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A rovid értekezés hattere

A Wittmann Antal Novény-, Allat- és Elelmiszertudomanyi Multidiszciplinaris Doktori Iskola
milkddési szabalyzatanak 1. sz. melléklete alapjan a ,klasszikus” doktori értekezés helyett
lehetdség van n. rovid értekezés készitésére. Ebbena doktorjeldlt tomoren foglalja 6ssze a doktori
kutatomunkdja témakorében megjelent tudomanyos kozleményeiben publikalt eredményeit,
mellékelve magukat a kozleményeket is. A rovid értekezés és a mellékelt publikaciok egyiitt
képezik a doktori mivet. A rovid értekezésnek elsdszerzés, a SCImago adatbazisdban
(https://www.scimagojr.com/journalrank.php)  szereplé QI1-Q3 besorolasi folyodiratokban
megjelent, illetve megjelenésre elfogadott, teljes terjedelmi, eredeti kozleményeken (full-length
original research paper) kell alapulnia. E kozleményeknek 6sszesen minimum 6 pontot kell érniiik
az alabbi szamitas szerint ugy, hogy koziiliik legalabb az egyiknek Q1-es vagy Q2-es folydiratban

megjelentnek (vagy megjelenésre elfogadottnak) kell lennie. Q1-es cikk: 4 pont, Q2-es cikk 2 pont,
Q3-as cikk: 1 pont.

A feltételek teljesiilése a csatolt publikaciok alapjan:

Animals (2024) 15 (51),11. https://do1.org/10.3390/an115010051 (Q1) 4 pont
Different Breeding Values Under Uniform Environmental Condition for Milk Production Yield

Traits in Holstein-Friesian Cows

Animals (2024) 14 (23), 3518. https://doi.org/10.3390/ani14233518 (Q1) 4 pont
Simultaneous Effects of Single-Nucleotide Polymorphisms on the Estimated Breeding Value for

Milk, Fat, and Protein Yield of Holstein-Friesian Cows in Hungary

CET (2023) 107, 169—174. https://www.cetjournal.it/cet/23/107/029.pdf (Q3) 1 pont

Management of “Modern” Holstein Cows Focusing on Sustainability and Resilience

Osszesen: 9 pont
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AZ ERTEKEZESBEN TALALHATO SZAKKIFEJEZESEK MAGYARAZATA

Allél: alternativ gén- vagy szekvenciavaltozat a kromoszéma adott helyén.

BLUP (Best Linear Unbiased Prediction): a legjobb lineéris torzitatlan eldrejelzés.

Chip (SNP): egy microarray-technologiai eszkdz, amelyet genetikai varidciok, példaul SNP-k
nagy ateresztoképességli vizsgalatira hasznalnak. Foéként genotipizélasra alkalmazzak az
allattenyésztésben, a ndvénynemesitésben és az emberi genetikai kutatdsokban.

CRV (Arnheim, Hollandia): holland és flamand gazdak altal tulajdonolt szovetkezet, amely
innovativ genetikai megoldasokkal, szaporitbanyag-szolgaltatasokkal és fejlett adatmenedzsment-
rendszerekkel segiti a szarvasmarha-tenyésztés hatékonysagat, a termelés fenntarthatosagat és az
alloméany genetikai potencidljanak optimalizalasat.

DGV (Direct Genomic Value): direkt genomikai érték, a tenyészértékbecslésben egy allat
genetikai értékének kozvetlen, genomidlis adatok alapjan torténd becslését jelenti. Ez az érték
kizarélag genotipusinformacidkon alapul, és nem veszi figyelembe az allat sajat fenotipusat vagy
szarmazasi (pedigré-) informacioit.

DNS-marker: olyan genomidlis hely, 16kusz, ahol a populdcidra vonatkoztatva ketté vagy tobb
véltozat, allél talalhatd meg. A DNS-markerek leginkabb elterjedt valtozatai az SNP-k.

DRP (Deregressed Proof): a hagyomanyos tenyészértékbdl szarmaztatott de-regresszalt
tenyészeértek.

EuroGenomics: Az EuroGenomics egy nemzetkozi egyiittmiikodésen alapuld konzorcium,
amelynek célja a szarvasmarha-tenyésztés genomikai alapu fejlesztése. A szervezet Eurdpa vezetd
szarvasmarha-tenyésztd szovetségeit és kutatointézeteit fogja Gssze, hogy megosszak genetikai
erforrasaikat és szakértelmiiket. Az EuroGenomics altal fejlesztett SNP-chip technologia, példaul
az EuroG_MDv4, nagy felbontasi genotipizalast biztosit, amely kulcsfontossagi a
tenyészértékbecslésben ¢és a genomikai szelekcioban, lehetévé téve a gazdasagilag fontos
tulajdonsagok gyorsabb €s pontosabb genetikai javitasat.

FDR: (False Discovery Rate): téves azonositdsi rata vagy hibas felderitési arany. Annak a
valdszinlisége, hogy rossz eredményt fogadunk el (false positive).

Fenotipus: az adott egyed kiils6 vagy mérhetd tulajdonsagai, illetve tulajdonsadgainak Gsszessége.
Fst-marker: az SNP-k kozotti genetikai tavolsag.

GEBY (Genomically Enhanced Breeding Value): genomikai informaciokkal bdvitett tenyészérték .
Genotipus: az egyed egy vagy tobb DNS-lokuszan meghatarozott marker tipusa, hossza vagy az
ott elhelyezkedd nukleotidok megnevezése.

Lokusz: a DNS-lanc egyedi, azonosithatd helye.
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MACE (Multiple Across Country Evaluation): hatarokon ativeld t6bbszords nemzetkdzi
tenyészértékbecslés (lasd https:/interbull.org/ib/interbullactivities).

Nukleotid: A DNS és az RNS alapvetd épitékove, egy olyan Osszetett molekula, amely egy
nitrogéntartalmi bazisbol, egy cukorbol és egy foszfatcsoportbdl all.

Populacié: egy adott faj azon egyedeinek csoportja, akik egy meghatdrozott foldrajzi teriileten
¢lnek, képesek egymadssal szaporodni, és kdzos génallomannyal (génkészlettel) rendelkeznek. A
populacié tagjai kozotti genetikai és okologiai kolesonhatasok alakitjdk a csoport dinamikdjat,
genetikai sokféleségét és alkalmazkodoképességét.

QTL (Quantitative Trait Locus): régi6 (10kusz) a kromoszoman, ahol a mennyiségi tulajdonsagok
kialakitasaban szerepet jatszé gének helyezkednek el.

SNP (Single Nucleotide Polymorphism): egypontos nukleotidpolimorfizmus a DNS-ben talalhato
genetikai variacio egyetlen nukleotid (A, T, C vagy G) szintjén bekovetkezo eltérését jelenti egy
populacié egyedei kozott. Ez a genetikai variacio a genomialis kiilonbségek egyik leggyakoribb
forméja, amely fontos szerepet jatszik a genetikai kutatdsokban ¢&s alkalmazéasokban. Akkor
tekintiink egy variaciot SNP-nek, ha a populacié legalabb 1%-aban megjelenik.

SNV (Single Nucleotide Variance): egyetlen nukleotidbazist érint6 eltérés a populacié egyedeiben.

SSVS (Stochastic Search Variable Selection): sztochasztikus keresési valtozo kivalasztasa.
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KIVONAT

A tanulmany célja a holstein-friz (HF) tehenek tej-, zsir- ¢és fehérjetermeléséhez kapcsolodd
tenyészértékek genetikai hatterének vizsgalata és validalasa volt. A Holstein-friz Tenyésztok
Egyesiilete (HFTE) altal mikodtetett HUNGENOM program keretében genotipizalasi
vizsgalatokat végeztiink EuroGenomics (EuroG_MDv4) chip alkalmazasaval. A tejhozam (TH),
zsithozam (ZSH) és fehérjehozam (FH) tenyészértékadatait a HFTE biztositotta. A
tenyészértékekkel Osszefliggd 16kuszokat harom modszerrel azonositottuk: (1) az SNP-k genetikai
tavolsaganak (Fst marker) meghatdrozasaval, (2) linearis regresszids elemzéssel és (3) haplotipus-
asszociacios tesztekkel. Az azonositott SNP-k koziil tobb olyan gének kozelében helyezkedik el,
amelyek a szarvasmarhak eset¢ében még nem keriiltek vizsgalatra, de amelyek a tejtermelési
tulajdonsagokhoz kapcsolodd jovobeli kutatasok kiemelt célpontjai lehetnek. Eredményeink
ravilagitottak arra, hogy a két vagy harom tenyészértékkel 0Osszefliggdé markerek hatékonyan

alkalmazhatok a szelekcioban, eldsegitve a genetikai eldrehaladés felgyorsitasat.

Ezek az informaciok kiilonosen hasznosak lehetnek a tenyésztési és szelekcios célkitiizések
elérésében. Ugyanakkor az eredmények azt is megmutattdk, hogy bar a legtobb marker hatdsa a
tenyészértékek irdnyultsagaval 6sszhangban van, néhany marker alkalmazasa 6vatossagot igényel,
mivel azok eltérd hatast gyakorolhatnak az egyes tenyészértékekre — példaul mikozben novelik az

egyiket, addig egy vagy akar mindkét maésik tenyészérték csokkenését eredményezhetik.

A tanulmany masodik részében a HF tehenek fenotipusos teljesitményét és tenyészértékét
vizsgaltuk, 0sszehasonlitva harom eltéré tenyészértékbecslési megkozelitést: a pedigrén alapuld
BLUP-ot, a hagyomanyos BLUP-ot, valamint a genomikai BLUP-ot. Az 0sszehasonlitds
eredményei alapjan a hagyomanyos BLUP bizonyult a legmegbizhatobb modszernek, amelyet a
genomikai adatokkal kiegészitett BLUP kovetett. A pedigrén alapulé BLUP-modszer
megbizhatésaga volt a leggyengébb.

A tanulmény tjdonsaga abban rejlik, hogy a tej-, zsir- és fehérjetermelésre vonatkozd
tenyészérték-elorejelzéseket ugy validaltuk, hogy a kiilonbozé modszerekkel késziilt becsléseket
kozvetleniil 0sszehasonlitottuk a tényleges fenotipusos teljesitményekkel, azonos telep, év ¢€s
évszak komyezeti feltételek mellett. Az eredmények jelentds hozzajarulast nyujtanak a genomikai

szelekcid alkalmazasanak tovabbfejlesztéséhez ¢és a tenyészértékbecslés pontossaganak

noveléséhez.
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ABSTRACT

The study aimed to investigate and validate the genetic basis of breeding values associated with
milk, fat, and protein production in Holstein-Friesian (HF) cows. Genotyping was conducted as
part of the HUNGENOM program led by the Hungarian Holstein-Friesian Breeders Association
(HFTE), using the EuroGenomics (EuroG_MDv4) chip. Data on breeding values for milk yield
(MY), fat yield (FY), and protein yield (PY) were provided by the HFTE. Genomic loci associated
with the breeding values were identified using three methods: (1) calculation of SNP genetic
distances (Fst marker), (2) linear regression analysis, and (3) haplotype association tests. Several
identified SNPs were located near genes that have not yet been studied in cattle but may serve as
critical targets for future research related to production traits. Our results highlighted that markers

associated with two or three breeding values can be effectively utilized in selection programs to

accelerate genetic progress.

This information is particularly valuable for achieving breeding and selection objectives. However,
the findings also revealed that while most markers had consistent effects across breeding values,
some require cautious application due to their contrasting effects — for instance, increasing one

breeding value while decreasing another or even both.

In the second part of the study, the phenotypic performance and breeding values of HF cows were
analysed by comparing three distinct breeding value estimation methods: pedigree-based BLUP,
traditional BLUP, and genomic BLUP. The results showed that traditional BLUPprovided the most
reliable estimates, followed by genomic BLUP. Pedigree-based BLUP exhibited the lowest

reliability among the three methods.

The novelty of this study lies in its validation of breeding value predictions for milk, fat, and
protein production by directly comparing estimates derived from different methods with actual
phenotypic performance under consistent herd, year, and season conditions. These findings
provide valuable insights into the practical application of genomic selection and contribute to

improving the accuracy of breeding value estimation.

10
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1. BEVEZETES ES CELKITUZESEK

A holstein-friz (HF) vilagszerte a legismertebb ¢s legelterjedtebb tejeld szarvasmarhafajta,
amely kiemelkedd tejtermeld képességgel rendelkezik. Az elmult évek soran a tenyészkivalasztas,
nemesités €s szelekcio alapelvei valtozatlanok maradtak: a legjobb sziilok parositasaval az utodok
tulajdonsagait igyeksziink javitani. Ugyanakkor az informacio, amelyen a szelekcios dontések
alapulnak, egyre pontosabba valt. Kordbban elsésorban a fenotipusos teljesitmények alapjan
rangsoroltak az allatokat, kiilonds tekintettel a tenyészbikak lanyainak tejtermelési eredményeire.
A fenotipusos teljesitményt a Fenotipus = Genotipus X Kérmyezet (P = G x E) képlet irja le, amely
azt mutatja, hogy a fenotipus a genetikai adottsagok és a kornyezeti tényezdk kdlcsonhatdsabol
adodik. A kornyezeti tényezOk — mint a tartasi koriilmények, takarmanyozas és menedzsment — az
elért teljesitmény 60—70%-at befolydsoljadk, mig a genetikai alapok 30-40%-ot tesznek ki. A
nemesités célja, hogy kiilonb6zé modszerek alkalmazasaval minél pontosabban megbecsiiljiik az
egyedek genetikai adottsagait, és ezek ismeretében célzott parositdsokat hajtsunk végre. Noha a
kormyezeti tényezOk optimalizalhatok, a tenyészcélok eléréséhez elsésorban azok a tenyészallatok
jarulnak hozza, amelyek azonos tartasi koriilmények kozott is képesek nagyobb teljesitményre és
hatékonyabb termelésre. A tehéndllomany koncentrdlodasaval parhuzamosan a genomika és a
biotechnologia robbanasszeri fejlddésének is tandi lehettink. A Human Genom Projekt
tudomanyos attoréseit kovetden néhany éven beliil szinte minden gazdasagi szempontbdl jelentds
allatfaj és fajta génszekvenalasa megtortént. Ennek eredményeként a genotipizalasbol szarmazd
adatok mennyisége exponencidlisan novekedett, és iddvel lehetdvé valt azok felhasznélasa
populaciodgenetikai Osszefiiggések feltarasara.

