurement, thus providing a key metric for evaluating steer growth.
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2.2.2. Color Assessment

Color measurements were performed in the CIE L*a*b* system using a Minolta CM
2022 (Konica Minolta, Tokyo, Japan). The procedure of color determination included
sampling a slice of meat (ca. 2 cm thick) at 3 points (results obtained were averaged). Hue
(b*/a*) and chromaticity (/ (a*2 + b*2)) of meat sample color were calculated according to
the formula provided by Mordenti et al. [16].

Meat Color (Brown and Bright): Meat coloration is influenced by various factors
including myoglobin content, pH level, and cooking methods. “Brown meat color” typically
indicates the development of Maillard reaction products and denatured proteins, resulting
in a darker appearance, while “bright meat color” suggests a lighter or more vibrant hue,
possibly indicative of less cooking or lower myoglobin content.

2.2.3. Marbling Scores and Yield Grades

Marbling scores and yield grades were directly estimated using the VIA-based camera
system (VBG 2000) [17] at the rib-eye cut between the 10th and 11th rib interfaces of the
longissimus thoracis. Additionally, all halves were further ribbed to assess marbling scores
and yield grades, which encompassed factors such as meat surface, rib fat thickness, and
carcass weight.

2.2.4. Taste Characteristic

An electronic tongue system was used to determine the taste characteristics of the
muscle tissue. The system was composed of five taste sensors, with each sensor being
attached to a typical artificial lipid membrane. The sensors were named CAQ (to detect sour
substances), C00 (to detect bitter substances), AE1 (to detect astringent substances), AAE
(to detect umami substances), and CTO (to detect salty substances). All the sensors were
pre-conditioned in a reference solution for one day before the measurements were taken.

2.2.5. Drip Loss

Drip loss was determined using samples of homogenized meat weighing 40 g, which
were tightly packed into glass weighing dishes. The samples were then submerged and kept
at 70 °C for 15 min in a heated bath. After that time, the meat samples were removed from
the weighing dishes and left for 24 h to allow the water to drip out. The difference in weight
was then measured and expressed as a percentage of the original sample weight (51).

2.2.6. pH

The meat’s pH was determined using a pH meter HI 99163 with a temperature
measurement function and a probe tip ending in a stainless-steel knife, facilitating mea-
surements (Hanna Instruments, Providence, RI, USA).

2.2.7. Shear Force

The carcasses were chilled to 2—4 °C and samples of semimembranosus muscle (300 g)
were cut parallel to the muscle axis at 24 h postmortem, after which muscle sections
measuring 2 X 2 x 2 cm were then cut from the samples. Shear force was determined using
the Zwick 5.0 Zwicki—Line strength testing machine (Zwick Roell Polska Sp. z o. o. Sp. k.,
Wroctaw, Poland) [18].

2.2.8. Carcass Conformation and Fat Cover

Carcass conformation and fat cover were evaluated in accordance with the European
Union Carcass Classification Scheme (EUROP; Council of the European Union, No 1234/Ci-
tation2007; Commission of the European Union, No 1249 /Citation2008). Conformation
assessment focused on the development of specific anatomical regions, including the round,
back, and shoulder, with consideration given to their muscularity and overall shape. The
EUROP classification system assigns grades denoted as follows: E (excellent), U (very
good), R (good), O (fair), P (poor). The fat cover assessment involved the examination of
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subcutaneous fat and intrathoracic fat deposits. This evaluation utilized a numerical scale
ranging from 1 to 5, with each grade indicating varying levels of fat deposition: 1: low;
2: slight; 3: average; 4: high; 5: very high.

Dry Matter Live Weight Gain: This parameter signifies the increase in an animal’s
body weight excluding water content. It quantifies the net accumulation of structural and
functional components such as proteins, fats, and minerals, which are essential for growth
and development. Metabolizable Energy Live Weight Gain: This represents the increment
in an animal’s weight attributable to the assimilation and utilization of metabolizable
energy derived from its diet. Metabolizable energy refers to the portion of dietary energy
that is available for physiological processes such as maintenance, growth, and production
after accounting for losses due to digestion and metabolism.

Live Weight Gain (LWG) was calculated by subtracting the initial live weight from
the final live weight of the animals over the specified period. Dry Matter Live Weight
Gain (DM_LWG) was determined by multiplying the LWG by the dry matter percentage of
the gained weight. Metabolic Energy Live Weight Gain (ME_LWG) was calculated based
on the metabolizable energy content of the gained weight. These calculations provided
crucial insights into the growth performance and energy utilization efficiency of the animals
during the study period.

2.3. DNA Sampling and Analysis
DNA Analysis

Blood samples were collected in tubes with anticoagulating agents from fattened
HF (n = 45) and HF x Charolaise (n = 60) crossbred steers before slaughter at 15 and
18 months of age. Total DNA from whole blood was isolated using DNeasy Blood & Tissue
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The quantity of the
extracted DNA was analyzed using an Invitrogen Qubit 4.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a dsDNA high-sensitivity assay kit; and the quality
was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The DNA samples were isolated in triplicate and then pooled for
each animal.

DNA isolation and genotyping were performed at the Institute of Genetics and Ani-
mal Biotechnology PAS, Jastrzebiec, Poland, using the RFLP method. The following genes
were chosen for analysis: Stearoyl-CoA desaturase (A-9-desaturase) (SCD1), leptin (LEP),
thyroglobulin (TG), diacylglycerol O-acyltransferase (DGAT1), and sterol regulatory ele-
ment binding transcription factor (SREBF11), as they are all linked to the assessment of
qualitative beef traits. Genes, primer sequences restriction enzymes, and polymorphisms
are presented in Table 2. PCR was conducted using AmpliTaq Gold DNA Master Mix
(Thermo Fisher, Waltham, MA, USA) and PCR conditions were optimized for each reaction
according to the polymerase manufacturer’s protocol.

The presence of the genes of interest after the PCR was confirmed by electrophoresis in
a 1.5% agarose gel (55 V, 50 min). Restriction enzyme digestion (Supplement Table S1) was
conducted according to the manufacturer’s recommendations for each digestion enzyme.
The presence of bands of interest after digestion was confirmed using electrophoresis in a
2-3% agarose gel (55 V, 50 min), depending on the size of the band of interest.

Phenotypic data on daily meat yield and composition were obtained from the meat
control system. This phenotypic data contained information on the quality and sensory
parameters of selected traits for each animal’s breed; date of birth; date of slaughter; daily
gains; carcass weight; slaughter yield; evaluation of the quality of muscle and fatness of the
carcass; marbling; pH after slaughter; carcass temperature after slaughter; pH after 48 h;
carcass temperature at 48 h after slaughter; thawing loss due to carcass defrosting as, a
percentage, after 7 and 14 days; cooking losses, as a percentage, after 7 and 14 days; pH 7
and pH 14; meat color as L *, a *, b * after 7 and 14 days; meat color in terms of lightness
or darkness; appearance of fat cover; texture; juiciness; and palatability in terms of sweet,
sour, and metallic taste.
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Table 2. Genes, primer sequences, restriction enzymes, and genes polymorphisms.

Amplicon Size Restriction

Gene Primers (F/R) [bp] Enzyme Polymorphism [bp] Reference
ATG TAT GGA TAC CGC CCT TAT T>C replacement
SCD1 145 FnudHI AA 29, 48, 68 bp [10]
VA 29, 48, 68,116 bp
TTC TGG CAC GTA ACC TAT ACC CT VV 29,116 bp
ATG CGT GTG GAC CCC TGT ATC T>C replacement
LEP 94 BspEl CC75bp [19]
CT 75,94 bp
TGG TGT CAT CCT GGA CCT CC TT 94 bp
GGG GAT GAC TAC GAG TAT GAC TG T>C replacement
TG 548 BstYI CC 75,178, 295 bp [20]
CT 75, 178, 295, 473 bp
GTG AAA ATC TTG TGG AGG CTG TA TT 75, 473 bp
GCA CCA TCC TCT TCC TCA AG T>C replacement
DGAT1 411 Cfrl CC411bp [20]
CT 203, 411 bp
GGA AGC GCT TTC GGA TG TT 203 bp
CCA CAA CGC CAT CGA GAA ACG deletion of 84 bp
CTAC *
SREBF11 432 - LL* 432 bp [10]
GGC CTT CCC TGA CCN CCC AAC LS 348, 432 bp
TTAG SS* 348 bp

SCD1-Stearoyl-CoA desaturase, LEP-leptin, TG-thyroglobulin, DGAT1-diacylglycerol O-acyltransferase, SREBF11-
sterol regulatory element binding transcription factor; *L-long, S-short.

2.4. Statistical Analysis

An analysis of variance was performed using the GLM procedure in an SAS package
(SAS software, version 9.2; Statistical Analysis System Institute Inc., Cary, NC, USA) [21] to
determine the significance level of all identified factors that may have affected the tested
traits or influenced the relationship between the analyzed traits and the specific genotypes.
All identified factors had a significant impact on the examined traits; therefore, they were
included in the final model. Body weight and age at the start of the experiment and at the
end of the experiment were treated as linear regressions in the model (body weight on the
day at the start of fattening, age of the animal on the day at the start of fattening, age of the
animal on the day of slaughter, weight of the animal on the day of slaughter).