Az egyedi orokitdanyagban megfigyelhetd kiilonbségek, amelyek bazisparok szintjén
pontszerti eltérésekként, azaz nukleotidvarianciaként (kordbbi szohasznélattal mutéacioként)
jelentkeznek, alapvetd jelentdséggel birnak a genetikai kutatdsokban. Amennyiben egy adott
varians el6fordulasa a populacioban eléri az 1%-ot, polimorfizmusrdl beszéliink (Single
Nucleotide Polymorphism, SNP). Ezek a polimorfizmusok megfeleld statisztikai modszerek
alkalmazasaval Osszefiiggésbe hozhatok fenotipusos tulajdonsagokkal, példaul a tejtermeléssel,
funkcionalis kiillemmel, vagy egyéb ¢életfolyamatokhoz ¢és menedzsmenthez kapcsolodod
jellemzokkel. A genotipizalds soran feltart SNP-k, a hagyomanyos moédszerekkel (pl. BLUP)
becsiilt tenyészértékek és a fenotipusok Osszefiiggd rendszere lehetévé teszi az egyedek
teljesitményének nagy megbizhatosagi eldrejelzését. Ez kiilondsen fontos a korai
tenyészkivalasztasban, mivel a sajat teljesitménnyel még nem rendelkezd egyedek, példaul fiatal
tenyészallatok és tenyészbikajeloltek késobbi életszakaszban realizalhatd termelési potencialja jol

prognosztizalhato.

11
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A genomszelekcid alapfeltétele a referenciapopulécid, més néven tréningpopulacid6 megléte
¢s folyamatos naprakészen tartdsa. A referenciapopulacié fenntartasa nélkiilozhetetlen a pontos
genomikai tenyészértékbecslés érdekében. A tréningpopulacié olyan egyedekbdl all, amelyek
esetében a sajat teljesitményeik, valamint szarmazasi informacioik alapjan becsiilt (hagyomanyos)
tenyészértékiik rendelkezésre all, tovabba ismert az egyedi SNP-térképiik is. Ez utobbi az
orokitdanyaguk (DNS) alkalmazott vizsgalati platform altal meghatarozott helyeinek pontszerti
genetikai valtozasait tartalmazza. A szarvasmarha-tenyésztésben az I[llumina, Inc.(San Diego, CA,
USA) cég 50k-s chipjének hasznalata az altaldnosan elterjedt, amely 50 000, meghatéarozott
helyeken talalhatd pontszerli mutécid el6fordulasat/allapotat vizsgalja az DNS-ben. Konnyen
belathatd, hogy kell6 méretii referenciapopulacio esetében pusztan az SNP-informacio alapjan az
adott egyed teljesitménye nagy megbizhatosaggal elére jelezhetd. Ez a HF fajta esetében 3 000,
mindkét tipusu tenyészértékkel rendelkezd tenyészbikat tartalmazd referenciapopulacio
haszndlatdval a becslés megbizhatosagi értéke (Rel.) megkdzeliti a 70%-ot. A genomikai
tenyészértékbecslés eredményeire alapozott nemesitd munka a fenti 6sszefiiggések kovetkeztében
rendkiviil eredményes, és tobbek kozott ez magyarazza robbandsszeri elterjedését. A modszer
tovabbi eldnye a generacios intervallum csokkentése, hiszen a sziiletést kovetd legkorabbi
¢letszakaszban vett bioldgiai minta, illetve a korszer(i biotechnikai médszerek alkalmazasaval akar
az embriokbol biopszidval nyert néhany sejtbdl kivont DNS elemzésével is teljes és megbizhatd
tenyészérték-informaciot kaphatunk a még meg sem sziiletett egyed képességeirdl és hozhatunk

megalapozott tenyésztési dontéseket.

Az elobb emlitett szempontokat alapul véve az alabbi vizsgalati célokat tiiztem ki:

1. a hazai HF populaci6 genomikai tenyészértékbecslésének bevezetése, illetve a kapott
tenyészértékek populacios szinten torténd validalasa,

2. els6é laktaciés HF tehenek termelési tulajdonsagainak tenyészértékbecslése harom
kiilonboz6 modszerrel (pedigrén alapuld, hagyomanyos és genomikai BLUP),

3. a harom BLUP-moédszer pontossaganak, eldrejelzd képességének, valamint
megbizhatosaganak értékelése azonos évben, évszakban, illetve ugyanabban az
allomanyban sziiletett és tartott elsd laktacios tehenek esetében,

4. az egyes becslési eljarasok alkalmazhatosaganak vizsgéalata a modern, precizids
tenyésztési programokban,

5. az SNP-chip segitségével tipizalt azon SNP-k meghatarozasa, amelyek egyszerre két,
illetve harom tulajdonsagra becsiilt TE kialakitaséban is szerepet jatszanak,

6. a fenti szempontok alapjan kivalasztott SNP-k és a TE-ek regresszids egyiitthatoinak (a

valtozasok iranyanak és mértékének) meghatarozasa.

12
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2. ANYAG ES MODSZER
2.1. A genomanalizis és a genomikai tenyészértékbecslés modszere

A vizsgéalatot a HUNGENOM projekt keretében végeztiik, melynek sordn az Illumina cég
EuroG MD BeadChip-jét hasznaltuk. Kiterjedt nemzetk6zi 0sszefogas eredményeként a magyar
mintakat feldolgozo laboratorium hozzaférést biztositott szamunkra az SNP-adatok milliardjaihoz,
amelyen a tenyészértékbecslés és sajat vizsgalatunk alapult. A DNS elemzésébdl szarmazo, egyedi
mutaciovaltozatokat leir6 SNP-mintdzatot a mar emlitett referencia-adatbazis értékeivel vetettik
Ossze annak érdekében, hogy megbizhat6 egyedi genomikai tenyészértékeket kapjunk.

A sajat vizsgalat genomanalizis részében 2 963 tehén adata szerepelt. Az allatok fenotipusara
€s genotipusara vonatkoz6 valamennyi adatot a Holstein-friz Tenyésztok Egyesiilete (HFTE)
bocsatotta rendelkezésre. A HF tehenek genotipizalasat a 67 227 SNP-t tartalmazé EuroG_MDv4
microarray-vizsgalat (EuroGenomics, Hollandia, Amszterdam) segitségével végeztiik. Csak a
0,95-nal magasabb taldlati arannyal (call rate) rendelkez6 mintakat vettiilk figyelembe ebben a
vizsgalatban. A végleges adathalmaz igy 59 151 SNP-t tartalmazott. A tenyészértékeket a HFTE
adataira fejlesztett tenyészértékbecslési modellel (CRV Armheim, Hollandia) hataroztuk meg,
amely az X kromoszoman talalhatdé SNP-k kivételével 40 947 SNP-t hasznalt fel.

A genomikai becslési modell a Bayes-féle multi-QTL modellen alapul, ahol az SNP-k hatasat
kozvetleniil értékelik, haplotipusok vagy szarmazasi adatok hasznalata nélkiil. Bar a modszer
egyszerre tobb tulajdonsagra is alkalmazhat6, a rutinszerli genomikai értékelések egy
tulajdonsagra vonatkoz6 elemzések, azaz m = 1. M tulajdonsagra a modell a kdvetkezd:

yi=pnt+w +X20Y z,q,v; + e,

ahol y; (m x 1) vektor, az i. bika fenotipusainak (DRP) vektora, p (m x 1) vektor az adott
tulajdonsag fix atlaga, w; (m x 1) vektor, az i. bikdhoz tartozé6 random poligén hatds, q; 3 x 1)
vektor, a j. SNP random, skdlazatlan hatésa, amely a 0., az 1. és a 2. allélhoz tartozik (a 0. allél a
hianyz6 genotipus-informaciénak felel meg), v; (1 x m) vektor, a j. SNP-hez tartoz6 random
skalafaktorok, e; (m x 1) vektor, az i. bikdhoz tartozé reziduum (a modell hibaja), és z; az i. bika
Jj. SNP-jéhez tartozo designvektor. z; = [0 2 0] és [0 0 2] homozigota (AA, illetve BB) bikak, z; =
[0 1 1] heterozigota (AB) bikdk, és z; = [2 0 0] azon bikak esetén, ahol az adott SNP-hez tartoz6
informaciok hianyoznak.

13
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A GWAS- (teljes genomra kiterjedd asszociacios) vizsgalat soran a teheneket a tejhozam
(TH), zsithozam (ZSH) és fehérjehozam (FH) tenyészértékiik (TEtej, TEzsir, TEfeherie) szerint
osztottuk fel. E16szor minden TE-kategoridban magas és alacsony értékii csoportokat hoztunk létre
a kovetkezOk szerint: TEwj magas > 1465, TE«j alacsony < 328; TE.i magas > 65,
TE.s: alacsony < 19; TEgherie_magas > 51, TEfenerje_alacsony < 21. Minden tulajdonsagot (TE;,
TEzsir, TEfeherjc) hdrom fiiggetlen megkozelitéssel hatdroztunk meg: az SNP-k genetikai tavolsaga
(Fst_marker), a lineéris regresszio ¢és a haplotipus-asszociacios teszt segitségével, az SNP and
Variation Suite (SVS) szoftver felhasznalasaval.

1. abra. A két vagy harom becsiilt tenyészértékkel (TE) kapcsolt egybazisos
nukleotidpolimorfizmusok (SNP-k) keresésének folyamatabraja.

TE_tejhozam TE_zsirhozam TE_fehérjehozam
Fst_mrkr LinReg Htipus Fst_mrkr LinReg Htipus Fst_mrkr LinReg Htipus
Tej Zsir Fehérje
Kozos top SNP-k Kozos top SNP-k Ko6z6s top SNP-k

Legaldbb két TE-kel kapcsolt kdzés SNP-k
Kandidans gének I. ARS-UCSD1.2

Elsé sor: A Holstein-friz TenyésztOk Egyesiiletétd] kapott tenyészértékek TH, ZSH és FH esetében; masodik sor:
az egyes tulajdonsagokra alkalmazott tesztek, Fst mrkr: az SNP-k genetikai tdvolsdga, LinReg: linedris regresszio,
Htype: haplotipus-asszociaci6; harmadik sor: a kiilonboz6 tesztek altal azonositott legjobb talalatokat (SNP-ket)
hozzarendeltiik az egyes tulajdonsagokhoz. Negyedik sor: az egyidejiileg két vagy harom TE kel kapcsolt SNP-ket
azonositottuk.

A haplotipus-asszociacios tesztben a vizsgalatot 5 markerre allitottuk be, €s minden egyes
haplotipusra y>-tesztet végeztiink. A haplotipusokat az elvarasmaximalizalo (EM, Expectation-
Maximization) algoritmus (maximalis EM-iteracio6 = 50, EM-konvergenciatiirés = 0,0001)
segitségével konstrualtuk. Az TEqj, TEzsir, TEfeherje asszociaciok Manhattan-diagramjainak vizualis
vizsgalata utdn az Fst marker és —loglO(p) kiiszobértékei a linedris regresszioban vagy a
haplotipus-asszocidcioban 0,06, 8, illetve 8 voltak a TEtej esetében; 0,06, 9, illetve 9 a TEusi
esetében; és 0,08, 9, illetve 9 a TEfehérje esetében. A kiiszobértékek feletti SNP-ket minden egyes
tulajdonsagra vonatkozdéan meghatiroztuk, €és azonositottuk azokat, amelyek legalabb két
tulajdonsaggal voltak tarsithatok (1. tdblazat). Az azonositott 74 SNP téves azonositasi aranya
(FDS, False Discovery Rate) 1,3 x 102! és 6,0 x 10°% kozott volt. Az Fst_marker, a lineéris
regresszio €s a haplotipus-asszocidcios elemzés eredményeit 0 és 1 értékek kozé standardizaltuk,

majd az egyes tenyészeértékek esetében atlagoltuk.
14
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2. abra. A tej-, a zsir-, illetve a fehérjetermelésre vonatkozo tenyészértékek, az Fst marker, a linedris regresszio €s az 6t SNP-haplotipus kozotti
Osszefliggések Manhattan-diagramjai
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A tej- (TEtej; balra), a zsir- (TE,q;; kozépen) és a fehérjetermelésre (TEfehérje; jobbra) vonatkozé tenyészértékek, valamint az Fst marker (felso sor), a
linearis regresszid (k6z€épso sor) és az 6t SNP haplotipus (alsé sor) kozotti 6sszefliggések Manhattan -diagramjai.
A z6ld vonalak azok a kiiszobértékek, amelyek felett a markerek toptaldlatnak mindsiilnek (Fst marker; LinReg; Htyp értékek rendre:

TE.;: 0,06; 8; 8. TE, i 0,06; 9; 9. TEasic: 0,085 9; 9).
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A Bos taurus genom ARS-UCDI1.2 valtozatat hasznaltuk a ko6zos talalatoktol +£1 millid
bazispar (Mbp) tavolsagra talalhatdé gének meghatarozasara (1. melléklet). Ha egyetlen gént sem
talaltunk a + 1 Mbp-n beliil, a tavolsagot kiterjesztettiik + 3 Mbp-ra.

1. tablazat. A legalabb két vizsgalt paraméterrel Osszefliggésbe hozhaté 74 SNP

SNP-k szama TEx TExsic TE fehérje
5 + +
44 + +
16 + +
9 + + +
Osszesen 74 58 30 69

2.2. BLUP-tenyészértékbecslési modszerek osszehasonlitasa

A hazai tejagazatban meghatarozoak az intenziven tartott holstein-friz tehénallomanyok, ahol
egy gazdasagban atlagosan 453 termelésellendrzott, térzskonyvi nyilvantartasban szerepld tehén
termel. Szlirést alkalmaztunk, hogy csak olyan éllatok keriiljenek a vizsgalatba, amelyeknél
rendelkezésre &ll a TEpedigre 65 @ TEGenomikai. A sajat teljesitményeken alapulé BLUP EM-
tenyészértékbecslést a korabban genotipizalt ndivaru egyedek ellése és elsd laktaciojuk zarasat,
valamint a hivatalos kiillemi birdlatukat kovetden végeztiik el. 1 616 549 ndivaru egyed kapott
TEHagyomanyos értéket, koziilik korabban 23 561 ndivarG egyed genomikai tenyészértékét is
meghataroztuk. Tovabbi sziiréseink az azonos telep/év/évszak/€életkor paraméterekre vonatkoztak,
igy végiil 190 ugyanabbol a gazdasagbodl szarmazd, azonos életkort €s laktacios stadiumu tehén
rendelkezett a teljes adatbazissal és keriilt be az elemzésbe. A genotipizalast kovetden a TE Genomikai
becslését a CRV-Holland és a HFTE egyiittesen végezte el. A csoport hivatalos tejtermelés-
ellendrzési eredményeinek atlagértéke a kdvetkezok szerint alakult: 305 napos standard laktacios
tejhozam: 10 910 kg (TH, kg), 305 napos zsirhozam: 398 kg (ZSH, kg) és 305 napos fehérjehozam:
365 (FH, kg). A vizsgélatba vont teheneket ugyanabban a gazdasdgban, szabad tartasban,
pihendboxokkal ellatott istalloban tartottdk, és komplett takarmanyadag (TMR, Total Mixed
Ration) biztositotta a taplaldanyag-ellatasukat, amely elsésorban kukoricaszilazsbol allt,
koncentralt takarmannyal és egyéb adalékanyagokkal kiegészitve. Ez az azonos tartdsi és
takarmanyozasi rendszer kulcsfontossagii volt a kornyezeti kiilonbségek minimalizalaséhoz,
tovabba annak biztositasahoz, hogy a termelési jellemzOk és a genetikai értékelések valoban

tiikkrozzEk a genetikai kiilonbségeket.
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Az 0sszehasonlitott haromféle BLUP-modszer az alabbi:

A pedigré-tenyészértéket (TEpedigre) az anya (BLUPiehen) és az apa (BLUPbika) hagyomanyos
tenyészértékének (TEHagyomanyos) egyszerii szamtani atlagértékeként szamitottuk ki az aldbbiak

szerint:

TE — TEBLUPtehén + TEBLUPbika
Pedigré — 2

A hagyomdnyos BLUP-tenyészérték (TEsLup): esetében két matrix keriilt 1étrehozasra. Az
egyik az adatbazismatrix, a masik pedig a pedigrématrix. A rokonok pedigrématrixa tartalmazta a
teljes testvérek, féltestvérek, apak, anydk és nagysziilok pedigréadatait. A BLUP-modellek
magukban foglaltak az anyai genetikai hatasokat és az anyai allando kdrnyezeti hatdsokat, mint

véletlen hatasokat. A modellek az aldbbiak szerint kertiltek felépitésre:
y=Xp+Z,+ W, t+e

ahol y az észlelések vektora; b a fix hatdsok vektora; a az éallatok véletlen hatasainak vektora; pe
az alland6 kornyezeti véletlen hatasok vektora; e a véletlen rezidualis hatasok vektora; X, Z és W

pedig a fix, allati és véletlen alland6 kornyezeti hatasokkal kapcsolddo eléfordulasi matrixok.
A genomikai tenyészértékbecslés (TEGenomikai) modszere a 2.1. pontban keriilt ismertetésre

A termelési tulajdonsdgok normalitdsdnak értékelésére a Kolmogorov—Smirnov-tesztet
alkalmaztuk, mig a valtozok homogenitasanak értékelésére Levene-tesztet hasznaltunk. Az
emlitett tulajdonsadgokra tobbtényezds varianciaanalizist (ANOVA) végeztiink. Tovabbéa Pearson-
féle és Spearman-féle rangkorrelacio segitségével hataroztunk meg a termelési mutatok, valamint
a kiilonbozé tenyészértékadatok kozotti  Osszefiiggéseket. Az adatok elokészitésére,
rendszerezésére a Microsoft Office szoftvercsomagot (Excel 2019 és Word 2019) hasznaltuk. Az

adatbazis kiértékelését az SPSS statisztikai szoftvercsomag 27.0 verzidjaval végeztiik.
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3. EREDMENYEK ES ERTEKELESUK
3.1. SNP-vizsgalatok eredménye

A TH ¢és ZSH mutatoval Osszefliggésbe hozhaté 5 SNP a 9., 18. és 19. kromoszéman
helyezkedett el. Ezenkiviil 44 SNP kapcsolddott a TH és a FH tenyészértékekhez az 1-6, 11, 13—
15, 18, 19, 24, 28 és X kromoszéman. Tovabba 16 SNP kapcsolédott a ZSH és a FH
tenyészértekhez a 3, 11, 19, 22 ¢és X BTA-n. Emellett 9 SNP kapcsolodott a TH, ZSH ¢és FH

mutatoéhoz a 2, 5, 28 és X kromoszoman.

Az azonositott SNP-k maximalis értékei a Fst marker esetében 0,17, a linearis regresszio
—log10(p) értéke 24,9, a haplotipus-asszociacid —logl0(p) érteke 26,4 volt. Eredményeink koziil a
legkiemelkeddbb taldlatok — az SNP-k regresszios f-érték atlaga > 0,8 —a TH esetében a 2., 11.,
19., 28. és X kromoszoman, a ZSH esetében a 3., 22., 28. és X kromoszoman, a FH esetében pedig

az 1. és 28. kromoszéman helyezkedtek el.

ATH, ZSH és FH esetében a tenyészértékekkel osszefliggésbe hozott kilenc SNP koziil hét a
legnagyobb hatastiak kozott talalhatd, harom koziilikk 1,18 millié bazisparon beliil helyezkedik el

a 28-as kromoszoéman (2. melléklet).
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abra. A két vagy harom tenyészértékhez kapcsolédd 74 SNP abrazolasa
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A narancssarga (TE), kék (TEsir) és sziirke (TEgnerje) savok megfelelnek az egyes SNP-k regresszios f-egyiitthatoinak (2. melléklet). A mindharom TE-kel
Osszefliggd SNP-ket bekereteztiik. Az abra tetején plusz és minusz jeloli az dsszes tulajdonsag esetében pozitiv vagy negativ f-egyiitthatot. A piros keret olyan

SNP-ket jelol,ahol a f-egyiitthatok ellentétesek voltak, példaul a ZSH és a FH esetében negativ,mig a TH-nal pozitiv (BTA 5), vagy a ZSH-nal negativ,a TH és a

FH esetében pedig pozitiv (X kromoszoéma).
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3.2. BLUP-tenyészértékbecslési modszerek osszehasonlito eredménye

A vizsgalt populécio standard laktacios termelése kedvezden alakult, és megfelelt az orszagos
atlagnak.: 10 910,50 kg tej, 397,86 kg zsir és 365,33 kg fehérje. A 190 tehénbdl allo csoport
homogénnek bizonyult a termelési jellemzdk tekintetében, amit a varidcids egyiitthatdo (CV %) 15%

alatti értékei is alatamasztottak.

2. tablazat. A vizsgélatba vont allatok statisztikai adatai

Tulajdonsag TH (kg) ZSH (kg) FH (kg)
Vizsgalt tehenek szama (n) 190 190 190
Kozépérték 10910,50 397,86 365,33
SD 1 453,70 4524 39,80
CV% 13,32 11,37 10,90
SE 105,46 3,28 2,89
Min. 6505 260 196
Max. 13 781 511 451

TH = 305 napostejhozam; ZSH =305 napos zsirhozam; FH =305 napos fehérjehozam

A 3. tablazat adatai jelentds kiilonbséget mutatnak a kiilonb6z6 tenyészértékek minimalis és
maximalis értékei kozott; az atlagértékekhez viszonyitott standard hibék (SE) azonban viszonylag
alacsonyak (5% alatt). A TEpedigré értékei minden esetben magasabbak a masik két TE-nél. Ez az
eltérés a tenyészértékbecslésben a sziildi generacid ¢€s az utddgeneracid kozott oOtévente

végrehajtott fokozatos bazisvaltasnak tulajdonithato.

3. tablazat. A vizsgalt tenyészértékek statisztikai adatai

TE n Kozépérték SE Min. Max.
TH (kg)

TEHagyominyos 190 739,16 31,55 -397 1779
TEGenomikai 190 718,11 32,31 -357 2052
TEpedigre 170 1379,57 29,98 ~186 2354
ZSH (kg)

TE Hagyomnyos 190 34,47 1,00 0 65
TEGenomikai 190 33,44 1,24 —24 75
TEpedigre 170 55,58 0,97 22 87
FH (kg)

TEHagyoményos 190 27,01 0,78 -2 56
TEGenomikai 190 26,05 0,99 -18 66
TEpedigré 170 49,33 091 6 78

TH =305 napos tejhozam; ZSH = 305 napos zsirhozam; FH =305 napos fehérjehozam,
TEHagyomanyos = hagyomanyos BLUP; TEGenomikai = genomikai BLUP; TEpedigre =pedigré
BLUP
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A 4. tablazat 5sszefoglalja a TE-ek és a fenotipusos teljesitmény, valamint a harom kiilonb6z6
moédon becsiilt TE kozotti korrelacios egyiitthatokat. A korrelacids egyiitthatok értékei minden
esetben pozitivak, és tobbségiik szignifikins. Amint a tablazatbol lathatd, a TE Hagyomanyos Szorosabb
kapcsolatot mutat a fenotipusos teljesitményekkel (rep = 0,61-0,70), mint a TEGenomikai (rep= 0,31—
0,48). A leggyengébb sszefiiggést (rgp = 0,15-0,24) a genotipus és a fenotipus kozott a TEpedigs
esetében talaltuk. A TEGenomikai mérsékelt és szoros asszociaciét mutatott (rg = 0,66-0,67) a
TEHagyoményos-5al. A TEHagyomanyos s @ TEpedigre kOz0tt szintén kozepes és szoros a kapcsolat (rg =
0,56—0,66), a TEGenomikai és a TEpedigre k6z0tt pedig valamivel gyengébb, mérsékelt vagy szoros
(rg = 0,43-0,56).

4. tablazat. A fenotipusos teljesitmény, a tenyészértékek és a harom kiilonb6zé médon
becsiilt TE kozétti korrelacios egyiitthatok

Korrelacié (r)

TEHagyoma’nyos

TEGenomikai

TEpedigré

TEJ rep =0,70; p <0,01 rep =0,48; p <0,01 rgp =0,24; p <0,01
TEHagyomémyos rg=0,67;p<0,01 rg=0,66;p <0,01
rrank = 0,65; p <0,01 rrank =0,50; p < 0,01
TEGcnomikai e 0,53’ P = 0’01
rrank = 0,40; p <0,01
ZSIR rep =0,69; p <0,01 rep=0,32; p<0,01 rep =0,15; NS
TEx ' rg=0,67; p<0,01 rg=0.56; p <0.01
agyomanyos Frank =0,65; p<0,01  rrank =0,57; p <0,01
. o rg=0,43; p<0,01
TEGeomik rrank =0,41; p <0,01
FEHERJE rep=10,61; p<0,01 re=0,31; p<0,01 rep=0,15; p <0,05
, rg=0,66; p<0,01 rg=0,60; p<0,01
TEHagyoma’nyos
7rank = 0,66; p <0,01 rrank = 0,12; NS
TEGenomikai 8 0’56; P B 0’01

Frank :0,56;17 <0,01

TEHagyoma’,nyos =hagyomanyos BLUP EM; TEGenomikai = genomikai BLUP;
TEPedigré = pedigré BLUP; rg = fenotipus-genotipus korrelacio;
rg = genetikai korreldcio; rrank = rangkorrelacio

A TEHagyomanyos 65 @ TEGenomikai kOz0Otti rangkorrelacios értékek (7rank = 0,65-0,66) szoros
kapcsolatot jeleznek. A TEHagyomanyos 6 a TEpedigre k0z0tti korrelacios egyiitthatok (7rank = 0,12—
0,57), tovabba a TEGenomikai és @ TEpedigre kozotti értékek is kozepes szorossagli osszefliggést

mutatnak (7rank = 0,40-0,56).
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A TE-ek fenotipusos tulajdonsagok Osszefiiggésére iranyuld regresszids elemzéseinek
eredményeit az 5. tdblizat mutatja be. A ZSH esetében a TEpedigre kivételével szignifikans
(p <0,01) Osszefiiggéseket talaltunk. Valamennyi regresszids egyiitthatd (b) értéke pozitiv, a
legmagasabb a TEHagyomanyos esetében (b = 0,17-0,21), majd a TEGenomikai (b = 0,10-0,15) és
legalacsonyabb értékkel a TEpedigre (b = 0,04-0,07) kovetkezik. Az adatok egyértelmiien azt
mutatjak, hogy a legnagyobb pontossagot (R* = 0,37-0,48) minden fenotipusos tulajdonsagra a
TEHagyoményos ¢ri el, ezt koveti a TEGenomikai (R2 = 0,09-0,23), a legkevésbé pontosnak pedig a
TEpedigre bizonyul (R? = 0,02-0,06). A termelési tulajdonsagok koziil a TH-ra és a ZSH-ra a
hagyoméanyos TE-ek nagyobb hatast gyakorolnak, mint a FH-ra. A hatas (b = 0,17-0,21) minden
esetben a pozitiv iranyba mutat, a TEHagyomanyos esetében a legmagasabb, ezt sorrendben a

TEGenomikai (0,10-0,15) és a TEPedigré koveti (0,04-0,07).

5. tablazat. A regresszios vizsgalat eredményei

TE (1) Tulajdonsag Meredekség Tengelymetszet Illeszkedés
X) b SE p a SE p R? p

TE Hagyominyos TH 0,21 0,02 <0,01 -1529,56 172,66 <001 048 <0,01
TEGenomikai TH 0,15 0,02 <0,01 -879,32 216,02 <0,01 023 <0,01
TEpedigrs TH 0,07 0,02 <0,01 665,15 22932 <0,01 0,06 <0,01
TE Hagyominyos ZSH 0,21 0,02 <0,01 —-48.,80 6,51 <0,01 047 <0,01
TEGenomikai ZSH 0,12 0,03 <0,01 —14,20 1047 <0,01 0,10 <0,01
TEpedigre ZSH 0,04 0,02 NS 38,83 8,66 <0,01 0,02 NS

TE Hagyominyos FH 0,17 0,02 <0,01 -33,12 575 <0,01 037 <0,01
TEGenomikai FH 0,10 0,02 <0,01 -12,12 8,73 <0,01 0,09 <0,01
TEpedigre FH 0,05 0,02 <0,05 32,06 8,77 <0,01 0,02 <0,05

TH = 305 napos tejhozam; ZSH = 305 napos zsithozam; FH = 305 napos fehérjehozam;
TEHagyomanyos = hagyomanyos BLUP EM; TEGenomikai = genomikai BLUP; TEpedige =pedigré BLUP

Eredményeink- jelentds kiilonbségeket tartak fel a becsiilt tenyészértékek pontossagaban és
megbizhatosagdban azonos évben sziiletett, azonos koriilmények kozott, ugyanabban a
gazdasagban és allomanyban felnevelt, els6 laktacids tejeld tehenek esetében Magyarorszagon .
Ezek a megéllapitasok ravildgitanak az Osszehasonlitd elemzések fontossdgara. Az ilyen
vizsgalatok elengedhetetlenek a tenyészértékbecslések pontossaganak noveléséhez, kiillondsen

ellenérzott kornyezeti feltételek mellett.