Vijkimno = it + BREED; + FATTENING; + BREED*FATTENING;; + B, (LWSTART}) + Bo (AGESTARTY) +

Bo (LWSLAUGm) + Bo (AGESLAUGH) + €jjkimno M

where:
Vijkimno-investigated trait
p-overall mean
BREED;-fixed effect of i-th steer breed (HF, HF x CH)
FATTENIN;j-fixed effect of j-th fattening type (intensive or extensive)
BREED*FATTENING;j-interaction between i-th BREED and j-th type of fattening
Bo (LWSTARTY)-linear regression on the body weight on the day feeding was started
Bo (AGESTART))-linear regression on the age on the day feeding was started
Bo (LWSLAUG,)-linear regression on the body weight on the day of slaughter
Bo (AGESLAUG,)-linear regression on the age on the day of slaughter
€jjkimno-random error
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Factors that did not significantly influence the investigated meat and carcass quality
traits were removed from the presented model.

The databases used in the analysis compiled the genotypes of individual genes for all
animals along with the following information about the animals: breed, date of birth, date
of slaughter, and information about their productivity and meat quality taken at the time
of slaughter. Prior to the statistical analysis, we sorted the parameters into four groups and
analyzed the relationships between genotypes for selected genes and groups separately.

The first group included parameters concerning the carcass conformation traits of
HF and HFxCH steers (fatness, marbling, trim fat, live weight gain [LWG], dry matter
live weight gain [DM_LWG], and metabolic energy live weight gain [ME_LWG]). The
second group consisted of factors describing the beef quality traits of HF and HFxCH
steers (drip loss as a percentage after 7 days [Withaw?7]; thermal drip loss as a percentage
after 7 days [Wlcook?7]; pH after 7 days [pH 7]; meat brightness after 7 days [L7]; meat
red-color saturation after 7 days [a7]; meat yellow-color saturation after 7 days [b7]; drip
loss as a percentage after 14 days [Withaw14]; thermal drip loss as a percentage after 14
days [Wlcook14]; pH after 14 days [pH 14]; meat brightness after 14 days [L14]; meat
red-color saturation after 14 days [a14]; meat yellow-color saturation after 14 days [b14];
age at slaughter). The latter group of analyzed traits related to the quality of beef sensory
traits of HF and crossbred steers (the meat’s brown color, the meat’s brightness, shear force,
juiciness, tenderness, and taste—total meat taste and sweet, sour, umami and metallic taste).
The phenotypic data covered information on the quality and sensory characteristics of the
assessed traits and were determined 24 h after slaughter (or as stated otherwise).

3. Results
3.1. Allele Frequencies

In the analysis of SCD1, digestion was accomplished using an Fnu4HI (Satl) enzyme,
which recognizes the CC/NGC sequence. The analyzed mutation is a T>C replacement,
resulting in a non-synonymous mutation that leads to a change of the valine amino acid
into alanine in the protein chain. The genotype frequencies were as follows: VV = 5.7%,
AA =55.0%, and VA = 39.3%. In the analysis of the LEP polymorphism, the digestion
was performed by the enzyme BspEI, which recognizes the T/CCGGA sequence. This
mutation is a T>C replacement. the genotype frequencies were as follows: CC = 23.2%,
TT =19.1%, and CT = 57.7%. In terms of TG, the restriction enzyme BstYI, which recognizes
the RGATCY sequence, was used to determine the SNPs’ variants, and the sought mutation
is a T>C replacement. The genotype frequencies were CC = 73.5%, CT = 23.5%, and
TT = 3.0%. For DGAT1, digestion was performed by the enzyme Cfrl, which recognizes
the Y/GGCCR sequence. The mutation sought is a T>C replacement and the genotype
frequencies were as follows: CC = 83.9% TT = 8.8%, and CT = 7.3%. The mutation in the
analyzed fragment of SREBF11 consisted of the deletion of 84 bp. Genotype frequencies
were as follows: no deletion = 91.1% and heterozygotes = 8.9% (Table 3).

Table 3. Allele Frequencies.

Gene Enzyme Recognition Sequence Mutation Genotype Frequencies
SCD1 Fnu4HI CC/NGC T>C VV =5.7%, VA = 39.3%, AA = 55.0%
LEP BspEI T/CCGGA T>C TT =19.1%, CT = 57.7%, CC = 23.2%
TG BstYI RGATCY T>C TT =3.0%, CT = 23.5%, CC = 73.5%
DGAT1 Cfrl Y/GGCCR T>C TT = 8.8%, CT =7.3%, CC = 83.9%
SREBF11 N/A N/A 84 bp deletion No deletion = 91.1%, Heterozygotes = 8.9%

LEP-leptin, DGAT1-diacylglycerol O-acyltransferase; SCD1-Stearoyl-CoA desaturase; SREBF11-sterol regulatory
element binding transcription factor; TG-thyroglobulin; N/A-Not Applicable.
3.2. The Relationship between the Selected Traits and the Analyzed SNPs

During the study we found fatness to be associated with cattle breed, with higher
values for the crossbreed (p < 0.01); and the SREBP11 LL homozygote (p < 0.05) genotype;
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however, we did not find the SS homozygote in the tested population. We also determined
fatness to be associated with breed and intensity as a combined effect (Table 4). In terms
of marbling, we found higher values for the crossbreed (p < 0.01), while for TG we found
higher values for TT than for CT (p < 0.05) and CC (p < 0.05). Also, rearing intensity
affected marbling with higher values for ‘low’ (p < 0.01). Moreover, we demonstrated
marbling to be associated with breed and intensity as a mixed effect (Table 4). As for trim
fat, we found higher values for the crossbreed (p < 0.05), while for LEP we found higher
values for the CC homozygote than for the TT homozygote (p < 0.05). During the study,
we identified that LWG was associated with the breed (higher values for the crossbreed,
p < 0.01), rearing intensity (higher values for ‘high’, p < 0.01), and breed-intensity as a
combined effect (Table 4), with the analyzed genes’ genotypes having no effect on this
parameter. As for DM_LWG, we found it to be linked to rearing intensity, with higher
values for ‘low” (p < 0.01), and with breed and intensity as a combined effect (Table 4).
No effect was found for the analyzed genes’ genotypes on this parameter. For ME_LWG
we found associations with breed and intensity as a combined effect, and with the SCD1
genotype, with lower values for AA than for VA (p < 0.05) and VV (p < 0.05). We found
that DGAT1 did not have any effect on the analyzed carcass conformation traits. All the
above-mentioned associations are presented in detail in Table 4.

Table 4. Effect of breed, rearing intensity, fattening type, and chosen gene polymorphisms on carcass
conformation traits for HF and HFxCH steers.

Effect FATNESS ! MARBLING 2  TRIM FAT 3 LWG * DM_LWG ° ME_LWG ©
LSM Se LSM Se LSM Se LSM Se LSM Se LSM Se
1-dairy 7.87 A 024 1374 016 9282 087 1.334 0.03 6.4 0.17 76.32 2.04
Breed

2-cross 9414 025 2084 016 12472 091 1.48 4 0.03 5.98 0.17 71.21 2.1

1-low 8.92 023 1968 015 10.64  0.87 1348 003 6584  0.16 76.44 2.01

Intensity

2-high 8.37 025 1498 017 11.11 0.92 1478 003 5794 017 71.09 2.14

1x1 7.99 aB 029 156¢ 018 848bc 113 127PE 003 68028 021 79.13 2 2.61

1x2 7.76 b 031 1.19PE 02 10.09 1.19 1.38 CF 0.03 5992 022 73.51 2.75

Breed X Intensity

2x1 9.85 BC 031 236P€ 02 1280 118 141P6 003 635P 022 73.75 2.74

2x2 g89gabd 031 180F 02 1213¢ 119 156EFG 003 5608 022 68.66 2 2.75
1-CC 8.94 0.14 1.96 008 1066 055 1.4 0.01 6.11 0.1 72.91 1.27

DGAT1 2-CT 8.56 0.45 1.52 032 1166 142 1.37 0.06 6.37 0.27 75.94 33
3-TT 8.43 0.35 1.71 026 1031  1.09 1.44 0.04 6.08 0.21 72.43 253
1-CC 8.85 0.23 L.o. 11564 073 1.41 0.02 6.2 0.15 74.05 1.78
LEP 2-CT 0.99 0.16 L.o. 10.6 0.55 1.41 0.02 6.09 0.11 72.67 1.38
3-TT 8.56 0.24 L.o. 9944 075 1.38 0.03 6.13 0.15 73.09 1.82
1-AA 8.96 0.19 2.02 013 1041  0.69 L.o. L.o. 70.96b¢  1.49
SCD1 2-VA 8.85 0.16 1.83 0.1 10.89 0.6 L.o. L.o. 74.01°¢ 1.27
3-VV 8.51 0.47 1.93 033 1061  1.46 L.o. L.o. 77.93P 3.26
1-LL 8.932 0.12 1.91 008 1073 054 1.41 0.01 6.14 0.1 73.25 1.26
SREBF11

2-1S 8.362 0.36 1.8 24 1042  1.01 1.4 0.04 6 0.19 71.58 2.35
1-CC 8.84 0.14 1902 009 11.04 055 1.41 0.02 6.12 0.11 72.99 1.35

TG 2-CT 8.93 023 1.80° 0.6 9.95 0.74 1.39 0.03 6.19 0.15 73.83 1.79
3-TT 9.09 049 26120 036 9.08 1.43 1.47 0.06 5.93 0.28 70.58 3.42