Az a megallapitas, hogy a TEHagyomanyos-modszer mutatja a legnagyobb megbizhatosagot,
amelyet a TEGenomikai és végill a TEpedigre kovet, nem csokkenti a széles korben elfogadott
TEGenomikai-becslés jelentéségét. Vizsgalatunk eredményei ramutatnak a kiilonboz6 becslési
modszerek eltéré megbizhatosagara azonos kornyezeti feltételek mellett. Ez a sorrend kiemeli a
genetikai értékelések optimalizalasanak ¢€s a tenyésztési stratégidk pontossaganak novelésére

iranyul6 lehetdségeket, ami a hatékonyabb tenyésztési programok alapjat képezheti.
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A TEGenomikai-modszer elénye a TEHagyominyosshoz képest kevésbé volt nyilvanvald kis
populdcioméretben vagy azonos komyezeti feltételek mellett. Ugyanakkor a TE Genomikai-modszer
jelentds elényt kindl olyan nehezen becsiilhetd tulajdonsdgok esetében, mint példaul a
menedzsmenttel 0sszefliggd jellemzok, a hosszi hasznos élettartam, az é€letteljesitmény, valamint

kiilonb6zo élettani (metabolikus és egészségligyi) tulajdonsagok.

roomr

A genomikai becslés korai €letszakaszban torténd alkalmazasa lehetdvé teszi a tenyésztok
szamara, hogy értékes id6t takaritsanak meg, és csokkentsék a felesleges fenntartasi koltségeket
az allomany méretének optimalizilasival. A TEGenomikai-eredményekre alapozott folyamatos
tenyészetszintli szelekcid jelentdsen javitotta az allomany genetikai mindségét, eldsegitve a
kedvez6 genetikai tulajdonsagokkal rendelkezd egyedek kivalasztasat és tovabbtenyésztését. A

TEHagyomanyos-modszer pedig a TEGenomikai kontrolljaként szolgalhat alloméanyi szinten, tovabb

novelve ezzel a genetikai értékelések megbizhatosagat.
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4. UJ TUDOMANYOS EREDMENYEK ES HASZNOSITASUK

4.1. Uj tudomanyos eredmények

1.

Els6ként alkalmaztam a fenotipus és a genotipus kozotti Pearson-féle korrelaciot a
kiilonb6z6 tenyészértékbecslési modszerek megbizhatosaganak jellemzésére. A harom
BLUP-modszer dsszehasonlitdsa alapjan megallapitottam, hogy a hagyoméanyos BLUP
nyujtotta a legmegbizhatobb becsléseket (= 0,61-0,70), ezt kovette a genomikai
adatokkal kiegészitett BLUP (r = 0,31-0,48), mig a legkevésbé megbizhatonak a pedigré
BLUP bizonyult (= 0,15-0,24).

Ramutattam arra, hogy a holstein-friz tehenek termelési tulajdonsdgokra becsiilt
tenyészértékei validalasara alkalmas az azonos évben, évszakban sziiletett, azonos
kornyezetben tartott, azonos takarmanyozasban, gondozasban részesitett egyedek 305

napos tej-, tejzsir- és tejfehérje-termelése.

ElsOként hatdroztam meg holstein-friz fajtaban harom kiilonb6z6 modszer (az SNP-k
genetikai tavolsaga, lineéaris regresszid ¢és haplotipus-asszociacid) alapjan olyan SNP-ket,
amelyek egyidejileg két vagy harom — tejtermeléssel kapcsolatos — tenyészérték

kialakitdsdban is szerepet jatszanak.

Az azonositott SNP-k (74) regresszios vizsgalata alapjan megallapitottam, hogy a legtébb
marker tenyészértékekre gyakorolt hatdsa azonos irdnyba mutatott. Ugyanakkor az
elemzés soran olyan  markereket is  azonositottam  (BTB-00219372  ¢és
BovineHD3000027615), amelyek alkalmazasa ovatossagot igényel, mivel ezek mig az
egyik tenyészértéket novelik, addig egy vagy akar mindkét masik tenyészérték csokkenését

eredményezhetik.

Négy olyan gént azonositottam (EFCABI10, GLODS5, NONO és TMEM70), amelyeket
kordbban nem vizsgaltak szarvasmarhédban, illetve nem hoztak dsszefliggésbe tejtermelési

tulajdonsagokkal.

24



DOI: 10.15477/SZE.WAMDI.2025.009

4.2. Az eredmények hasznosithatésaga

A felelds holstein-friz tenyésztés 4 megkozelitést kivan, amely szdmos tényezo, koztik a
tenyészértékek egylittes figyelembevételét helyezi eldtérbe a fenntarthatdsdg és a regenerativ
fejlodés érdekében. A genotipus €s a kornyezet kozotti egyensuly fenntartasa jelentds mértékben
javithatja a HF fajtara alapozott tejtermelés fenntarthatosagat és alkalmazkodoképességét. A
genomikai informaci6 és a genomikai szelekcios rendszerek alkalmazasa lehetOséget teremt arra,
hogy az ezekre alapozott tudatos tenyésztési dontések eredményeként a tehenek egészségesebben,
jobb szaporodasbioldgia mutatok mellett, hatékonyabban, kevesebb takarmanybol tobb tejet

termeljenek, ezzel is csokkentve a kornyezetre gyakorolt kedvezdtlen hatdsokat.

A vizsgalat soran azonositott SNP-k szdmos olyan gén kozelében helyezkednek el, amelyeket
szarvasmarhak esetében eddig nem vizsgaltak, és amelyek potencidlis célpontként szolgalhatnak
a tejtermelési mutatokhoz kapcsolodo ujabb gyakorlati alkalmazasokhoz. A két vagy harom
tenyészértékkel Osszefiiggd markerek hatékonyan alkalmazhatok a szelekcidban, eldsegitve a
genetikai fejlédés felgyorsitdsat, valamint tdmogatva a tenyésztoket, szakembereket,
szarvasmarhatartokat tenyésztési €s szelekcidos céljaik elérésében. Az azonos iranyba hatd
markerek megkonnyitik a tenyészkivalasztast, mig az ellentétes hatdsu markerek kezelése fokozott
koriiltekintést igényel, mivel ezek egy tenyészértéket ndvelhetnek, mikozben egy masikat vagy

akar kett6t is csokkenthetnek.

A vizsgalati eredmények értékét a tenyeészértékek validalasaban valo alkalmazhatosaguk adja,
kiilondsen az eltérd becslési modszerek és a ténylegesen megvalosult teljesitmény kozvetlen
Osszehasonlitdsa révén, egységes kornyezeti feltételek mellett. Ez 1) perspektivat kinal a

genomikai szelekci6 gyakorlati alkalmazasahoz a HF szarvasmarha tenyésztésében.

A kutatas eredményei kézzelfoghaté gazdasdgi elonyt nyujtanak a hazai HF tenyésztok
szamara, mivel a korai tenyészkivalasztas és a hatékony (nemzeti, illetve telepi szintil) tenyésztési
programok hozzdjarulhatnak az optimalis allomanyméret kialakitdsdhoz, ezaltal ndvelve a

tejtermelés jovedelmezdségét, €s jelentdsen csokkentve a kornyezet terhelését.
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6. MELLEKLETEK
6.1. Melléklet — B. taurus genom ARS-UCD1.2

A két vagy harom TE-hez kapcsolod 6 markerek neve, genomidlis pozicidjuk és a markerek koriil
talalhato gének.

TE
Marker Kromoszéma Pozici6 (bp) Tej Zsir  Fehérje + 1 millié + 3 millio
bazispar bazispar

BTA-38502-no-rs 1 82339 579 + + CI1H3orf70
ARS-BFGL-NGS-14913 1 82360 713 + + LINC02054,

CLCN2,

MAPG6DI,

YEATS?2
ARS-BFGL-NGS-110543 1 86233 203 + + TTCI147"
BovineHD0100037693 1 131261 458 + + ARMCS, CEP70
BovineHD0100037725 1 131 389 856 + +
BovineHD0100037732 1 131413 283 + +
BovineHD0100037734 1 131427 641 + +
ARS-BFGL-NGS-37290 1 136 049 399 + + TOPBPI
BTB-00039698 1 136 090 182 + +
ARS-BFGL-NGS-78397 1 137 305 479 + +
Hapmap51079-BTA-88097 2 20011 118 + + HOXD3
Hapmap47966-BTA-47563 2 48 824 025 + + +
ARS-BFGL-NGS-113042 2 48993 143 + + +
BTB-01405574 3 40 190 639 + + RNPC3
BTB-01982674 3 61970 189 + +
BTB-00134966 3 69 934 639 + +
BTB-00135076 3 69 961 802 + +
BTB-01393342 3 71022 745 + +
Hapmap57979-rs29017982 3 73 879 769 + +
Hapmap43144-BTA-107773 3 73 904 881 + + CTH
BTB-00182731 4 46 190 578 + + PHTF?2
BTB-00182813 4 46 311 240 + + EFCABIO
ARS-BFGL-NGS-30059 4 46 943 050 + +
BTB-01637746 4 47 751 036 + +
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BTB-00219372 5 9 085 964 ¥ T T PPFIA2,
METTL25
EuroG10K_chr5_106240327 3 105 749 785 T T TAPBPL*
EuroGMD_DEN QGG 5 106252827 5 105 762 284 + +
DBR_Chr5_106260278 rs109351328 5 105 769 735 + +
EuroGMD_DEN_QGG_5_106260278 5 105 769 735 + +
EuroGMD _DEN QGG 5 106261873 5 105 771 330 + +
EuroGMD_DEN QGG 5 106262740 5 105 772 197 + +
EuroGMD_DEN_QGG 5 106263967 5 105 773 382 + +
BovineHD0500030487 5 105 773 809 + +
EuroGMD _DEN QGG 5 106264394 5 105 773 809 + +
EuroG10K_chr5_ 106267060 5 105 776 475 + +
DB-364-seq-1s378727865 5 105 784 987 + + TSPANII FBXL14
Hapmap47766-BTA-87827 6 100 139 940 + + HNRNPD,
HNRNPDL,
KLHLS
EuroGMD _DEN QGG 9 38739113 9 38271 438 T T TUBET,
MFSD4B
EuroG10K_BTA-04956-no-rs 11 94 715 801 T ¥ STRBP
ARS-BFGL-NGS-98451 11 97 225 356 T T STRBP
ARS-BFGL-NGS-83830 11 102 752 125 + + NTNG2, TTFI,
SPACA9"™,
PAEP  KCNTI,
CARDY
Hapmap36617- 13 34319 303 + + PTCHD3

SCAFFOLD188701_463

ARS-BFGL-NGS-52422 14 37 166 868 + + SBSPON,
TMEM?70, JPHI

SNP_1KG_14 37273185 14 37273 185 + +

Hapmap34185-BES7_Contig323_940 15 55 356 241 n + ARAPI, P2RY2,
P4HA3* MYO7A

ARS-BFGL-NGS-118490 18 12 718 603 ¥ ¥ EMCS

ARS-BFGL-NGS-64457 18 12 739 390 + +

BTB-01627667 18 21 596 766 ¥ ¥ NOD2

ARS-BFGL-BAC-36240 18 21 636399 + +

Hapmap42547-BTA-42724 18 21791 294 + +
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Hapmap35910- 19 31569 771
SCAFFOLD37470_667
UA-IFASA-7101 19 32389 986
ARS-BFGL-NGS-100358 19 32 754 596
ARS-BFGL-NGS-116379 19 32997278
ARS-BFGL-NGS-110037 19 33052 413 ZNF624,

CENPYV, ULK2
Hapmap32042-BTA-133010 19 33716 989 ALDH3A42,

B9DI™

PRPSAP2,

MYOI54,

TOMIL2
ARS-BFGL-NGS-34178 22 10 597 656 C22H30rf35,

DLECI™
ARS-BFGL-NGS-21216 22 11 596 830 MYDS8
ARS-BFGL-NGS-65384 22 11 862 971 SLC22A413,

ACVR2B, EXOG
ARS-BFGL-NGS-104806 22 12291 232 MOBP
ARS-BFGL-NGS-15552 22 14 961 300 CTNNBI,

CCDC13%™

ACKR?2
ARS-BFGL-NGS-4910 22 16 130 993 ZNF852,

TATDN?,

RPUSD3,

TTLL3, SETDS5
ARS-BFGL-NGS-24520 22 18 761 349 SRGAP3, OXTR
ARS-BFGL-BAC-28665 24 28 487 771 ZNF503
EuroG10K_ARS-BFGL-NGS-109112 28 36 015 224
ARS-BFGL-NGS-33494 28 36 097 359
Hapmap51965-BTA-101198 28 36 110 502
ARS-BFGL-NGS-83238 28 36 205 983
BTA-64158-no-rs 28 37 195 142 CCSER?2, SHLD2,
Hapmap46921-BTA-106251 X 30 978 737 FMRI,

FMRINB, AFF2,

DS,

CXHXorf404,

TMEM1854
Hapmap60788-rs29017234 X 77312 570 NEXMIE, RLIM, CITEDI, RPS4X,

SLCI6A2, ERCC6L, PIN4,
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ZCCHCI3, NHSL2,  RILS,
CHICI, CDX4, CXCR3, GCNA4,
MGC140080, OGT, TAFI,
PABPCIL2A, ITGBIBP2,
PHKAI, HDACS NONO, ZMYM3,
GJBI, NLGN3,
MEDI?2
Hapmap49448-BTA-111996 X 37 848 657 ¥ GLODS, GATAI, SLC3845, FISII,
HDAC6, ERAS, PORCN, EBP
PCSKIN, TBCID25, RBM3,
TIMMI7B, WDRI3,  WAS,
POBPI, SUV39HI
SLC35A42, PIM2,
OTUDS,
KCNDI,
GRIPAPI, TFE3,
CCDC120,
PRAF2, WDR45,
GPKOW, PLP2,
PRICKLES3, SYP
CACNAIF,
CCDC22,
FOXP3,
PPPIR3F,
PAGE4,
USP27X,
CLCN5
ARS-BFGL-NGS-10300 X 87915822 + AKAP4, CCNB3,  CXHXorf67,
DGKK, NUDTI1, GSPT2,
SHROOMA, MAGEDI,
BMPIS, MAGED4B
NUDTIO0
BovinelD3000027615 X 95 636 192 ¥ HEPH, VSIG4, SPIN4,  ZXDB,
MSN, LASIL, ZNF674
ZC3HI2B,

ZC4H2, ASBI2,
AMERI,
ARHGEF9

Megjegyzés: Az egyes SNP-ket vagy egymashoz kozel elhelyezkedd6 SNP-
csoportokat vizszintes vonalak valasztjdk el egymadstol. Az aldhuzott gének a
kalciumtranszportban jatszanak szerepet, a csillaggal jeloltek pedig a kollagénnel
kapcsolatos folyamatokban. A cfin jelolés azokra a génekre vonatkozik, amelyek
ismert csillo- és flagellafunkciokkal rendelkeznek és/vagy membranfehérjékként

ismertek.
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6.2. Melléklet — Az egyes markerekhez kapcsolodo vizsgalati értékek