LSM-last square means; SE-standard error; LWG-live weight gain;, DM_LWG-dry matter live weight gain;
ME_LWG-metabolic energy live weight gain; LEP-leptin, DGAT1-diacylglycerol O-acyltransferase; SCD1-Stearoyl-
CoA desaturase; SREBF11-sterol regulatory element binding transcription factor; TG-thyroglobulin; L. o.-low
observation frequency; values with the same letters in column differ significantly: upper case at p < 0.01; small
case atp < 0.05. 1 EUROP system; 2 on a scale 1 = lean and 5 = well-marbled; 3 % of Right hindquarter; 4 kg/d;
5 Mcal/kg DM; ¢ MJ/kg gain.
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We found that the polymorphic forms of the chosen genes affected beef quality traits.
Wilthaw? was associated with the breed (with higher values for the crossbreed, p < 0.05),
and the DGAT1 polymorphism (higher values for TT than CC homozygote, p < 0.05). We
found that Wlcook?7 was related to the LEP polymorphism (with higher values for TT than
for CC homozygote, p < 0.05). The pH 7 parameter was associated with rearing intensity
(with higher values for ‘low’ type, p < 0.05) and the SCD1 genotype (higher values for AA
than VA, p <0.01, and VV, p < 0.05). We identified that L7 related to breed (higher values
for the crossbreed, p < 0.01), the DGAT1 genotype (the highest value for heterozygote), the
TG genotype (higher values for CC than heterozygote, p < 0.05), and the SCD1 genotype
(higher values for heterozygote than CC homozygote, p < 0.05). We found that a7 was
related to breed (higher values for the crossbreed, p < 0.01), the TG polymorphism (higher
values for TT than heterozygote, p < 0.01), and the LEP genotype (higher values for the
heterozygote than CC genotype, p < 0.05); while b7 was related to breed (higher values for
the crossbreed, p < 0.01) and the TG polymorphism (higher values for the CC genotype
than for heterozygote, p < 0.01). We determined that Withaw14 was associated with rearing
intensity (higher values for “low”, p < 0.01) and with the TG genotype (higher values for
CC than TT homozygote, p < 0.01). Wlcook14 changed with the SCD1 polymorphism
(higher values for heterozygote, p < 0.05). We found that pH 14 was associated with LEP
(the highest value for the CC genotype) and with the SCD1 polymorphisms (higher values
for heterozygote than AA homozygote, p < 0.05). We identified that L14 related to breed
(higher values for the crossbreed, p < 0.01), the DGAT1 polymorphism (the lowest value for
CC homozygote), and the SCD1 polymorphism (higher values for heterozygote compared
with AA homozygote, p < 0.05). We also found associations between al4 and breed (higher
values for the crossbreed, p < 0.05), rearing intensity (higher value for low type, p < 0.05),
and the DGAT1 polymorphism (higher value for TT homozygote than for CC, p < 0.05);
while b14 was related to breed (higher values for the crossbreed, p < 0.01) and the DGAT1
polymorphism (higher values for TT homozygote than for CC, p < 0.05). We did not
detect any effect of the SREBF11 polymorphism on the analyzed beef quality traits. All the
abovementioned associations are presented in detail in Table 5.

Moreover, we identified the analyzed parameters that affected beef quality traits.
The brown meat color was related to the breed (with higher values for dairy, p < 0.05),
and the bright meat color was also associated with the breed (with a higher value for
dairy, p < 0.01). Shear force was only associated with the breed (with a higher value for
crossbreed, p < 0.05). Of the analyzed SNPs, we found that the only polymorphism to
affect the sweet taste was SCD1, with higher values for heterozygote, than VV homozygote,
p < 0.05. The DGAT1, TG, LEP, and SREBF11 polymorphisms did not affect any of the
analyzed beef sensory quality traits. All the above-mentioned associations are presented in
detail in Supplement Table S2.
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Table 5. Effect of breed, rearing intensity, and chosen gene markers on beef quality traits in HF and crossbred steers.

Wilthaw?7 pH7 L7 a7 b7 Wlthaw14 pH 14 L14 al4 b4
Effect LSM Se LSM Se LSM Se LSM Se LSM Se LSM Se LSM Se LSM Se LSM Se LSM Se

1-dairy 4983 025 5.4 0.02 34624 1.05 21224 05 9354 039 53 0.31 5.4 0.03 3832 132 22662 04 1083~ 032

Breed 2-cross 5702  0.26 5.4 003 39484 1.09 23674 05 11544 04 5.9 0.32 5.4 0.03 41322 137 23602 042 11974 033

Intensity 1-low 647 127 5662 012 3526 538 2344 2.6 10.3 198 9754 156 5.5 0.15 429 6.72  27.05° 2,04 13.7 1.67

2-high 42 119  517* 012 3884 504 2143 24 10.6 1.85 1534 146 54 014 3672 63 1921 191 9.12 1.51

1-CC 4842 015 5.5 0.01 34278 062  21.98 0.3 10.2 023 52 0.18 5.5 0.02 353248 077 2271¢ 023 11.09* 0.9

DGAT1 2-CT 55 0.49 5.4 0.05 415982 206 2349 1 10.6 076 58 0.6 5.4 0.06 42704 257 226 0.78 10.9 0.62

3-TT 5672 039 5.4 0.04 3532 1.66  21.86 0.8 10.5 061 59 0.48 54 0.05 41.41B 208 24.04°¢ 063 1218  0.05

1-CC 5 0.15 5.4 001 35502 066 22398 03 10488 021 5432 0.8 5.4 0.02 3692 0.86 228 0.24 11.2 0.19

TG 2-CT 483 028 5.5 0.03 32832 121 2091B 05 9208 039 53 0.33 5.5 0.03 3555 1.58 23.1 0.45 11 0.36

3-TT 499 057 5.4 0.05 3481 244 2186 1.1 10.4 08 3982 067 5.5 0.06  34.11 3.2 223 0.91 10.8 0.72

1-CC 529 026 5.4 0.02  35.67 114 2119 05 9.59 038 57 031 53842 003 3754 1.48 222 0.41 10.8 0.33

LEPTIN 2-CT 484 017 5.5 0.02 3438 073 22342 32 10.4 024 52 02 5484  0.02 36.1 0.95 23 0.26 11.3 0.21

3-TT 504 029 5.4 0.03 3641 126 2243 0.6 10.6 042 52 034 5482 003  36.68 1.63 22.7 0.45 11.2 0.36

1-AA 507 021 5494b 002 33492 09 22.49 0.4 10.6 031 52 025 5502 002 34442 114 22.8 0.33 11.2 0.26

SCD1 2-VA 49 017 5424 001 3598 071 2192 0.3 10.1 025 54 0.2 5432 002 37.80* 091 229 0.26 11.2 0.21

3-VV 534 053 538P 005 33432 227 21.4 1 9.61 0.79 6 0.64 55 0.06 3472 288 215 0.83 9.99 0.66

1-LL 495  0.14 5.4 0.01 3493 0.64 221 0.3 10.2 021 53 0.17 5.5 0.02 36.2 0.08 228 0.23 11.2 0.18

SREBF11 2-18 522 038 55 0.04 3577 167 2221 0.8 10.9 056 52 0.46 55 0.04  39.18 2.1 232 0.6 11.3 0.48
AgeSlaug regression ** *

LSM-last square means; SE-standard error; Wlthaw?7-drip loss (%) after 7 days; pH 7-pH after 7 days; L7-meat brightness after 7 days; a7-meat red-color saturation after 7 days; b7-meat
yellow-color saturation after 7 days; Withaw14-drip loss (%) after 14 days; pH 14-pH after 14 days; L14-meat brightness after 14 days; al4-meat red-color saturation after 14 days;
bl4-meat yellow-color saturation after 14 days; LEP-leptin, DGAT1-diacylglycerol O-acyltransferase; SCD1-Stearoyl-CoA desaturase; SREBF11-sterol regulatory element binding
transcription factor; TG-thyroglobulin; AgeSlaug-age at slaughter; values with the same letters differ significantly: upper case at p < 0.01; small case at p < 0.05. ** significant at a level of
0.01; * significant at a level of 0.05.
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4. Discussion

The molecular analysis allowed for the identification of potential candidate genes that
may control economically important traits in beef production. Applying genomic tech-
niques to breeding programs helps achieve progress faster than classic breeding methods.
During the study, we focused on genetic markers related to meat quality properties in fat-
tened HF and HF x Charolaise steers. We analyzed the effect of breed, rearing intensity, and
selected polymorphisms in LEP, DGAT1, SCD1, SREBF11, and TG on carcass conformation
traits, beef quality traits, and beef sensory quality traits.

It is difficult to discuss these results only in terms of the selected SNPs’ effect on mea-
sured traits because all traits determined in this study depended greatly on the cattle breed.
The polymorphisms that affect carcass conformation, or its quality and sensory properties
are in most cases analyzed in fast-growing beef cattle or, alternatively, in dual-purpose
cattle, and the various crossbreeds between them. The most extensively studied breeds
belong to Angus, Hereford, Limousin, Charolaise, Gelbvieh (historically triple purpose,
nowadays mainly for beef), some local beef breeds such as Chinese Qinchuan, Canchim or
Caracu cattle, or dual-purpose cattle such as Simmental or Valdostana [22-24]. Nkrumah
et al. stated that lines based on Angus and Hereford had, in general, higher carcass and
body fat, and lower carcass leanness compared to lines based on Gelbvieh, Limousin,
or Charolaise; such discrepancies in studied herds may generate more complications in
interpreting the selected polymorphisms’ associations with the traits [24]. The genetic
background of the studied animals is also important because sometimes local breeds are
not classified as pure Bos taurus, they may have been mated with Bos indicus cattle. Lin
et al. have studied the genetic distance between B. taurus and B. indicus and found that the
genetic distances between Asian and European cattle populations are generally high, with
the greatest level of genetic differentiation detected between B. taurus and B. indicus popu-
lations (any population differentiation was not observed among any pairs of populations
by exact tests) [25]. Additionally, it is difficult to find studies applied to dairy cattle, which
is the most widespread breed across Europe: with approximately 20.5 mIn animals in 2021,
while non-dairy cattle reached only 10.5 mln [26].

4.1. LEP

Leptin is considered to be associated with carcass quality traits (fat, animal body
weight, growth rate) due to its main function [7]. During our study, we focused on SNPs
that were described initially by Buchanan et al. and found Leptin to be associated with
carcass conformation (trim fat) and beef quality (Wlcook?7, a7, pH 14). Any effect of
LEP polymorphism on beef sensory traits was not found [19]. The results from a study
performed by Nkrumah et al. partially agreed with our observations, i.e., researchers did
not find any associations between the analyzed SNP and carcass marbling for animals with
different genotypes [24]. However, they did find that animals with TT genotypes had more
carcass fat grade than those with CC genotypes, in contrast to our results—we found that
animals with CC genotypes had more trim fat than TT homozygotes. In a similar way to
our results, other researchers did not find any association between the LEP polymorphism
and marbling [22,23], tenderness [23], or carcass fat thickness [22] found changes only at the
trend level within their studied population, with the highest value being for TT). Moreover,
Carvalho et al. found the shear force to be related to the LEP polymorphism, with higher
values for the CC than the TT genotype, and the TT than the CC genotype, p < 0.05 [22].
Due to the primary role of leptin as a regulator of appetite, body weight gain, and fat
deposition [27], LEP polymorphism was considered regarding carcass conformation traits
(e.g., live weight, live weight gain, marbling score, fatness); thus we attempted to assess its
value also in relation to quality traits such as meat color, pH, and drip loss, together with
beef sensory traits. We did not find any associations between the LEP polymorphism and
beef sensory traits; however, we did find that it influenced Wlcook?, a7, and pH 14, which
has not been reported previously.
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4.2. SCD1

Stearoyl-CoA desaturase 1 (SCD1) is an integral membrane protein that is involved
in the biosynthesis of monounsaturated fatty acids from saturated fatty acids. SCD1
catalyzes the insertion of a cis double bond at the delta-9 position of a range of acyl-CoA
substrates, including palmitoyl-CoA and stearoyl-CoAl. This enzymatic activity is crucial
for the formation of oleic and palmitoleic acids, which are major components of membrane
phospholipids, triglycerides, and cholesterol esters. In this study, we found SCD1 to be
associated with carcass conformation (metabolic energy live weight gains), beef quality
(pH 7, pH 14, Wlcoock14, L7, L14), and beef sensory traits (sweet taste). The results
demonstrated the effect of AA, Va, and VV forms on pH 7; and AA, VA forms on pH
14. These results do not match those of Li et al. [28]; however, SCD1 could indirectly
influence pH levels due to changes in metabolic processes [10]. While the specific influence
of SCD1 on beef lightness of color or brightness is not widely documented, it is plausible
that variations in fat composition, influenced by SCD1, could indirectly affect these visual
aspects of meat quality. The brightness or lightness of meat color is often associated with fat
content and marbling [29] or potentially muscle fiber diameter as a result of pH changes [30].
Our results show that SCD1 is associated with L7 and L14 for AA and VA genotypes. These
results are partially confirmed by Reardon et al. who showed that the AA genotype had a
significant effect. However, these results need to be verified in future studies [31].

The relationship between Stearoyl-CoA Desaturase 1 (SCD1) and thermal drip loss in
beef has not explicitly been addressed in the literature yet. The results presented in our
study point to the AA and VA genotypes as being potentially important in shaping the
thermal drip loss trait. Various studies have investigated the genetic factors influencing drip
loss, primarily in pork, which may provide indirect insights relevant to beef and potentially
to SCD1. For example, Li et al. identified the triadin (TRDN) and myostatin (MSTN)
genes as critical candidates for drip loss in pork due to their roles in muscle contraction
and growth [32]. Ponsuksili et al. identified differentially regulated transcripts in pork
muscle that were related to membrane proteins, signal transduction, and lipid metabolism,
which affected water-holding capacity and drip loss [33]. Reardon et al. indicated a
similar relationship between PRKAG3 and thermal drip loss in beef as well as in pork [31].
Considering SCD1’s role in lipid metabolism, it might indirectly influence drip loss in beef
through its effects on muscle fat composition and membrane properties. However, since
current research has not directly established a link between SCD1 and thermal drip loss, it
remains a speculative candidate. Further studies specifically investigating the role of SCD1
in relation to meat quality traits, including thermal drip loss, would be necessary to clarify
its potential.

The expression of SCD1 in cattle is linked to crucial traits such as intramuscular fat
content or marbling, a primary determinant of meat quality affecting flavor, tenderness,
and juiciness. Studies by Ardigli et al. have demonstrated an association between SCD1
gene polymorphisms and variations in fat deposition and marbling in cattle breeds, directly
influencing the quality of beef where the A allele was associated with higher performance
than the G allele [34]. Additionally, SCD1 activity has implications for feed efficiency and
weight gain in cattle, indicating that genetic variations in this gene can affect how efficiently
cattle convert feed into body mass. This is in agreement with our results. However, we
found significant ME_LWG results in AA, VA, and VV genotypes.

Among the analyzed SNPs, we found that the only polymorphism affecting sweet taste
was SCD1, with higher values observed in heterozygotes compared to VV homozygotes,
p < 0.05. However, the DGAT1, TG, LEP, and SREBF11 polymorphisms did not influence
any of the analyzed beef sensory quality traits.

43. TG

Thyroglobulin (TG) in cattle, which is essential for thyroid hormone synthesis, is
crucial for regulating metabolism and fat deposition. Key polymorphisms in the TG gene
significantly influence beef quality traits such as marbling and fat deposition. The TT
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genotype is often linked to higher marbling compared to the CC and CT genotypes [35,36],
which is in agreement with our results. These genetic variations are utilized to improve
beef quality. The TG gene, which affects carcass fat accumulation, directly influences intra-
muscular fat, which is vital for meat marbling and palatability. Despite study variations,
TG polymorphisms seem to be important for cattle breeding aimed at enhancing meat
quality [4].

Another important aspect of beef quality influenced by the TG gene is meat color,
which includes traits like brightness, and red and yellow color saturation. The color of beef
is an important factor affecting consumer perception. Studies have shown that specific
TG gene polymorphisms can affect the saturation of red and yellow colors in beef. The
variation in these color traits can be indicative of the meat’s freshness, processing, and
overall quality. Ardicli et al. identified greater brightness associated with CC and higher
red color saturation associated with CT [37]. Except for the yellow color saturation, the
results of the Ardicli et al. research seem to partially match the results of our study [37].
However, it is necessary to carry out more research work concerning this case in the future.

Drip loss associated with CC and TT genotypes presented in this study seems to par-
tially match Du et al.’s results [38]. Water holding capacity (WHC) is positively correlated
with intramuscular fat content in muscles, which is determined by TG [39-41]. These
studies, while not directly studying TG gene polymorphisms and their effect on drip loss
or water loss in beef, provide a broader context for understanding the genetic factors that
may influence these traits in beef. Further studies on the TG gene specifically focusing on
these aspects of beef quality are needed to provide more direct conclusions.

4.4. DGAT1

DGAT1 is a gene that plays a crucial role in the synthesis of triglycerides, which are
the main components of intramuscular fat (IMF). DGAT1 has been studied in relation to
its association with beef production traits, and some studies have shown that DGAT1 has
a positive effect on meat quality and carcass fatness [4]. DGAT1 has also been associated
with marbling, which is an important factor in determining beef quality. It is an important
candidate gene in the production of high-quality beef Yuan 2013 [9]. In this study, we
identified that DGAT1 influenced drip loss after 7 days, brightness, and red and yellow
color saturation. Xin Li et al. [28] in a similar study did not identify this effect; however,
they found an effect on marbling which was not found in our study. The L7 and L14
effect was related to CC, CT, and TT, and al4 and b14 in CC and TT genotypes. Research
by Ardicli et al. on Holstein cattle also found that DGAT1 had no effect on color or drip
loss, but they suggest that it may affect color due to its influence on marbling [37]. The
importance of DGAT1's effect on meat quality and the limited literature available, indicate
the need for more research in this area [42].

4.5. SREBF1

Sterol regulatory element-binding factor 1 (SREBF1) is a transcription factor that plays
an important role in lipid metabolism and fat deposition in cattle. SREBF1 is involved in
the regulation of genes associated with fatty acid synthesis and cholesterol metabolism.
The mRNA synthesis of SREBF1 is regulated by nutrients, and its metabolic activity might
be potentiated by diet components and changes in lipogenesis in muscle. Several studies
have found correlations between the marbling score and meat flavor. Thus, nutrition
and management strategies that are able to increase the intramuscular fat content might
contribute to increasing the added value of beef [43,44]. Our results confirmed its impact
on fatness via the LL and LS genotypes. Moreover, Maciel et al. reported that vitamin A
supplementation might increase the expression of SREBF1 at weaning, which increases the
chances of improving the quality of beef [45]. On the other hand, Berrios et al. note the
possible negative effects of the T allele, which, in his/her study may have been responsible
for conceptus death in Holstein cows on day 16 of pregnancy. Further research is needed to
thoroughly analyze these risks [46].
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5. Conclusions

In conclusion, our study revealed significant associations between various genetic
polymorphisms and beef quality traits in cattle. Notably, we observed distinct effects of
genetic variants on carcass conformation, fatness, marbling, and other sensory attributes
of beef.