A tablazat az egyes SNP-k genomidlis pozicidit, az alkalmazott algoritmusokkal kapott
eredmények 0 ¢és 1 kozé torténd skalazasaval standardizalt adatok TH, ZSH és FH
tenyészértekekhez tartozo atlagait, valamint az egyes tenyészért¢kekre illesztett linearis
regressziok f-egyiitthatoit mutatja

Atlag P-érték
Kromo- Pozicio
Marker Tej Zsir Fehérije Tej Zsir Fehérje
széma (bp)

BTA-38502-no-rs 1 82339579 0,7668 0,8850 0,2926 0,3150
ARS-BFGL-NGS-14913 1 82360 713 0,7427 0,8804 0,2724 0,3006
ARS-BFGL-NGS-110543 1 86 233203 0,5700 0,4984 —-0,2157 -0,2167
BovineHD0100037693 1 131261458 0,6135 0,4454 0,2750 0,2249
BovineHD0100037725 1 13138985 0,5922 0,6775 —-0,2426 —-0,3005
BovineHD0100037732 1 131413283 0,6472 0,7173 —-0,2548 —-0,3103
BovineHD0100037734 1 131427641 0,6299 0,7224 -0,2478 —-0,3087
ARS-BFGL-NGS-37290 1 136049399 0,6173 0,5302 0,2585 0,2305
BTB-00039698 1 136090182 0,6173 0,5333 0,2585 0,2316
ARS-BFGL-NGS-78397 1 137305479 0,6890 0,6020 0,3298 0,2981
Hapmap51079-BTA-88097 2 20011 118 10,5978 0,5888 —-0,2179 —-0,2352
Hapmap47966-BTA-47563 2 48 824 025 10,7321 0,6739 0,5653 —0,2508 ~0,2331 —-0,2368
ARS-BFGL-NGS-113042 2 48993 143 0,8243 0,7631 0,5296 0,2656 0,2505 0,2254
BTB-01405574 3 40 190 639 0,6453 0,5934 -0,2412 —-0,2611
BTB-01982674 3 61970 189 0,6965 0,5421 0,2209 0,1972
BTB-00134966 3 69 934 639 0,6459 0,4890 0,2328 0,2184
BTB-00135076 3 69 961 802 0,6733 0,4820 0,2381 0,2197
BTB-01393342 3 71022 745 0,5919 0,5536 0,2557 0,2578
Hapmap57979-rs29017982 3 73 879 769 0,9021 0,7212 ~0,2956 —-0,2887
Hapmap43144-BTA-107773 3 73 904 881 0,9100 0,7127 ~0,2940 —-0,2843
BTB-00182731 4 46 190 578 0,6399 0,5215 0,2512 0,2499
BTB-00182813 4 46 311 240 0,6291 0,5190 0,2499 0,2499
ARS-BFGL-NGS-30059 4 46 943 050 10,7054 0,5500 0,2577 0,2545
BTB-01637746 4 47751 036 0,7527 0,5175 0,2384 0,2278
BTB-00219372 5 9085964 10,6956 0,7898 0,5834 0,2332 -0,2725 —-0,2362
EuroG10K_chr5_106240327 5 105749785 10,5999 0,5597 —0,4027 —-0,3961
EuroGMD_DEN_QGG_5 106252827 5 105762284 10,5701 0,5477 -0,3634 —-0,3856
DBR_Chr5_106260278 rs109351328 5 105769735 0,6168 0,5725 -0,4062 —-0,4034
EuroGMD_DEN_QGG_5_106260278 5 105769735 0,6168 0,5725 -0,4062 —0,4034
EuroGMD_DEN_QGG 5 106261873 5 105771330 0,5701 0,5477 -0,3634 —-0,3856
EuroGMD_DEN_QGG 5 106262740 5 105772197 0,5701 0,5477 -0,3634 —-0,3856
EuroGMD_DEN_QGG _5 106263967 5 105773382 0,5701 0,5481 -0,3634 —-0,3856
BovineHD0500030487 5 105773809 0,5701 0,5481 -0,3634 —-0,3856
EuroGMD_DEN_QGG _5 106264394 5 105773809 0,5701 0,5481 -0,3634 —-0,3856
EuroG10K chr5 106267060 5 105776475 0,6168 0,5729 -0,4062 —-0,4034
DB-364-seq-rs378727865 5 105784987 0,5658 0,5461 -0,3618 —-0,3849
Hapmap47766-BTA-87827 6 100139940 0,7370 0,4623 —-0,2490 —-0,2081
EuroGMD_DEN_QGG 9 38739113 9 38271438 0,7574 0,6010 0,3173 0,2971
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EuroG10K_BTA-04956-n0-rs 11 94715801 0,8646 0,5003  0,2578 0,2107
ARS-BFGL-NGS-98451 11 97225356 0,8027 0,4776  0,2630 0,2053
ARS-BFGL-NGS-83830 11 102752125 0,6571  0,6506 0.2543 0,2778
Hapmap36617-

SCAFFOLD188701 463 13 34319303 0,7220 0,4398  0,2803 0,2454
ARS-BFGL-NGS-52422 14 37166868 0,6053 0,5841  0,2241 0,2257
SNP_IKG_14_37273185 14 37273185 0,5976 0,5708  0,2220 0,2254
Hapmap34185-BES7_Contig323 940 15 55356241 10,6617 0,475 —0,3369 ~0,3017
ARS-BFGL-NGS-118490 18 12718603 0,7949 0,584 —0,2317 ~0,2198
ARS-BFGL-NGS-64457 18 12739390 0,7497 0,5761 —0,2215 ~0,2169
BTB-01627667 18 21596766 0,7656  0,5947 02287 02232
ARS-BFGL-BAC-36240 18 21636399 0,7722  0,5953 02287 02232
Hapmap42547-BTA-42724 18 21791294 0,7931  0,7306 0,2329 02502
Hapmap35910-

SCAFFOLD37470_667 19 31569771 0,9325 0,4704 —0,2736 ~0,2033
UA-IFASA-7101 19 32389986 0,5894 0,5096 —-0,2218 ~0,2185
ARS-BFGL-NGS-100358 19 32754596 0,7236  0,7733 02312 02633
ARS-BFGL-NGS-116379 19 32997278 10,6596 0,5390 —0,2281 ~0,2378
ARS-BFGL-NGS-110037 19 33052413 0,6940 0,6037 —0,2337 ~0,2501
Hapmap32042-BTA-133010 19 33716989 0,6163  0,4525 03042 ~0,2666
ARS-BFGL-NGS-34178 22 10597 656 0,7130 0,564 02602 ~0,2403
ARS-BFGL-NGS-21216 22 11596830 0,6881  0,5993 02580 0,2556
ARS-BFGL-NGS-65384 22 11862971 0,7445  0,6077 02656 ~0,2572
ARS-BFGL-NGS-104806 22 12291232 0,6404  0,5233 02363 ~0,2280
ARS-BFGL-NGS-15552 22 14961300 0,6521  0,4941 0.2798 0,2369
ARS-BFGL-NGS-4910 22 16130993 0,6651  0,5185 0.2643 0,2294
ARS-BFGL-NGS-24520 22 18761349 0,8991 0,454 03031 0,2328
ARS-BFGL-BAC-28665 24 28487771 0,6145 0,4514  0,2651 0,2479
EuroG10K_ARS-BFGLNGS-109112 28 36015224 0,8100  0,5828 0,935 02848 (537 ~0,3302
ARS-BFGL-NGS-33494 28 36097359 08524  0,6801 09310 02561 (2410 ~0,2988
Hapmap31965-BTA-101198 28 36110502 0,8563 0,8292 —0,2521 ~0,2616
ARS-BFGL-NGS-83238 28 36205983 0,6997 0,6887 —0,2498 ~0,2493
BTA-64158-n0-rs 28 37195142 0,9260  0,8600 08761 02722 2762 ~0,2726
Hapmap46921-BTA-106251 X 30978737 0,6630 09791  0,5772  0,2263 02857 0,2338
Hapmap60788-rs29017234 X 77312570 0,058 0,445 03222 0,2439
Hapmap49448-BTA-111996 X 87848657 0,7747 0,4882 —0,2287 ~0,2012
ARS-BFGL-NGS-10300 X 87915822 09348 09237  0,5436  0,2584 02952 0,2282
BovineHD3000027615 X 95636192 0,8607 06759 04581 02432 93187 0,1896

Megjegyzés: Az alkalmazott  algoritmusokkal kapott eredmények

standardizalt értékeinek atlagai koziil a 0,8-nél nagyobbakat félkdvér betiivel
jeleztiik. Az olyan SNP-k regresszios pf-értékei, amelyek hatasiranya
kiilonbozott a TH, ZSH ¢és FH tenyészértékek tekintetében, szintén félkovér

kiemelést kaptak.
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6.3. Melléklet — a négy kandidans gén jellemzoi

Kutatasaink soran azonositottunk négy olyan gént (EFCAB10, GLODS5, NONO és TMEM70),
amelyeket korabban nem vizsgaltak szarvasmarhdban, illetve nem hoztak Osszefiiggésbe
tejtermelési tulajdonsagokkal.

Az egyes gének jellemzdinek rovid bemutatisa és a tejtermelésre gyakorolt hatdsuk,
hatasmechanizmusuk.

EFCABI0

Szerepe ¢s jellemzoi:

* Kalciumion-kotés: Az EFCABI0 fehérje rendelkezik EF-hand motivumokkal, amelyek

képesek a kalciumionok reverzibilis megkotésére.

* Sejtjelatvitel: Bar az EFCAB10 pontos mitkddése még nem teljesen tisztazott, feltételezik,
hogy szabalyozo szerepet tolt be bizonyos kalciumfiiggd jelatviteli utvonalakban, amelyek
befolyasoljak a sejtek anyagcseréjét, aktivitasat vagy differencidlédasat.

Potencialis hatdsai szarvasmarhaban:

*  Mivel a kalciumionok fontosaka tejtermelés, kiilondsen a tejosszetevok szintézise (kazein -
fehérjek), valamint az izommiikddés (pl. a tégyiirité izmok miikddése) szempontjabol, az
EFCABI0 gén szerepe is jelentOs lehet.

* Metabolikus stabilitds: A kalciumhaztartds zavara példaul szubklinikai tejldz formajadban
is jelentkezhet, igy az EFCAB10 gén szabalyoz6 hatasa ebben is érdekes célpont lehet.

* Tejtermelési tulajdonsagok: egyes GWAS-vizsgalatok alapjan az EFCAB10 gén kozelében
elhelyezked SNP-k kapcsolatba hozhatok a tejhozam genetikai hatterével.

Osszegzés:

Az EFCABIO gén egy kevéssé vizsgalt, am igéretes célpont, amelynek kalciumkdstd
tulajdonsagai révén valosziniileg szerepe van a tejtermelés szabdlyozasdban, a metabolikus

stabilitds fenntartasdban és esetleg mas, kalciumion-fiiggd sejtes folyamatokban.

GLODS
Szerepe ¢s jellemzoi:

* Fehérjeterméke egy glioxaldz domén jelenlétét mutatja, ami azt sugallja, hogy a gén altal
kodolt fehérje szerepet jatszhat a sejten beliili méregtelenitd folyamatokban, kiilondsen az
alfa-oxoaldehidek, példaul a metilglioxal semlegesitésében.

* Feltételezhetd, hogy a GLODS részt vesz az oxidativ stressz elleni védekezésben,
hasonldéan a klasszikus glioxalaz enzimekhez, bar aktivitdsat vagy pontos enzimatikus

funkcigjat még nem validaltak teljeskoriien.
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* Az emberi és mds emldsgenomokban is megtaldlhatd, de kifejezO0désének mintézata,
funkcionalis aktivitasa és szerepe konkrét sejttipusokban vagy szervekben még tovabbi
vizsgalatokat igényel.

Osszegzés:

A disszertacidban azonositott SNP alapjan a GLODS 10kuszanak kozelében talalhato varidns
Osszefliggést mutatott tejtermelési tenyészértékekkel, ami azt feltételezi, hogy a GLODS gén vagy
annak szabalyozo régioi hatdssal lehetnek a metabolikus hatékonysagra, példaul az
energiaforgalomra, aminek kozvetett szerepe lehet a tejtermelés genetikai hatterében.
Elképzelhetd, hogy a GLODS5 bizonyos metabolikus vagy detoxifikdciés tutvonalak
finomhangolasdban vesz részt, befolydsolva ezéltal a termelési teljesitményt, kiilondsen stresszes

vagy intenziv termelési koriilmények kozott.

NONO

Szerepe ¢és jellemzdi:

* A NONO gén egy multifunkcionalis nuklearis fehérjét kodol, amely fontos szerepet jatszik
a transzkripcios szabdlyozasban, az RNS érésében, valamint a DNS-karosodasi
valaszreakcidkban.

* Bar a tejtermelési tulajdonsidgokkal valdé kozvetlen kapcsolata még kevéssé ismert, a
NONO gén biologiai szerepe alapjan érdekes és potencidlisan relevans célpont lehet a
szarvasmarhagenom vizsgalataban is.

* A NONO gén altal kodolt fehérje RNS- és DNS-kot6 képességgel is rendelkezik, és részt
Vesz:

* agénexpresszid szabalyozdsdban (transzkripcios aktivacio €s represszid),

* az RNS-splicing-, RNS-transzport- €s -stabilitasi folyamatokban,

* a sejtmag szervezddésében, kiillondsen a paraspeckle nevii struktirak
kialakitasaban,

» valamint a DNS-kérosodasi valaszreakcidkban (példéaul a kettds szalit DNS-torések
javitasaban).

* A disszertacioban az SNP-analizis soran a NONO génhez kozeli varians asszociaciot
mutatott tejtermelési (kiilonosen a TH- és FH-) tenyészértékekkel, ami arra utalhat, hogy a
gén kornyezete hatdssal van a tejtermelést befolyasolo gének expresszidjara.

* A NONO gén transzkripcioés koaktivatorként befolyasolhat olyan géneket, amelyek az

anyagcsere-folyamatokhoz, sejtciklushoz vagy tejmirigyfunkciohoz kapcsolodnak.
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* Egyes human ¢és egérmodellek alapjan a NONO gén kifejezédése kapcsolatban allhat a
hormonalis szabalyozassal is, példaul az 6sztrogénvalasz-titvonalakkal, amelyek kdzvetve
a tejtermelé mirigyek fejlédését és mitkodését is befolyasoljak.