Specifically, we found that certain genotypes of genes such as SCD1, LEP, TG, and
DGAT1 were associated with alterations in carcass composition and quality traits. For
instance, the SCD1 AA genotype demonstrated a significant influence on parameters
associated with fatness and meat tenderness compared to VA and VV genotypes. Similarly,
the DGAT1 TT genotype exhibited correlations with variations in fat deposition and beef
tenderness, particularly in relation to marbling and shear force, compared to CC and
CT genotypes. Furthermore, our investigation uncovered relationships between genetic
variations and sensory attributes of beef, encompassing meat color, tenderness, and taste
perception. Notably, the SCD1 polymorphism emerged as a determinant of the sweet
taste of beef, with heterozygous genotypes showing higher taste scores compared to
VV homozygotes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ genes15070843 /s1, Table S1: PCR and digestion conditions; Table S2:
Effect of breed, rearing intensity, and the chosen gene polymorphisms on beef sensory quality traits
in HF and crossbred steers.
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Abstract: The objective of this study is to assess the influence of genetic polymorphisms in DGATI,
LEP, and SCD1 on the oxidative stress biomarkers and bioactive protein levels in Hereford bulls. A
total of sixty-eight bulls were analyzed at 22 months of age to assess growth metrics and carcass
quality, with a focus on polymorphisms in these genes. The key markers of oxidative stress, including
malondialdehyde (MDA), and the activities of antioxidant enzymes such as glutathione reductase
(GluRed), glutathione peroxidase (GPx), and superoxide dismutase (SOD) were measured, alongside
bioactive compounds like taurine, carnosine, and anserine. The results show that the TT genotype of
DGATT1 is linked to significantly higher MDA levels, reflecting increased lipid peroxidation, but is
also associated with higher GluRed and GPx activities and elevated levels of taurine, carnosine, and
anserine, suggesting an adaptive response to oxidative stress. The LEP gene analysis revealed that the
CC genotype had the highest MDA levels but also exhibited increased GPx and SOD activities, with
the CT genotype showing the highest SOD activity and the TT genotype the highest total antioxidant
status (TAS). The SCD1 AA genotype displayed the highest activities of GluRed, GPx, and SOD,
indicating a more effective antioxidant defence, while the VA genotype had the highest MDA levels
and the VV genotype showed lower MDA levels, suggesting protective effects against oxidative
damage. These findings highlight genotype specific variations in the oxidative stress markers and
bioactive compound levels, providing insights into the genetic regulation of oxidative stress and
antioxidant defences, which could inform breeding strategies for improving oxidative stress resistance
in livestock and managing related conditions.

Keywords: genetic variations; DGAT1; LEP; SCD1; oxidative stress; beef

1. Introduction

Several point mutations in genes have been identified, with significant effects on cattle
phenotypes. Among these, leptin, a polypeptide hormone predominantly secreted by
adipocytes, plays a crucial role in energy homeostasis by modulating appetite and lipid
metabolism [1]. The leptin gene in cattle is located on chromosome 4, where several poly-
morphisms associated with performance traits have been identified [2]. Studies indicate
that animals with the TT genotype exhibit superior sensory preference scores compared to
those with CC or CT genotypes. Additionally, SNP UASMS2 shows a significant correlation
with fat thickness, where CC-genotype animals display reduced fat surrounding the loin
compared to the CT or TT genotypes [3]. Diacylglycerol O-acyltransferase (DGAT1) is
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a key microsomal enzyme catalyzing the final step in triglyceride synthesis, converting
diacylglycerol and fatty acids into triglycerides. The K232A SNP involves a dinucleotide
substitution (AA/GC), resulting in the amino acid substitution of lysine for alanine. In-
vestigations have demonstrated that SNP ¢.572 A > G is linked with variations in fat
thickness, MBS (meat quality score), fat colour, and shear force [4,5]. Specifically, animals
with the BB genotype exhibit lower MBS values, reduced fat colour, and lower shear force
compared to those with the AA genotype. Stearoyl-CoA desaturase (SCD1) catalyzes the
conversion of saturated fatty acids (SFA) to unsaturated fatty acids (UFA) in adipocytes by
introducing double bonds. SCD activity is regulated by key lipogenic enzymes involved
in fatty acid synthesis pathways, with leptin and insulin also modulating its activity. In
the gene encoding SCD1 on chromosome 26, three SNPs in the 3’'UTR and three SNPs
in exon 5 have been identified. Significant associations have been observed between the
£.10329 C > T polymorphism and the desaturation index and fatty acid composition [6].
Additionally, polymorphisms in SCD1 are significantly correlated with meat sensory traits,
such as colour, tenderness, and taste perception. The SCD1 gene is a critical determinant of
meat sweetness, with heterozygous genotypes showing higher sensory ratings compared
to homozygous VV genotypes [7].

Enzymes, substrates, and coenzymes are compartmentalized within specialized sub-
cellular structures, allowing for precise and selective biochemical activity [8]. This compart-
mentalization enables the isolation and optimization of opposing biochemical processes,
such as the biosynthesis and degradation of metabolites [9,10]. The activity of enzymes in
blood serum is influenced by various factors, including pathological conditions, the extent
of tissue damage, and the rate of catabolism and clearance from the circulatory system. En-
zymes are distributed across distinct subcellular compartments, including in the cytoplasm
(e.g., aldolase, phosphohexose isomerase, lactate dehydrogenase, alanine aminotransferase,
sorbitol dehydrogenase), mitochondria (e.g., Krebs cycle enzymes, oxidases, glutamate
dehydrogenase, aspartate aminotransferase), endoplasmic reticulum (e.g., esterases, re-
ductases, acetylases, gamma-glutamyltransferase), ribosomes (e.g., protein biosynthesis
enzymes, ceruloplasmin, cholinesterase), and lysosomes (e.g., proteases, phosphatases, col-
lagenases). In response to oxidative stress, cattle utilize two primary defence mechanisms,
namely enzymatic and non-enzymatic [11]. Enzymatic antioxidants, which facilitate redox
reactions, are categorized into the following four major groups: oxidases, dehydrogenases,
peroxidases, and oxygenases [12]. Key examples include superoxide dismutase (SOD),
which catalyzes the disproportionation of superoxide anions [13]; glutathione peroxidase
(GPx), which decomposes peroxides and mitigates oxidative damage [14]; and glutathione
reductase (GluRed), which regenerates reduced glutathione [15]. Non-enzymatic defence
mechanisms involve proteins with intrinsic antioxidant properties, which contribute to the
cellular protection against oxidative damage [16].

Carnosine, a dipeptide composed of 3-alanine and histidine, fulfils several critical
biological functions. It exhibits chelating activity by forming stable complexes with heavy
metal cations, which mitigates their toxic effects [17]. The antioxidant properties of carno-
sine are attributed to its ability to neutralize ROS [18], including hydroxyl radicals and
peroxide radicals, thereby mitigating oxidative stress [19]. Furthermore, carnosine has
antiglycative properties, as it inhibits glycation reactions in which low molecular weight
aldehydes, such as methylglyoxal, cause damage to protein structures [20,21]. Anserine, a
methylated derivative of carnosine consisting of 3-alanine and L-(N-methyl)histidine, also
functions as an antioxidant. It provides cellular protection against oxidative damage and
contributes to the maintenance of homeostasis in muscle and brain tissues [22].

Oxidative stress in beef cattle arises from an imbalance between reactive oxidative
species and the capacity for detoxification and repair mechanisms [9]. This imbalance
correlates with diminished immune function and increased disease vulnerability [12].
Consequently, elevating antioxidant defences is essential for enhancing animal health and
improving the oxidative stability of meat [23].
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The aim of this study is to assess the influence of genetic polymorphisms in DGAT1,
LEP, and SCD1 on oxidative stress biomarkers and bioactive protein levels in Hereford
bulls. The research aims to quantify how variations in these genes correlate with changes
in oxidative stress markers such as malondialdehyde, glutathione reductase, glutathione
peroxidase, superoxide dismutase, and total antioxidant status, as well as with concen-
trations of bioactive compounds including taurine, anserine, carnosine, and coenzyme
Q10. This investigation seeks to identify the genetic factors that modulate oxidative stress
responses and bioactive protein profiles, thereby contributing to the understanding of
genetic influences on meat quality and overall health in Hereford cattle.

2. Materials and Methods
2.1. Animals

The study involved 65 Hereford bulls, aiming to evaluate growth performance and
muscle characteristics in relation to genetic variations (Table S1). The bulls were slaughtered
at 22 months of age, selected to ensure maturity for assessing growth metrics and carcass
quality. Prior to slaughter, the standardized live weight was recorded with an average of
669 kg, and carcass weight was measured post-slaughter, averaging 390 kg. After slaughter,
the carcasses were cooled for 24 h at temperatures between 2 and 4 °C. Following the
cooling period, a muscle sample weighing 300 g was collected from the semimembranosus
muscle, sampled parallel to the muscle axis to ensure consistency in the analysis of muscle
composition.

All bulls had unlimited access to pasture for 1 year of their life. After the grazing
phase, the animals had transition and finishing rations (Table S2). To get the animals used
to a changed diet, two step-up diets were introduced. The average standardized daily gain
was 1.04 kg /day, and the daily carcass gain was 0.66 kg/day.

Additionally, EUROP trade grades and fat classes were estimated by graders at the
slaughterhouse. The carcasses were classified, with fat classes ranging from 1 to 2+, and
trade classes ranging from U to R. This classification provided insights into the quality
and fat content of the carcasses, contributing to a comprehensive evaluation of growth
performance and muscle characteristics in relation to genetic variations.

2.2. Chemical Analyses

Beef samples were initially chopped and then processed in a blender to achieve a
homogeneous mixture. This homogenized sample was analyzed using a near-infrared
spectrophotometer. The basic chemical composition of the meat was determined utilizing a
Food Scan™ analyser (Foss Electric, Hillerad, Denmark).

The quantification of anserine, carnosine, taurine, and coenzyme Q10 was performed
using an RP-HPLC Agilent 1100 system. Chromatographic separations were executed
at ambient temperature employing a solvent gradient on a Jupiter C18 300A column
(Phenomenex, Torrance, CA, USA), following the procedure outlined by Lukasiewicz
et al. [24]. The mobile phases comprised Solvent A, which included acetonitrile (Merck,
Darmstadt, Germany), water (Sigma-Aldrich), and trifluoroacetic acid (Sigma-Aldrich, St.
Louis, MO, USA) in a volumetric ratio of 30:970:1 (v/v/v), and Solvent B, which consisted
of acetonitrile, water, and trifluoroacetic acid in a ratio of 970:30:1 (v/v/v). The flow rate
was set at 1.4 mL/min, with detection occurring at a wavelength of 214 nm. A 25 pL aliquot
of the final solution was injected for analysis. All samples were analyzed in duplicate
to ensure reproducibility. Peak identification and quantification were verified through
comparison with standards (Sigma-Aldrich, St. Louis, MO, USA).

The levels of malondialdehyde (MDA) in blood plasma were determined using a
NanoQuant Infinite M200 Pro analyser (Tecan Austria GmbH, Grodig, Austria) at a wave-
length of 532 nm. In this process, 250 uL of blood plasma was mixed with 25 pL of 0.2%
2,6-bis(1,1-dimethyl-ethyl)-4-methylphenol (Sigma-Aldrich, Warsaw, Poland) and 1 mL
of 5% trichloroacetic acid (Sigma-Aldrich, Warsaw, Poland). The mixture was centrifuged
at 14,000 g for 10 min. Subsequently, 750 uL of the clear supernatant was transferred
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to a glass tube, and 500 pL of 0.6% thiobarbituric acid (Sigma-Aldrich, Warsaw, Poland)
was added. The solution was mixed and incubated for 45 min in a 90 °C water bath. After
incubation, the mixture was cooled on ice and centrifuged at 4000 x g for 5 min. Finally,
200 pL of the clear supernatant was transferred to a microplate for measurement.

The glutathione reductase (GluRed), glutathione peroxidase (GPx), superoxide dis-
mutase (SOD), and total antioxidant status (TAS) in blood plasma were assessed using
a NanoQuant Infinite M200 Pro analyser (Tecan Austria GmbH, Grodig, Austria) with
dedicated ELISA kits from Randox Laboratories (Crumlin, UK). The specific kits used were
as follows: glutathione reductase (Cat no GR2608), Ransel (glutathione peroxidase, Cat no
5C692), Ransod (superoxide dismutase, Cat no SD126), and Total Antioxidant Status (Cat
no NX2331).

2.3. DNA Sampling and Analysis

Blood samples were collected in tubes containing anticoagulants for genetic analysis.
Total DNA was isolated from whole blood using the DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany), following the manufacturer’s protocol. The quantity of the extracted
DNA was measured with an Invitrogen Qubit 4.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) using a dsDNA high-sensitivity assay kit, while the quality was
assessed with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). DNA samples were isolated in triplicate and then pooled for each animal to
ensure representative and reliable genetic analysis. DNA isolation and genotyping were
conducted at the Institute of Genetics and Animal Biotechnology PAS, Jastrzebiec, Poland,
using the Restriction Fragment Length Polymorphism (RFLP) method. The amplifications
of the SCD1 gene were performed using a forward primer 5'-ATG TAT GGA TAC CGC CCT
TAT-3' and a reverse primer 5'-TTC TGG CAC GTA ACC TAT ACC CT-3'. The restriction
enzyme Fnu4HI, that cuts at the 5'...GC INGC...3' site, has been used to digest the 145 bp
amplicon. A T > C polymorphism genotypes resulted in different fragment patterns, as
follows: the genotype AA in fragments of 29, 48 and 68 bp, the genotype VA in 29, 48,
68 and 116 bp, and the genotype VV showed fragments of 29 and 116 bp [25]. The LEP
gene used the primers 5'-ATG CGT GTG GAC CCC TGT ATC-3' (forward) and 5'-TGG
TGT CAT CCT GGA CCT CC-3' (reverse) to amplify the 94 bp product. The enzyme
BspEI was used to digest the amplicon, cutting at the 5'..TICCGGA...3 site. The T > C
polymorphism resulted in different fragment patterns for each genotype, as follows: the
CC genotype fragments were 75 bp, the CT genotype fragments were 75 and 94 bp, and
the TT genotype fragments were 94 bp [26]. The amplification of the DGAT1 gene was
performed using the forward primer 5-GCA CCA TCC TCT TCC TCA AG-3' and the
reverse primer 5-GGA AGC GCT TTC GGA TG-3'. The restriction enzyme Cfrl, which
cuts the sequence 5'...Y | GGCCR...3, was used to digest an amplicon of 411 bp. T > C
substitution resulted in a polymorphism in which the CC genotype remained undigested
at 411 bp, the CT genotype resulted in fragments of 203 and 411 bp, and the TT genotype
yielded fragments of 203 bp [27]. The genes selected for analysis were Stearoyl-CoA
desaturase (SCD1), leptin (LEP), and diacylglycerol O-acyltransferase (DGAT1), as these
genes are associated with key qualitative traits in beef. Polymerase Chain Reaction (PCR)
was performed using AmpliTaq Gold DNA Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA). PCR conditions were specifically optimized for each reaction in accordance
with the manufacturer’s protocol for the polymerase.

2.4. Statistical Analysis

Variance analysis (ANOVA) was performed to evaluate the impact of genetic polymor-
phisms on the biomarkers and protein levels. This analysis allowed for the comparison of
means among different genotypes and the identification of statistically significant differ-
ences. To evaluate the impact of genetic polymorphisms on oxidative stress biomarkers
and bioactive protein levels, we conducted an analysis of variance (ANOVA). Prior to
performing the ANOVA, the normality of the data distribution was assessed using the
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Shapiro-Wilk test for all variables, including oxidative stress markers such as malondialde-
hyde (MDA), glutathione reductase (GluRed), glutathione peroxidase (GPx), superoxide
dismutase (SOD), and total antioxidant status (TAS), as well as for bioactive compounds
such as taurine, anserine, and carnosine.

The results of the Shapiro—Wilk test confirmed that the data were normally distributed
(p > 0.05 for all variables), allowing us to proceed with parametric tests. If any of the
variables had deviated from normality, we would have used non-parametric tests. However,
as all datasets met the normality criteria, ANOVA was deemed appropriate.

In addition to ANOVA, Pearson’s correlation coefficients were calculated to explore
the linear relationships between genetic polymorphisms (DGAT1, LEP, and SCD1) and
oxidative stress biomarkers. Spearman’s correlation coefficients were used to examine
potential non-linear associations between genetic variants and bioactive protein levels.
Only statistically significant interactions with p-values of <0.01 or <0.05 were considered
for detailed interpretation.

All statistical analyses were conducted using IBM SPSS Statistics version 23 software
to ensure the accuracy and reliability of the results.

3. Results

The studies conducted on Hereford bulls revealed genotype-dependent variations in
oxidative stress biomarkers across the DGATI, LEP, and SCD1 genes (Figure 1).

B GPx C SOD

mmol/L

MDA E TAS

509

mmol/L

Figure 1. The effect of DGAT1 (CC, CT, TT), LEP (CC, CT, TT), SCD1 (AA, VA, VV) genetic variants
on the levels of (A) glutathione reductase (GluRed), (B) glutathione peroxidase (GPx), (C) superoxide
dismutase (SOD), (D) malondialdehyde (MDA), and (E) total antioxidant status (TAS) was assessed.
Data are presented as figures of Last Square Means & SEM; values with the same letters in one gene
group differ significantly: upper case indicates p < 0.01; lower case indicates p < 0.05.

For DGAT1, the TT genotype showed the highest MDA levels, with an increase of 15%
compared to the CC genotype and 26% compared to the CT genotype. GluRed activity
was also highest in the TT genotype, with a 57% increase over the CC genotype and 19%
over the CT genotype. GPx activity in the TT genotype was the most elevated, with a 20%
increase compared to the CC genotype and 46% compared to the CT genotype. Interestingly,
SOD activity peaked in the CT genotype, being 14% higher than in the CC genotype and



Biomolecules 2024, 14, 1309

6 of 14

28% higher than in the TT genotype. TAS was most elevated in the CT genotype, with a
95% increase compared to the CC genotype and 40% compared to the TT genotype.

For the LEP gene, the CC genotype had the highest MDA levels, showing a 9% increase
over the TT genotype and 10% over the CT genotype. GluRed activity peaked in the TT
genotype, with a 16% increase over the CC genotype and 7% over the CT genotype. GPx
activity was highest in the CC genotype, with a 5% increase over the CT genotype and a
26% increase over the TT genotype. SOD activity was greatest in the CT genotype, showing
a 24% increase over the CC genotype and 14% over the TT genotype. TAS was highest in
the TT genotype, with a 24% increase over the CC genotype and 9% over the CT genotype
(Figure 1).

For the SCD1 gene, the VA genotype had the highest MDA levels, with a 3% increase
compared to the AA genotype, while the VV genotype had the lowest levels, with a decrease
of 14% compared to AA and 17% compared to VA. GluRed activity was highest in the AA
genotype, showing an 18% increase over the VA genotype and a significant 50% increase
over the VV genotype. GPx activity peaked in the VA genotype, with a 33% increase
compared to the AA genotype and 68% over the VV genotype. SOD activity was highest
in the AA genotype, being 35% higher than the VA genotype and 38% higher than the
VYV genotype. TAS was also highest in the AA genotype, with a 9% increase over the VA
genotype and a 59% increase compared to the VV genotype (Figure 1).