Osszegzés:

A NONO gén egy nuklearis multifunkciondlis szabalyoz6 fehérjét kodol, amely szerepet

jatszik a génexpresszid finomhangoldsdban, az RNS-folyamatokban ¢és a sejtvalaszokban. Bar

crer

.....

befolyasolhatjak a tejtermelés genetikai hatterét.

TMEM70

Szerepe ¢és jellemzdi:

* A TMEM?70 gén (Transmembrane Protein 70) egy mitokondrialis transzmembranfehérjét

koédolod gén, amely kulcsszerepet jatszik a sejt energiatermelésében.

* A gén a mitokondrium belsé membranjadban miikddik, és elsésorban az ATP-szintaz

(komplex V) megfeleld dsszeszerelésében és mitkodésében vesz részt.

* Az energiatermelést (ATP-el6dllitast) tdmogatja oxidativ foszforilacid révén.

Osszegzés:

Bar a szarvasmarhaban a TMEM70 szerepét eddig nem részletezték széles korben, az altalunk
azonositott SNP-eredmények alapjan a gén a tejtermelésben potencidlisan szerepet jatszo Uj
célpontként meriilhet fel. A mitokondrialis miikodés és az energiatermelés hatékonysaga kdzvetlen
Osszefiiggésben lehet a tej szintézis¢hez sziikséges sejtszintli metabolikus aktivitdssal, igy a
termelési hatékonysagot ¢és perzisztenciat is befolydsolhatja. A TMEM?70 jelenléte a
28. kromoszoma nagy hatastt SNP-markerei kozelében tovabbi kutatdsokat indokolhat a tejhozam

genetikai hatterének pontositasa céljabol.

Képi illusztraciok a EFCAB10; NONO és a TMEM70 gének funkcidihoz
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Simple Summary: This study compared the phenotypic performance and breeding values
(BV) of Holstein-Friesian cows using three BLUP (best linear unbiased prediction) esti-
mation methods: pedigree (BVpegigree), traditional (BVpLyp) and genomically enhanced
(BVGenomic) to validate the different estimation models. The novelty of this study lies in the
validation of BV estimation methods under uniform environmental conditions. It also pro-
vides valuable insights into the implementation of genomic selection in a real production
environment, providing practical guidance for optimizing genetic improvement strategies.

Abstract: In this study, 1,616,549 Holstein-Friesian females were genotyped for genomic
evaluation of genetic merit (BVGenomic). Genotyping was performed using the EuroGe-
nomics MD v3.0 chipset on the Illumina microarray scanner platform operated by an
accredited Illumina laboratory. In addition, international and national reference popula-
tions were used for traditional BLUP breeding value (BV) estimation for both individuals
(BVpLur) and parents (BVpegigree). A single-step BLUP animal model was used for this
estimation. A sample of 190 first lactation progeny cows from a single herd, reared and
kept under consistent environmental conditions, was used to validate the three types of BV
estimation methods. Correlation and regression analysis were used to study the association
between the phenotypic performance and the results of three different estimation models.
The average production of the 305-day standard lactation was 10,910.5 kg milk, 397.86 kg
butterfat and 365.33 kg protein. Comparative analyses showed that BV yp had the highest
accuracy, followed by BV Genomic, While BVpegigree was the least reliable, R2 =0.37 to 0.48;
0.09 to 0.23; 0.02 to 0.06, respectively.

Keywords: Holstein-Friesian cows; milk; fat and protein production; pedigree BLUP;
traditional BLUP; genomically enhanced BLUP

1. Introduction

Breeding value (BV) is defined as the genetic potential of a breeding animal as a
parent [1]. BV can be estimated from various sources of data on the animal itself, its
genetically similar collateral relatives and/or the performance of its offspring. The Best
Linear Unbiased Prediction (BLUP) method has been developed to consider performance
data from genetically diverse contemporary groups, such as those from different farms. This
method is considered unbiased because it incorporates more extensive data in subsequent
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predictions for the same animal. Various versions of BLUP are now widely used as an
advanced statistical model that evaluates all animals in a population.

Subsequently, a genomic BV estimation (BVGenomic) method was developed that incor-
porates genomic data and SNP (single nucleotide polymorphism) information from DNA.
This method is based on both the SNP information of an individual and the relationship
between SNP information and performance, deregressed from the BLUP data of the refer-
ence population [2]. Wiggans et al. [3] discussed the impact of genomic selection on dairy
breeding, noting that SNP genotyping has allowed faster genetic progress by reducing the
generation interval since young animals or embryos can be genotyped. Two main methods
(Bayesian and BLUP) have been extensively studied and applied [4]. Echeverri et al. [5]
found that predicting BVs using BLUP, MBLUP and Bayes C in the Holstein-Friesian breed
produced different results in terms of the magnitude of the estimated values, although BVs
based on animal rankings showed no significant differences. Abaci et al. [6] found that
among the different methods, the correlation was highest between BLUP and Bayes Cpi,
while the correlation was lowest between BLUP and Bayes A. Despite their complexity,
Bayesian methods are less widely used in practical breeding than BLUP 79 methods, as
highlighted by Wang et al. [4].

Koivula et al. [7] have compared different estimation methods and found that SNP-
BLUP and G-BLUP yielded the same validation reliability, while H-BLUP (H-matrix best
linear unbiased prediction) provided slightly higher reliability, indicating a marginal advan-
tage of using H-BLUP for genomic evaluation. Lee et al. [8] observed that the reliability of
genomic estimated BVs (GEBVs) increased by an average of 9% over traditional estimated
BVs (EBVs), with a 7% increase in cows with test records and about a 4% increase in bulls
with progeny records. Herrera et al. [9] have evaluated the accuracy of BV estimations
using genomic best linear unbiased prediction (GBLUP) and single-step GBLUP (ssGBLUP)
compared to Pedigree BLUP (pBLUP) in Philippine dairy buffaloes, finding that genomic
methods provided more accurate predictions than pBLUP. Massender et al. [10] studied
two goat breeds and observed a small gain in validation accuracy for GEBV relative to
pedigree-based EBV in the Alpine breed but not in the Saanen breed, potentially due to
limitations in the validation design. Abdel-Shafy et al. [11] reported that using a genotyping
array with 90K markers, the prediction accuracy of 0.61 appears suitable under the current
challenges. Zhang et al. [12] compared pedigree BLUP, GBLUP, and ssGBLUP, finding that
the reliability of EBV can be enhanced by the use of GEBV.

Hayes et al. [13] have applied GBLUP to a Holstein-Friesian reference population and
found that while realized and expected accuracies were reasonably aligned, the expected
accuracies did tend to over-predict the realized accuracies by an average of 8% across
various traits. Echeverri et al. [5] observed that Spearman correlation coefficients between
BVs obtained by different methods exceeded 0.5. The results indicated that while the
magnitudes of the BVs using BLUP, Modified BLUP (MBLUP), and Bayes C varied across
these methods, the rankings of animals based on their BVs did not differ significantly,
and despite methodological differences, the relative genetic merit assigned to each animal
remained consistent. Cesarani et al. [14] have reported that the inclusion of genomic
information could enhance the accuracy of BV estimations and accelerate genetic progress
for milk ability in Italian Simmental cattle. Aguilar et al. [15] evaluated four genetic analysis
methods for U.S. Holstein cattle, comparing pedigree-only, combined pedigree-genomic
(single-step), full data with pedigree, and multi-step approaches. The single-step method,
which integrates both pedigree and genomic information, produced genomic predictions
with accuracy and bias similar to multi-step methods and could adapt to various population
structures. This approach is expected to become increasingly advantageous as more animals
are pre-selected based on genotypes.
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Fessenden et al. [16] emphasized the importance of selection indices in breeding
programs, particularly for predicting an animal’s genetic potential in terms of economic
merit. Their study retrospectively examined the effectiveness of a specific selection index,
which included genomically-enhanced predicted transmitting abilities, to determine its
capacity to forecast observed lifetime profit in U.S. Holstein cattle. The observation is
that selection indices are fundamental in breeding programs, introduced in the 1940s
to promote balanced genetic gains across traits influencing productivity and economic
outcomes, according to Hazel [17]. These indices combine multiple trait data into a single
value, helping to rank animals and guide breeding decisions [18]. Typically, selection indices
estimate the genetic potential for overall economic merit [19]. Commercial genomic tests
commonly incorporate selection indices, enabling dairy producers to evaluate heifers for
strategic culling and breeding [20]. Lourenco et al. [21] found that incorporating genomic
data in livestock breeding, particularly in dairy cattle, enhances the accuracy of estimated
BVs (EBVs) due to improved insights into relationships and linkage disequilibrium (LD)
with quantitative trait loci (QTLs). They noted that while adding female genotypes to
a primarily male training set offers minimal accuracy gains for young bull evaluations,
genotyping females remains valuable for intra-herd selection and identifying elite dams.
Genomic selection thus enables early selection and intensifies genetic progress, particularly
in high-selection pathways.

However, genomic BV estimation and selection have been used in cattle breeding for
several years, and the permanent control of the applied methods may be beneficial, not
only from a scientific but also from a practical point of view.

Although numerous publications exist, studies systematically comparing and eval-
uating various methods of BV estimation under uniform conditions remain limited, and
accessible results derived from a substantial number of cows maintained within the same
herd are conspicuously lacking.

The objective of this study was to estimate BVs using three different methods, such
as the BVpegigree; BVBLUP and BV Genomic, to compare the most significant productive traits
of Holstein-Friesian cows in Hungary. The accuracy, reliability, and usability of the three
BV estimation methods were evaluated for first-lactation cows of similar age born and
managed within the same herd under uniform conditions.

The novelty of this study lies in the validation of BVs by directly comparing different
estimation methods with actual realized performance in uniform environmental conditions,
providing new insights into the practical application of genomic selection in Holstein
cattle breeding.

2. Materials and Methods

This study is based on three types of BV data of 1,616,549 Holstein-Friesian females
validated by the phenotypic performance of 190 first lactation progeny cows.

2.1. The Sample Population Database and the Estimated Traits

The 1,616,549 females used for BV estimation were kept in different herds on different
large-scale dairy farms in Hungary, with an average of 453 milk-recorded, herd-book-
registered cows per herd [22]. The housing system employed a loose-housing free-stall
barn design, featuring either a common lying area or an open lounging configuration.
Milking is usually performed in a milking parlor or on some farms by robotic milking.

The cows were fed a TMR (Total Mixed Ration) based system throughout the year.
The ration consisted mainly of maize silage or silage of other cereals and concentrates of
cereals and protein sources, supplemented with minerals and vitamins. The proportion of
the cows’ daily ration was based on their milk production, lactation or dry period stage.
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The 190 first lactation progeny cows used to validate the different BVs were born in
the same year between March and September 2018. They were reared in the same herd
and kept on the same farm, which is one of the largest commercial Holstein dairies in
the country with 1000 milking, milk-recorded cows. This controlled housing and feeding
regime was essential for minimizing environmental variation, ensuring that the production
traits and genetic evaluations reflected inherent genetic differences.

The 190 cows calved and started their first lactation. After 305 days, complete pro-
duction and type classification performance data were obtained. The production traits
measured were 305-day milk production (MLK, kg), fat production (FAT, kg) and protein
production (PRO, kg).

Three types of BV, pedigree (BVpegigree), traditional (BVpLup) and genomically en-
hanced (BVGenomic), were available for all females.

The processing of the performance and BV data was performed according to the
method described by Stoop et al. [23].

2.2. Breeding Value Estimation Methods

The details of the aforementioned three kinds of BV estimation methods are as below.
The BVpegigree was calculated as a simple mean value of the BVpLyp of the dam and
that of the sire as follows:

BVpedigree = (BVpLUPA + BVBLUPS)/2 1)

(where: BVpegigree = pedigree BV of the cow; BV ypq = BVpLup of the dam; BVpLups = BVLup
of the sire.)

The BVpryp: Using the BLUP model, two matrices were created. One of these was the
database matrix, and the other was the pedigree matrix. The pedigree matrix of relatives
included pedigree data for full sibs, half-sibs, sires, dams, and grandparents. BLUP models
contained information for maternal genetic effects and maternal permanent environmental
effects as random effects. The models were constructed as follows:

y=Xp+Zat+Wpete (2)
(where: “y” is the vector of observations; “b” is the vector of fixed effects; “a” is the vector
of random animal effects; “pe” is the random vector of permanent environmental effects;
“e” is the vector of random residual effects; X, Z and W are the incidence matrices relating
records to fixed, animal and random permanent environmental effects, respectively)

The fixed effects were a herd, year, season, parity and age. Random effects include
genetic and environmental influences specific to individual animals but not systematically
attributable to the fixed effects.

The BVGenomic was estimated using the following: The SNP effect for BVGenomic was
estimated from BVpy yp and its reliability, as well as from the genotype. The derived de-
regressed BV (de-regressed proof, DRP) from the BVp yp was used for the calculation of
the direct genomic BV (DGV), according to Van Raden et al. [24].

DRP =PA + (EBV - PA) X (EDCparents + progeny/ EDCprogeny) (3)

The DGV is based on the Bayesian multi-QTL model of Meuwissen and Goddard [25],
where the effects of dense SNPs across the whole genome are fitted directly without the
use of haplotypes or identical-by-descent probabilities [26]. Although the method can be



Animals 2025, 15, 51

DOI: 10.15477/SZE.WAMDI.2025.009
50f11

applied for multiple traits simultaneously, the routine genomic evaluations are single trait
analyses, i.e., m = 1. For m traits, the model is [23]:

40,947
yi=ptui+ ) ziqite (4)
=

(where: y; = vector of phenotypes (deregressed proofs) of bull i; u = vector of fixed trait
means; u; = vector of random polygenic effects of bull i; g; = vector of random non-
scaled SNP effects for SNP j with alleles 0, 1, and 2, where SNP allele O corresponds to a
missing genotype; v; = random scaling vector for SNP j; z; = design vector for bull i and
SNP j— z;; =[02 0], [0 1 1], [0 0 2] or [2 0 0] for homozygous (AA), heterozygous (AB),
homozygous (BB), or non-genotyped (00) bulls at SNP j, respectively; e; = vector of residuals
of bulli.)

2.3. Correlation and Regression Analysis

To evaluate the normality of the production trait data, the Kolmogorov—Smirnov test
was employed, while Levene’s test was used to assess the homogeneity of variances. A
multifactor analysis of variance (ANOVA) for the mentioned traits was conducted. Pearson
correlation coefficients were calculated between different BVs (rg), moreover between BVs
and phenotype (rgp), as well as Spearman rank correlation between different BVs (rs).
Linear regression was employed to evaluate the relationships among phenotypic traits and
BVs, as outlined by Turney [27]. Throughout the statistical analysis, the methodologies
proposed by Seo et al. [28] were followed. Phenotypic records and EBVs were standardized
to z-scores before calculating correlations.