In summary, the data reveal significant genotype-dependent variations in oxidative
stress biomarkers across the DGAT1, LEP, and SCD1 genes. The TT genotype of DGAT1 is
associated with higher oxidative stress markers, as indicated by elevated MDA and GPx
levels. For LEP, the CC genotype is correlated with higher oxidative stress, while for SCD1,
the AA genotype is linked to increased antioxidant enzyme activities and higher TAS,
suggesting a stronger antioxidant defence. These findings underscore the role of genetic
polymorphisms in modulating oxidative stress and antioxidant responses.

The correlation analysis of oxidative stress markers with DGAT1, LEP, and SCD1
gene variations reveals specific significant relationships. For the DGAT1 gene, a signif-
icant positive correlation was observed with GluRed activity, with a correlation coeffi-
cient of 0.369 (p < 0.01). This suggests that variations in DGAT1 are associated with
increased GluRed activity, reflecting enhanced antioxidant defence. Additionally, DGAT1
showed a significant positive correlation with TAS, with a correlation coefficient of 0.309
(p < 0.05), indicating that DGAT1 variations are linked to higher overall antioxidant capacity
(Figure 1).

In contrast, the LEP gene did not show significant correlations with MDA, GluRed,
GPx, and SOD. However, LEP exhibited significant negative correlations with taurine
(—0.578, p < 0.01) and anserine (—0.514, p < 0.01), indicating substantial inverse relationships
with these bioactive compounds (Table 1).

Table 1. Correlation coefficients between the biomarkers of oxidative stress and DGAT1, LEP, and
SCD1 in Hereford bulls.

DGAT1 LEP SCD1
MDA 0.075 —0.049 —0.024
GluRed 0.369 ** 0.115 —0.318 **
GPX 0.056 —-0.118 0.110
SOD —0.038 0.090 —0.368 **
TAS 0.309 * 0.140 —0.275*

LEP—leptin; DGAT1—diacylglycerol O-acyltransferase; ~SCD1—Stearoyl-CoA  desaturase; MDA—
malondialdehyde; GluRed—glutathione reductase; GPx—glutathione peroxidase; SOD—superoxide
dismutase; TAS—total antioxidant status; ** Correlation significant at a level of 0.01 (two-sided). * Correlation
significant at a level of 0.05 (two-sided).
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For the SCD1 gene, significant negative correlations were found with GluRed and SOD,
with correlation coefficients of —0.318 (p < 0.05) and —0.368 (p < 0.01), respectively. These
correlations indicate that variations in SCD1 are associated with decreased antioxidant
enzyme activities (Figure 2). Additionally, SCD1 had a significant negative correlation
with total antioxidant status (TAS) at —0.275 (p < 0.05), suggesting a moderate inverse
relationship with overall antioxidant capacity (Table 1).

A Anserine B Carnosine

mg/g

mg/g

Figure 2. The effect of the genetic variants of DGAT1 (CC, CT, TT), LEP (CC, CT, TT), SCD1 (AA, VA,
VV) on levels of (A) anserine, (B) carnosine, (C) coenzyme Q10, (D) taurine. Data presented as figures
of Last Square Means & SEM; values with the same letters in one gene group differ significantly:
upper case indicates p < 0.01; lower case indicates p < 0.05.

For the DGAT1 gene, taurine levels were highest in the TT genotype, showing a 38%
increase compared to the CC and CT genotypes. Q10 levels remained consistent across
all genotypes, with no significant differences (Figure 2). Carnosine concentrations were
highest in the TT genotype, representing an 8% increase compared to the CC genotype
and a 12% increase compared to the CT genotype. Anserine levels were also highest in the
TT genotype, showing a 26% increase compared to the CC genotype and a 15% increase
compared to the CT genotype. In the case of the LEP gene, taurine levels were stable
across the CC and CT genotypes, but were slightly lower in the TT genotype by 2%. Q10
concentrations were uniform across all genotypes. Carnosine levels were highest in the CC
genotype, showing a 6% increase compared to the TT genotype. Anserine concentrations
were highest in the TT genotype, with a 24% increase compared to the CC genotype and
a 27% increase compared to the CT genotype. For the SCD1 gene, taurine levels were
lowest in the AA genotype, with a 19% decrease compared to the CC and CT genotypes
and a 19% decrease compared to the VA and VV genotypes. Q10 levels were highest in
the AA, VA, and VV genotypes, with no significant differences among them. Carnosine
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concentrations were highest in the AA genotype, with a 4% increase compared to the VA
genotype and a 10% increase compared to the VV genotype. Anserine levels were highest
in the VV genotype, showing a 13% increase compared to the AA genotype and a 13%
increase compared to the VA genotype (Figure 2).

The correlation analysis conducted for taurine, Q10, carnosine, and anserine con-
centrations with respect to the DGAT1, LEP, and SCD1 genes provides insights into the
relationships between these biomarkers and genetic variations (Table 2). For DGAT1, the
correlations with taurine, Q10, carnosine, and anserine were negative but not statistically
significant, with values of —0.055, —0.078, —0.051, and —0.062, respectively. This indicates
a lack of a strong linear relationship between DGAT1 gene variations and these biomarkers.
In contrast, for the LEP gene, significant negative correlations were observed. Taurine
showed a strong negative correlation of —0.578, which is significant at the 0.01 level, sug-
gesting a notable inverse relationship between LEP and taurine concentrations. Similarly,
Q10 had a significant negative correlation of —0.411 at the 0.05 level, indicating a moderate
inverse relationship. Carnosine and anserine also exhibited negative correlations with LEP,
with values of —0.278 and —0.514, respectively. The correlation for carnosine is significant
at the 0.05 level, while anserine’s correlation is significant at the 0.01 level, both indicating
substantial inverse relationships. For the SCD1 gene, the correlations with taurine, Q10,
carnosine, and anserine were all negative but not statistically significant, with values of
—0.024, —0.037, —0.025, and —0.014, respectively. These correlations suggest a weak inverse
relationship between SCD1 gene variations and the biomarker concentrations (Table 2).

Table 2. Correlation coefficients between bioactive proteins and genetic variants of DGAT1, LEP, and
SCD1 in Hereford bulls.

DGAT1 LEP SCD1

Taurine —0.055 —0.578 ** —0.024
Coenzyme Q10 —0.078 —0.411* —0.037
Carnosine —0.051 —0.278 * —0.025
Anserine —0.062 —0.514 ** —0.014

LEP—leptin, DGAT1—diacylglycerol O-acyltransferase; SCD1—Stearoyl-CoA desaturase ** Correlation significant
at a level of 0.01 (two-sided). * Correlation significant at a level of 0.05 (two-sided).

4. Discussion

DGAT1 Gene

The TT genotype of the DGAT1 gene is associated with significantly elevated mal-
ondialdehyde MDA levels, showing a 15% increase compared to the CC genotype and a
26% increase compared to the CT genotype. DGAT1 polymorphisms are closely linked
to variations in lipid metabolism and oxidative stress markers [28,29]. The DGAT1 gene
encodes the enzyme diacylglycerol O-acyltransferase 1, which plays a crucial role in triglyc-
eride synthesis by catalyzing the final step in the conversion of diacylglycerol (DAG) to
triglycerides [30,31]. Variations in this gene, particularly the TT genotype, have been
associated with altered lipid profiles, including increased triglyceride levels, which can
contribute to the generation of reactive oxygen species ROS and subsequent oxidative
stress [28]. Oxidative stress markers such as MDA, a byproduct of lipid peroxidation [32],
are elevated in certain DGATI genotypes, indicating higher levels of lipid oxidation. The
TT genotype, for example, has been shown to have the highest MDA levels, suggesting a
greater susceptibility to lipid peroxidation and oxidative damage. This increase in oxidative
stress can trigger the compensatory upregulation of antioxidant enzymes such as GluRed
and GPx, which are also observed to be elevated in the TT genotype. These findings suggest
that DGAT1 polymorphisms not only influence lipid metabolism by affecting triglyceride
synthesis and storage, but also modulate the oxidative stress response in cells, highlighting
the interconnectedness of lipid metabolism and oxidative stress in the context of this gene.



Biomolecules 2024, 14, 1309

9 of 14

A bioactive compound analysis revealed that the taurine, carnosine, and anserine
concentrations were highest in the TT genotype. Taurine levels were elevated by 38%
compared to both the CC and CT genotypes, while the carnosine and anserine levels were
8% and 26% higher, respectively, in the TT genotype compared to the CC genotype. These
bioactive compounds are known for their roles in reducing oxidative stress and enhancing
muscle function [33], which may contribute to the adaptive responses observed in TT
animals under oxidative stress conditions [9]. The lack of variation in coenzyme Q10 levels
across DGAT1 genotypes aligns with earlier research, suggesting that Q10 biosynthesis and
regulation are relatively unaffected by DGAT1 polymorphisms.

The observed variations in oxidative stress markers and bioactive proteins across dif-
ferent DGAT1 genotypes can be linked to the enzymatic role of DGAT1 in lipid metabolism
and its impact on oxidative stress and inflammation. DGAT1 catalyzes the final step in
triglyceride synthesis, and its activity influences the accumulation of triglycerides, which
in turn affects the cellular response to fatty acids (FAs). Notably, DGAT1 has been shown
to prefer monounsaturated fatty acids, such as oleoyl-CoA (18:1), over saturated fatty
acids like palmitoyl-CoA [34]. This substrate preference suggests that DGAT1 helps to
protect cells from the toxic effects of excess FAs by incorporating them into triglycerides,
thereby reducing the availability of free FAs that could lead to oxidative stress [35,36]. The
protective role of DGAT1 against inflammation is supported by evidence showing that
transgenic MCK-Dgat1 mice, when fed a high-fat diet, exhibit a reduced phosphorylation of
JNK1 (p-JNK), a key component of inflammatory activation in skeletal muscle [37]. Similar
protective effects have been observed with liver-specific overexpression of DGAT2, which
induced hepatic steatosis without activating inflammatory markers such as p-JNK and
p-NFkB, as seen in high-fat diet-induced steatosis [38]. Conversely, the chronic suppres-
sion of DGAT2 expression using a DGAT2-specific antisense oligonucleotide (ASO) has
been associated with increased levels of ALT, a marker of hepatic inflammation, in mice
with diet-induced hepatic steatosis [39]. These findings underscore the dual role of DGAT
enzymes in managing both lipid metabolism and inflammation.

LEP Gene

Superoxide dismutase is a crucial antioxidant enzyme, categorized under oxidore-
ductases, which rely on metal cofactors at their catalytic core to neutralize oxidative
stress [40,41]. SOD enzymes are widespread across various cellular compartments and
play a pivotal role as the first line of defence against oxidative stress by catalyzing the con-
version of superoxide anions (O,e—) into molecular oxygen (O;) and hydrogen peroxide
(H20,), the latter of which requires further detoxification [42]. The different types of SOD
enzymes are distinguished by the metal ion cofactor in their active site, detailed as follows:
Fe-SODs are generally located in the chloroplasts of plants and prokaryotes, Mn-SODs
are found in the mitochondria and peroxisomes of both eukaryotes and prokaryotes, and
Cu/Zn-SODs are predominantly found in the cytosol and extracellular spaces of eukaryotic
cells [43]. In the context of the LEP gene, the observed elevation in malondialdehyde (MDA)
levels in the CC genotype suggests a link between this genotype and increased oxidative
stress [44]. The increase in oxidative markers, particularly MDA levels, is counterbalanced
by heightened GPx activity in the CC genotype, indicating a robust antioxidant response
in these animals. Furthermore, SOD activity was significantly higher in the CT genotype,
exhibiting a 24% increase over the CC genotype and a 14% increase compared to the TT
genotype. This finding suggests a genotype-dependent regulation of SOD that may operate
independently of lipid peroxidation levels, as indicated by the MDA data. This underscores
the complexity of antioxidant responses and the potential for distinct genetic influences on
oxidative stress management among different genotypes [45]. The highest total antioxidant
status (TAS) in the TT genotype further supports the idea of a genotype-specific antioxidant
capacity, with the TT genotype demonstrating a 24% increase over the CC genotype and
a 9% increase over the CT genotype, indicating a possible correlation between TAS and
genotype-specific antioxidant mechanisms. This distinct regulation of SOD and overall
antioxidant capacity across genotypes may be attributed to the differential localization and
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activity of SOD isoforms, with Cu/Zn-SOD (SOD1) in the cytosol, Mn-SOD (SOD2) in the
mitochondria, and Cu/Zn-SOD (SOD3) in extracellular tissues, each contributing uniquely
to the oxidative stress response in a genotype-dependent manner [46]. Understanding these
variations could shed light on the underlying genetic mechanisms governing oxidative
stress and antioxidant defences in livestock.

Bioactive compound levels associated with the LEP gene indicate that taurine levels
remained stable across CC and CT genotypes but were slightly lower in the TT genotype.
Carnosine levels were highest in the CC genotype, showing a 6% increase compared to the
TT genotype, while anserine concentrations were highest in the TT genotype, with a 24%
increase over the CC genotype and a 27% increase over the CT genotype. This suggests
that the TT genotype may favour the accumulation of specific bioactive compounds such
as anserine, which may play a role in modulating the oxidative stress response [47].

SCD1 Gene

The SCD1 gene plays a critical role in lipid metabolism, particularly in the biosyn-
thesis of monounsaturated fatty acids (MUFAs) from saturated fatty acids [48-50]. The
observed variations in oxidative stress markers and antioxidant enzyme activities among
different SCD1 genotypes highlight the gene’s influence on oxidative stress regulation
and antioxidant defence mechanisms. The VA genotype’s association with the highest
MDA levels suggests that this genotype may be more susceptible to lipid peroxidation
compared to the AA and VV genotypes. MDA is a well-known marker of oxidative stress,
particularly reflecting the extent of lipid peroxidation, which indicates cellular damage
due to reactive oxygen species. The significant decrease in MDA levels observed in the VV
genotype, compared to both the AA and VA genotypes, implies that the VV genotype might
provide a protective effect against lipid peroxidation. This protection could be attributed to
differences in the SCD1 enzyme activity or the expression levels of other genes involved in
lipid metabolism and ROS detoxification [51].

The AA genotype, which demonstrated the highest activities of GluRed, GPx, and
SOD, suggests a robust and potentially more effective antioxidant defence system in this
genotype. The elevated GluRed activity in the AA genotype, 18% higher than in the
VA genotype and 50% higher than in the VV genotype, indicates a greater capacity for
maintaining reduced glutathione (GSH) levels, a critical component of cellular antioxidant
defences. Similarly, the highest GPx activity in the AA genotype suggests an enhanced
ability to reduce hydrogen peroxide (H,O;) to water, thus preventing the accumulation of
this potentially harmful ROS.

The SOD activity, which was 35% higher in the AA genotype compared to the VA
genotype and 38% higher than in the VV genotype, further supports the notion of a
more robust antioxidative response in the AA genotype. SOD is the first line of defence
against superoxide radicals, catalyzing their conversion into hydrogen peroxide, which is
subsequently reduced by GPx [52]. Therefore, the combined high activities of SOD, GPx,
and GluRed in the AA genotype suggest a coordinated and efficient system for managing
oxidative stress.

Total antioxidant status was also highest in the AA genotype, with a 9% increase over
the VA genotype and a substantial 59% increase compared to the VV genotype. TAS reflects
the cumulative action of all antioxidants present in the plasma and body fluids, indicating
the overall capacity to neutralize free radicals [9]. The higher TAS in the AA genotype
suggests that this genotype may have an enhanced overall ability to counteract oxidative
stress, potentially due to the combined effects of increased antioxidant enzyme activities
and possibly higher levels of non-enzymatic antioxidants.

These findings underscore the importance of the SCD1 gene in modulating oxidative
stress and antioxidant defences. The differential expression and activity of antioxidant
enzymes across the SCD1 genotypes could be a reflection of the gene’s influence on cellular
redox homeostasis. The AA genotype, with its superior antioxidant enzyme activities and
higher TAS, may confer a greater resilience against oxidative stress, potentially offering a
protective advantage in conditions where oxidative stress is a significant factor. Conversely,
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the VA genotype’s higher MDA levels suggest a vulnerability to lipid peroxidation, which
could have implications for the susceptibility of individuals with this genotype to oxidative
stress-related conditions. Understanding these genotype-specific differences in antioxidant
defences could inform breeding strategies aimed at enhancing oxidative stress resistance in
livestock.

Regarding bioactive compounds, the AA genotype had the lowest taurine levels, with
a 19% decrease compared to the CC and CT genotypes, and a 19% decrease compared to the
VA and VV genotypes. Carnosine levels were highest in the AA genotype, showing a 4%
increase compared to the VA genotype and a 10% increase compared to the VV genotype.
Anserine levels were highest in the VV genotype, with a 13% increase compared to the AA
and VA genotypes, indicating that the VV genotype may have a distinct metabolic profile
favouring the accumulation of anserine.

5. Conclusions

The analysis of DGAT1, LEP, and SCD1 gene polymorphisms reveals significant
insights into how these genetic variations influence lipid metabolism, oxidative stress, and
antioxidant enzyme activity.

DGAT1 Gene: The TT genotype of DGAT1 is associated with significantly higher levels
of MDA, indicating increased lipid peroxidation and oxidative damage. This suggests
that individuals with the TT genotype might be more susceptible to oxidative stress. This
susceptibility is likely counteracted by an upregulation of antioxidant enzymes such as
GluRed and GPx. The elevated levels of taurine, carnosine, and anserine in the TT genotype
indicate adaptive mechanisms that help mitigate oxidative stress, suggesting a protective
role for these bioactive compounds under oxidative conditions.

LEP Gene: For the LEP gene, the CC genotype is associated with the highest levels
of MDA, indicating increased oxidative stress. Despite this, the higher activity of GPx
and SOD in the CC genotype suggests a robust antioxidant response. Interestingly, SOD
activity was highest in the CT genotype, while TAS was highest in the TT genotype.
These variations imply that different LEP genotypes may regulate antioxidant responses
differently, independent of MDA levels, potentially due to differences in the localization
and activity of SOD isoforms.

SCD1 Gene: The AA genotype of SCD1 exhibits the highest activities of GluRed, GPx,
and SOD, suggesting a more effective antioxidant defence system. The elevated activities
of these enzymes in the AA genotype indicate a stronger capacity for managing oxidative
stress. In contrast, the VA genotype shows the highest MDA levels, indicating a greater
susceptibility to lipid peroxidation, while the VV genotype appears to offer some protection
against oxidative damage, as reflected by lower MDA levels.

This study underscores the importance of researching oxidative stress in livestock,
which occurs from an imbalance between reactive oxygen species and antioxidant defences.
Identifying genetic variations affecting antioxidant enzyme activity, such as glutathione
peroxidase and superoxide dismutase, is vital for breeding programmes aimed at improving
oxidative stress resistance and enhancing livestock resilience.
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