2.4. Used Softwares

The data were prepared using Microsoft Excel 2019 and Microsoft Word 2019. The
evaluation of the database was carried out using the statistical software package SPSS
version 27.0 [29].

3. Results

The MLK, FAT and PRO of the studied population were quite favorable, as shown in
Table 1. The group of 190 cows was relatively homogeneous in terms of production traits,
indicated by the coefficient of variation (CV%) being less than 15%.

Table 1. The basic statistics of the sampled cows.

Trait MILK (kg) FAT (kg) PRO (kg)
Number of cows (n) 190 190 190
Mean value 10,910.50 397.86 365.33
SD 1453.70 45.24 39.80
CV% 13.32 11.37 10.90
SE 105.46 3.28 2.89
Min 6505 260 196
Max 13781 511 451

MLK = 305-day milk production; FAT = 305-day fat production; PRO = 305-day protein production.

Data in Table 2 reveal a significant range between the minimum and maximum values
of the different BVs; however, the standard errors (SE) relative to the mean values are
relatively low (below 5%). In all instances, the data for BVpegigree are higher than those for
the other two types of BVs. This discrepancy is attributed to the stepwise base change in BV
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estimation carried out every five years between the parental generation and the offspring
cow generation.

Table 2. Basic statistics of the analyzed breeding values.

Trait/Breeding Value N Mean SE Min Max
MILK (kg)

BVpLup 190 739.16 31.55 —397 1779
BV Genomic 190 718.11 32.31 —357 2052
BVpedigree 170 1379.57 29.98 —186 2354
FAT (kg)

BVsLup 190 34.47 1.00 0 65
BV Genomic 190 33.44 1.24 —24 75
BVpedigree 170 55.58 0.97 22 87
PRO (kg)

BVgrup 190 27.01 0.78 -2 56
BV Genomic 190 26.05 0.99 —18 66
BVpedigree 170 49.33 091 6 78

MLK = 305-day milk production; FAT = 305-day fat production; PRO = 305-day protein production;
BVpryp = traditional BLUP animal model; BVgGenomic = genomically enhanced BLUP animal model
BVpedigree = pedigree BLUP model.

Table 3 summarizes the correlation coefficients between BVs and phenotypic perfor-
mances and that of BVs estimated in three different ways.

Table 3. Phenotypic, genetic and rank correlations between breeding values and phenotypic traits.

Correlations (r) BVgLup BV Genomic BVpedigree
MILK Igp =0.70;p <0.01  rgp=048p<0.0l  rgp=0.24;p<0.01
rg =0.67;p <0.01 rg =0.66; p <0.01
BViLup r=0.65p<00l  r,=0.50;p <0.01
_ rg =0.53; p <0.01
BVGenomic rs = 0.40; p< 0.01
FAT rgp = 0.69;p<0.01  rgp =0.32;p<0.01 rgp = 0.15; NS
1, =0.67;p<00l  r5=0.56;p<0.01
BVsrue 15 = 0.65; p < 0.01 15 =0.57; p < 0.01
_ rg =0.43;p<0.01
BV Genomic 1s = 0.41;p < 0.01
PRO rep =0.61;p <001  1gp=03Lp<00l rgp =0.15p<0.05
rg = 0.66; p <0.01 rg = 0.60; p<0.01
BVsrue 15 = 0.66; p < 0.01 rs = 0.12; NS
' 1y = 0.56; p < 0.01
BV Genomic rs = 0.56; p < 0.01

BVpLup = traditional BLUP animal model; BVgenomic = genomically enhanced BLUP animal model
BVpedigree = pedigree BLUP model; rgp = correlation between the phenotype and genotype; rg = genetic correlation;
rs = rank correlation.

The values of correlation coefficients are positive in each case, and most of them are
significant. As is seen in the table, the BVpryp shows a stronger relationship with the
phenotypic performances (rgp = 0.61-0.70) than BV Genomic (tgp = 0.31-0.48). The weakest
association (rg, = 0.15-0.24) between genotype and phenotype was found in the case of
BVpedigree- The BV Genomic Showed moderate and strong association (rg = 0.66-0.67) with
BVgLup. There were also a moderate and strong association (rg = 0.56-0.66) between
BVpLup and BVpegigree and a little bit lower, moderate or strong relationship (rg = 0.43-0.56)
between BV Genomic and BVpedigree-
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The rank correlation values (rg = 0.66-0.67) between BVpyp and BVGenomic indicate
a strong (rs = 0.65-0.66) association. The correlation coefficients (rs = 0.12-0.57) between
the BVpLyp and the BVpegigree and between BV Genomic and BV pegigree also show a moderate
association (rs = 0.40-0.56).

The results of regression analyses for BVs against phenotypic traits are presented
in Table 4. Significant associations were found at a high level (p < 0.01), except for the
BVpedigree for FAT. All regression coefficient (b) values were positive, with the highest
observed for BVpyp (b = 0.17-0.21), followed by BVGenomic (b = 0.10-0.15) and the lowest
for BV pedigree (b = 0.04-0.07). The data clearly demonstrate that the highest determination
(R? = 0.37-0.48) for each phenotypic trait was achieved by BVp yp, with BVGenomic showing
a lower determination (R? = 0.09-0.23) and BVpedigree the least (R? = 0.02-0.06). Among
the production traits, MLK and FAT were more strongly determined by BVs than PRO.
Slope values (b = 0.17-0.21) were positive in each case, being highest for BV yp, lower for
BVGenomic (0.10-0.15), and lowest for BVpegigree (0.04-0.07).

Table 4. Regression analysis results.

Breeding ) Slope Intercept Fitting
Trait (X)
value (Y) SE p a SE p R? P
BVgrur MLK 0.21 0.02 <0.01 —1529.56 172.66 <0.01 0.48 <0.01
BVGenomic =~ MLK 0.15 0.02 <0.01 —879.32 216.02 <0.01 0.23 <0.01
BVpedigree =~ MLK 0.07 0.02 <0.01 665.15 229.32 <0.01 0.06 <0.01
BVpLup FAT 0.21 0.02 <0.01 —48.80 6.51 <0.01 0.47 <0.01
BVGenomic ~ FAT 0.12 0.03 <0.01 —14.20 10.47 <0.01 0.10 <0.01
BVpedigree FAT 0.04 0.02 NS 38.83 8.66 <0.01 0.02 NS
BVpLup PRO 0.17 0.02 <0.01 —33.12 5.75 <0.01 0.37 <0.01
BVGenomic ~ PRO 0.10 0.02 <0.01 —12.12 8.73 <0.01 0.09 <0.01
BVpedigree ~ PRO 0.05 0.02 <0.05 32.06 8.77 <0.01 0.02 <0.05

MILK = 305-day milk production; FAT = 305-day fat production; PRO = 305-day protein production;
BVprup = traditional BLUP animal model; BVgGenomic = genomically enhanced BLUP animal model
BVPpedigree = pedigree BLUP model.

According to both the correlation and regression results, the BVgyp method was
found to be the most reliable, followed by the BV Genomic, and the BVpegigree method showed
the least reliability in the same environmental context.

4. Discussion

BV estimation presents significant challenges, such as accurately representing genetic
effects, minimizing environmental influences, and enhancing the heritability of specific
traits to improve estimation accuracy. Two primary strategies can enhance the precision
of predictions: increasing the number of relatives contributing data for evaluation and
minimizing environmental effects as much as possible [1].

Large-scale genetic evaluations using BLUP techniques can manage data from multi-
ple herds across a country or even broader geographical areas. Furthermore, genomically
enhanced estimation methods facilitate more precise determination of genotypes and allow
for the estimation of BVs at earlier ages of the animals. Schefers et al. [30] highlighted that
genomic selection enhances genetic progress in dairy cattle by improving the accuracy
of genetic predictions for young animals, shortening the generation interval, and increas-
ing selection intensity. These advancements nearly double genetic gains in economically
valuable traits. Breeders now routinely use genomically enhanced BVs (GEBVs) to select
animals for reproduction, while Al companies employ genomic testing to identify elite
bulls and females. This approach has become integral to modern dairy breeding and is
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expected to remain essential in the industry for future progress. Strbac et al. [31] evaluated
six univariate and two multivariate BLUP models for BV estimation in Holstein cattle,
comparing different combinations of the numerator relationship matrix (NRM) and ge-
nomic relationship matrix (GRM). Results showed that a combination of NRM and GRM in
univariate analysis achieved higher accuracy than NRM alone, while multivariate models
with repeated measures gave the highest accuracy for all animals. For genotyped animals,
ssGBLUPp provided the most accurate BV estimates. The study suggests transitioning to
multivariate, repeated measures until a robust reference population is established.

In our model study, which compared different BV estimation methods, we made
efforts to minimize environmental impacts on dairy cow performance.

The results in the same cases are similar; some other cases are slightly different from
the data published in the literature.

In this study, positive correlations were consistently observed both between different
BVs and between phenotypic performances and BVs. This finding partially aligns with
and partially diverges from the results of Echeverri et al. [5], who reported that Spearman
correlation coefficients between BVs obtained by different methods exceeded 0.5, whereas
linear regression coefficients varied between —2.10 and 1.58.

The correlation coefficients between genotype and phenotype, indicated by BVgup,
suggest a high degree of genetic determination (rgp = 0.61—0.71), as further supported by
large values (R? = 0.37—0.48) of the coefficient of determination. BV Genomic demonstrated
medium to high genetic determination (rgp = 0.31-0.62, R? = 0.09—-0.38), albeit less than
that observed with BVpLup. BVpedigree sShowed the lowest correlation (rgp = 0.15-0.29) and
determination coefficients (R? = 0.02—0.08), indicating a weaker predictive ability for the
outcome phenotype compared to the other models.

Considering these correlation and determination coefficients as indicators of accuracy
and reliability, the results of our study suggest that BVgy yp is the most accurate and reliable
method, followed by BVGenomic and finally by BVpegigree-

Our findings align with those of Echeverri et al. [5] and Abaci et al. [6], who concluded
that the prediction of BVs using BLUP, MBLUP and Bayes C displayed differences in
terms of magnitude from the estimated values. Similarly, our results are somewhat in line
with those of Herrera et al. [9], who reported that genomic methods genomic BLUP and
single-step genomic BLUP (GBLUP and ssGBLUP) provide more accurate predictions than
BVpedigrees With average accuracies for GBLUP and ssGBLUP at 0.24 and 0.29, respectively,
compared to 0.21 and 0.22 for BVpedigree- However, our findings diverge from those of
Koivula et al. [7], Lee et al. [8] and Cesarani et al. [14], who observed an increase in the
reliability of BVGenomic over BVpLup.

Further, our results slightly differ from those of Zhang et al. [12], who compared
BVpedigree with GBLUP and ssGBLUP, noting that the reliability of estimated BVs could be
improved from 0.9% to 3.6%, and the reliability of BV Genomic for the genotyped population
could reach 83%.

The variance between our results and those documented in the literature likely stems
from the specific conditions of our study’s herd, which was exposed to minimal envi-
ronmental impacts. This reduced environmental variability might have diminished the
observable advantages of BVGenomic estimation methods compared to the BV yp approach.

The observation that the BVpegigree values are consistently higher than the other two
types of BVs (BVpLup and BVGenomic) While BVpp yp shows the strongest correlation can be
explained by considering the following factors:

Simplified calculation of BVpegigree: BVpedigree 1S based solely on the average of
parental BVs without accounting for additional genetic or environmental factors. This
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method does not incorporate phenotypic or genotypic data specific to the individual, lead-
ing to an upward bias, especially if the parents’ evaluations are themselves overestimated.

Inclusion of phenotypic data in BV yp: BVLyp incorporates phenotypic performance
data, adjusting for environmental effects and providing a more individualized estimate
of genetic merit. This integration enhances the precision and reliability of the predictions,
which likely explains its stronger correlation with actual performance.

Impact of genomic information in BVGenomic: BVGenomic uses SNP data to enhance
accuracy but depends on the size and structure of the reference population. In cases where
the reference population is small or not representative, the genomic prediction may have
lower accuracy, potentially leading to weaker correlations compared to BV yp.

Greater variability in BVpegigree estimates: Since BVpegigree lacks adjustments for
individual-specific data, it may exhibit greater variability compared to BV up or BV Genomic-
This could explain why it is consistently higher but less strongly correlated with ac-
tual performance.

In uniform environmental conditions, as indicated in the study, BVpyp may better
capture the genetic contribution to traits due to its reliance on phenotypic data, resulting in
stronger correlations compared to BVpedigree OF BV Genomic-

We hope that by integrating BV results into herd management strategies, producers
enhance the overall efficiency and profitability of their operations, demonstrating the
practical utility and impact of the genetic evaluation procedures validated in this study.

5. Conclusions

This study demonstrated significant differences in the accuracy and reliability of
BVs estimated using BVpegigree, BVBLUP and BV Genomic under identical environmental
conditions in Hungary. BV yp exhibited the highest reliability, followed by BV Genomic and
then BVPedigree'

Our finding does not diminish the relevance and applicability of the BVgenomic since
it provides critical time-saving advantages, offering earlier predictions for traits such as
management, longevity and lifetime performance. It also allows farmers to optimize herd
size and reduce maintenance costs. However, BVgyyp may serve as a complementary
control, ensuring robustness in genetic evaluations where feasible.

The results obtained in this study highlight the importance of tailoring breeding
strategies to specific environmental and population contexts and may improve the accuracy
and application of BV estimation methods in dairy production for female selection.

In addition to all of this, in the future, it would be worthwhile to perform the calcula-
tions repeatedly on a larger database using mixed mathematical methods (e.g., transformed
data). The results obtained on a larger database could provide an opportunity to draw
further conclusions.
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Abbreviations

MLK 305-day milk production

FAT 305-day milk fat production

PRO 305-day milk protein production

BLUP Best Linear Unbiased Prediction

MBLUP Modified BLUP

BV Breeding value

BVgLup BV estimated with BLUP animal model method

BY Ganonmic BLUP animal model enhanced with BV estimated from effects of single
nucleotide polymorphisms (SNP)

BVpedigree BLUP animal model BV calculated from pedigree (parents) BV

EBV estimated conventional Hungarian BV

EDC estimated daughter contributions.

PA parent average (no female EBV is present, this resembles a sire pedigree index)

DRP de-regressed proof/de-regressed BV from the BV yp

DGV direct genomic BV
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Simple Summary: By analyzing the genome of Hungarian Holstein Friesian cows, we looked for
genomic regions which have an effect on the milk, fat, and protein yield. Among the sampled animals
and the investigated nucleotides, nine were simultaneously associated with milk, fat, and protein
yield. Among the nine variants, two had opposite effects; for example, while increasing the value of
milk yield, the other one or two parameters’ values decreased. The acquired knowledge can help
in the planning of breeding schemes to avoid unwanted interactions among the abovementioned
yield parameters.

Abstract: This study aimed to find SNPs that have an effect on the estimated breeding values (EBVs)
of milk (MY), fat (FY), and protein yield (PY) of Holstein Friesian cows in Hungary. Holstein Friesian
cows (n = 2963) were genotyped on a Eurogenomics (EuroG_MDv4) chip. The EBVs for MY, FY, and
PY were obtained from the Association of Hungarian Holstein Breeders (AHHB). The loci associated
with the EBVs were identified via three approaches: the calculation of genetic distance of the SNPs
(Fst_marker), linear regression, and haplotype association tests. Nine SNPs were significantly associated
with MY, FY, and PY located on BTA 2, 5, 28, and X. Among the nine SNPs identified, BTB-00219372
on BTA 5 had a positive 3 coefficient for MY and a negative 3 coefficient for FY and PY. In addition,
BovineHD3000027615 on BTA X had a positive 3 coefficient for both MY and PY, as well as a negative
f3 coefficient for FY. The identified SNPs were located near several genes that remain unstudied in
cattle, which are potential targets for closer scrutiny in relation to milk properties. The markers
associated with two or three EBVs could be used in selection with high efficiency to accelerate genetic
development and help AHHB experts achieve their breeding. Most marker effects point in the same
direction on EBVs; however, we found that BTB-00219372 and BovineHD3000027615 could be used
with caution to increase one EBV while decreasing the other EBV or EBVs.

Keywords: Holstein; genome-wide association; single-nucleotide polymorphism; estimated
breeding value

1. Introduction

The Holstein Friesian (HF) is perhaps the most recognized and widely distributed
dairy cattle breed worldwide, originating in the Netherlands, where black Batavian and
white Friesian animals were crossed to create a new breed with superior milk-producing
abilities, even under limited feed resources [1]. The Holstein breed rapidly spread to North
America in the 1800s and later to the entire world [1].
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In 1960, The World Holstein Friesian Federation was founded to improve, develop,
and promote the HF breed, with the first international Holstein meeting held in 1964 [2].
The HF breed was introduced to Hungary in the 1970s, and the Association of Hungarian
Holstein Breeders (AHHB) was founded in 1989. At present, the AHHB has more than
900 members possessing over 248,000 cows [3].

Advances in molecular genetics, especially in the typing of single-nucleotide poly-
morphisms (SNPs) using the microarray technique, and the availability of genomic data
on many individuals have radically changed the entire dairy sector worldwide [4]. DNA
microarray-based genomic investigations on Holsteins in the United States started in 2009
and were quickly recognized as a valuable tool for selective breeding [5].

In the last few years, several genome-wide association studies (GWASs) were per-
formed to identify the loci associated with different production traits in HF cattle. For
instance, in Chinese HF, several SNPs were linked to various milk production traits [6], milk
fatty acid [7], milk protein composition and/or protein percentage [8], udder health, and
conformation [9,10]. In Irish Holsteins, novel SNPs have been associated with milk produc-
tion using advanced statistical methods [11]. In Nordic Holsteins, SNPs were revealed [12]
affecting both milk production and mastitis resistance. A large-scale GWAS in US Holsteins
has confirmed previously identified SNPs and uncovered new genetic effects on various
milk production traits [13]. Another large-scale study in European countries identified
regions on the Bos taurus genome associated with milk yield (MY) and lactation curve
parameters, supporting both known and novel candidate genes for MY in HF cows [14].

In Hungary, Anton et al. [15] investigated the effect of the lysine/alanine (K232A)
polymorphism at the DGAT1 locus on milk production traits of HF cows. The first GWASs
related to cattle production in Hungary were published in 2018, identifying several loci
associated with the breeding values for fertility and beef [16]. A major breakthrough
in Hungarian HF came with the introduction of genomically enhanced breeding value
(GEBV) estimation in 2017, which blended the genomic best linear unbiased prediction
with traditional breeding values [17], followed by the HUNGENOM project in 2019, pro-
viding a genomic selection tool for Hungarian breeders based on genomic breeding value
estimation [3].

This study, based on the data collected in the HUNGENOM project, aimed to reveal
the combined effects of SNPs on the previously calculated EBVs for milk (MY), fat (FY),
and protein yield (PY) in Hungarian HF cows.

2. Materials and Methods

This study did not require approval from the Ethical Committee on Animal Experi-
ments, since genotyping is part of the routine breeding procedure of the AHHB. All data
concerning the phenotype and genotype of animals were provided by the AHHB. HF cows
were genotyped using the EuroG_MDv4 microarray chip (Eurogenomics, Amsterdam, The
Netherlands) containing 67,227 SNPs. After including only samples with a call rate greater
than 0.95 and SNPs with a call rate above 0.95, as well as removing duplicated samples, the
final dataset comprised 2963 cows and 59,151 SNPs.

EBVs were calculated by the AHHB using 40,947 SNPs based on the genomic breeding
value estimation method specified for Hungarian data [18], excluding SNPs located on
chromosome X. The genomic prediction model was based on the Bayesian multi-QTL
model [19], where the effects of dense SNPs across the whole genome were fitted directly
without using haplotypes or identical-by-descent probabilities [20]. Although the method
can be applied for multiple traits simultaneously, the routine genomic evaluations are
single-trait analyses, i.e., m = 1. For m traits, the following model was applied:

Yi=u+u+ 2;429147 Zij 4j vj + ¢ (1)

where y; is the (m x 1) vector of phenotypes (deregressed proofs), u; is the (m x 1) vector
of random polygenic effects, and ¢; is the (m x 1) vector of residuals of animal i; y is the
(m x 1) vector of fixed trait means; gj is the (3 x 1) vector of random non-scaled SNP effects
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for SNP j ([40947]) with alleles 0 (missing), 1 (A), and 2 (B); vj is the (1 x m) random scaling
vector for SNP j; and z;; is the (1 X 3) design vector for animal iand SNPj ([020],[01
1,[002], 0r[200 ] for homozygous [AA], heterozygous [AB], homozygous [BB], or
non-genotyped [00] animals at SNP j, respectively).

For the GWASs, the animals were divided according to their EBVs for MY, FY, and PY
(EBV itk EBViat, EBVprot, respectively). First, in each EBV category, high and low valued
groups were created as follows: EBV ik nigh > 1465, EBV il 1ow < 328; EBV ¢ pigh > 65,
EBViat 1ow <19; EBV ot high > 51, EBV ot 1ow < 21. For each trait (EBV ik, EBV i, EBVprot),
three independent approaches (genetic distance of the SNPs (Fst_marker), linear regres-
sion [21], and haplotype association tests [22]) were calculated using the SNP and Variation
Suite 8.8.1 (SVS) software (Golden Helix, Bozman, MT, USA). The flow diagram of the
procedure is illustrated in Figure 1.

Milk yield Fat yield Protein yield
Fst_mrkr LinReg Htype Fst_mrkr LinReg Htype Fst_mrkr LinReg Htype
Milk Fat Protein
Common top SNPs Common top SNPs Common top SNPs

Common SNPs, at least in two categories

Figure 1. Flow diagram of the search for single-nucleotide polymorphisms (SNPs) associated with
two or three of the estimated breeding values (EBVs). First row: EBV values for MY, FY, and PY
obtained from the Association of Hungarian Holstein Breeders; second row: the applied tests for each
trait (Fst_mrkr: genetic distance of SNPs, LinReg: linear regression, Htype: haplotype association);
third row: the top SNPs found using different tests were identified for each trait; fourth row: the top
SNPs shared by two or three traits were identified.

In haplotype association tests, the window size was set to 5 markers; a chi-squared
test was performed for each haplotype. The haplotypes were constructed using the ex-
pectation maximization (EM) algorithm (maximum EM iteration = 50, EM convergence
tolerance = 0.0001). After visual inspection of the Manhattan plots (Figure 2) of the EBV ,jjx,
EBVi,t, and EBV ot associations, the threshold values for F; g4 and —logio(p) in linear
regression or haplotype association were 0.06, 8, and 8 for EBV ,,;;x; 0.06, 9, and 9 for EBV,;
and 0.08, 9, and 9 for EBV o1, respectively. The SNPs above the thresholds were deter-
mined for each trait (third row in Figure 1), and those associated with at least two traits
were identified (fourth row in Figure 1). The false discovery rates [23] of the identified
74 SNPs ranged from 1.3 x 1072! to 6.0 x 10~%. Indices were created for the F; ,uarker,
linear regression, and haplotype association analysis results by rescaling the values from 0
to 1 and averaging them.
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Figure 2. Manhattan plots of the associations of EBVs for milk (EBV ,;i; left), fat (EBVy,; middle),
and protein (ENVpyot; right) with Fg marier (top row), linear regression (middle row), and five-SNP
haplotypes (bottom row). The green lines are the thresholds above which the markers are considered
as top hits.

The B. taurus genome assembly ARS-UCD1.2 was used to look for genes located
=£1 million base pairs (Mbp) from the common hits (Tables 1 and S1). When no gene was
mapped within =1 Mbp, the distance was extended to =3 Mbp.

Table 1. The 74 SNPs associated with at least two of the examined traits.

SNP no. EBVmilk EBVfat EBVprot
5 + +
44 + +
16 + +
9 + + +
Total 58 30 69
3. Results

Five SNPs associated with EBVs for MY and FY were identified on BTAs 9, 18, and 19.
In addition, we discovered 44 SNPs associated with EBVs for MY and PY located on BTAs
1-6, 11, 13-15, 18, 19, 24, 28, and X. Moreover, 16 SNPs were related to EBVs for FY and PY
on BTAs 3, 11, 19, 22, and X. Furthermore, nine SNPs were associated with EBVs for MY, FY,
and PY located on BTAs 2, 5, 28, and X (Table 1, Supplementary Table S1). The maximum
values of the identified SNPs were 0.17 for Fg; marker, 24.9 for the —logjo(p) of the linear
regression, and 26.4 for the —log;o(p) of the haplotype association. Among our findings, the
most prominent hits, mean values >0.8 (Supplementary Table 52), were located on BTAs 2,
11, 19, 28, and X for MY; BTAs 3, 22, 28, and X for FY; and BTAs 1 and 28 for PY. Among
the nine SNPs associated with the EBVs for MY, FY, and PY, seven were among the top
(means > 0.8), three of them within 1.18 million base pairs on BTA 28.

3.1. SNPs Associated with Two EBVs and Their Surrounding Genes

The genes found in the vicinity of the top SNPs examined are summarized in Sup-
plementary Table S1; the descriptions and references of them are given in Supplement
File S1.

3.2. SNPs Associated with EBV i, EBV s, and EBV pyor and Their Surrounding Genes

Nine SNPs on BTAs 2, 5, 28, and X were associated with EBV i, EBV gy, and EBVpyot.

No genes were within +3 Mbp of the two SNPs on BTA 2 (Supplementary Table S1).
The one SNP on BTA 5 was near two genes: PPFIA2 and METTL25. On BTA 28, we
identified three genes (CCSER2, SHLD2, and ANXAS8LI), while on chromosome X, the
abundance of the genes was elevated.
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4. Discussion

This study aimed to identify the SNPs associated with ENVs for two or three milk
traits. It used three algorithms to identify the associated SNPs (Figure 1) and used the
top hits (Figure 2) to identify the candidate genes. Many of the surrounding genes have
already been studied in B. taurus, B. indicus, or Bos grunniens and are associated with milk
characteristics, weight, collagen synthesis, or sperm quality.

On BTA 5, PPFIA2 has been associated with regulation of the reproduction process [24].
The gene was identified as a candidate gene for 305-day MY in Guzera cattle [25]. Further-
more, it was also associated with MY and FY in several Thai dairy cattle populations [26].
METTL25 was identified as a candidate gene for claw disorder digital dermatitis in HF and
Simmental cows and may affect disease resistance [27].

On BTA 28, mutations in CCSER2 were found to affect the fat, protein, casein, and lac-
tose traits of Gannan yak milk [28]. SHLD2 is an effector of transformation-related protein
53 binding protein 1 (TRP53BP1/53BP1) and was critical in suppressing large deletions
within the immunoglobulin heavy-chain locus in mice [29]. The gene ontology annota-
tions associated with ANXAS8L1 included calcium ion binding and calcium-dependent
phospholipid binding [30].

On BTA X, FMR1 has been associated with bull fertility traits [31] and fragile X
syndrome [32]. FMRINB has an unknown function that is predicted to be a membrane
protein [33]. AFF2 is implicated in fragile X syndrome in Nelore cattle [34]. Mutations
in IDS cause mucopolysaccharidosis type 1I, also known as the Hunter syndrome [35].
AKAP4 is expressed in various tissues and may play a role in defects in sperm flagellum
and motility [36]. CCNB3 is expressed in various tissues and is indispensable for female
fertility in mice [37]. DGKK was associated with hypospadias in humans and Holstein
cattle, which is a congenital defect of the genital region [38]. SNPs in SHROOM4 have been
associated with intellectual developmental disorder and epilepsy [39]. Mutations in BMP15
have been associated with fresh sperm motility in Holstein bulls, making it a potential
marker for sperm quality [40]. NUDT10 and NUDT11 are luteinizing hormone-regulated
genes in bovine granulosa and have major roles in ovarian function in Holstein cows [41].
CXHXorf67 is associated with endometrial stromal sarcomas [42]. GSPT2 is involved in
translation termination and mRNA decay. It may be involved in mRNA stability [43].
MAGED1 and MAGED4B showed very high expression during estrus [44]. Mutations
in HEPH can cause severe microcytic anemia in mice [45]. VSIG4 was associated with
macrophage activation by regulating the pyruvate metabolism of mitochondria [46]. MSN
has roles in lymphocyte homeostasis and primary immunodeficiency diseases [47]. LAS1L
may be involved in neurogenetic disorders in humans [48]. ZC3H12B is involved in the
proinflammatory activation of macrophages [49]. ZC4H2 has been identified as a candidate
gene for semen quality and fertility in Egyptian buffalo bulls [50]. ASB12 may play a role
in muscle fiber growth in different cattle breeds [51]. AMERI is a potential candidate
gene for X-linked hereditary diseases in cattle [52]. ARHGEF9 is a potential candidate
gene for X-linked hereditary diseases and cognitive impairment in cattle [52]. In humans,
SPIN4 is associated with overgrowth syndrome and hyperekplexia [53]. Markers covering
the ZXDB region were highly differentiated in German Mutton compared to Dorper and
Sunit sheep [54]. ZNF674 is implicated in non-syndromic X-linked cognitive disabilities in
humans [55].

In our study, DGAT1 was not among the top hits due to our filtering setup of the
association results. As shown in Figure 2, the applied threshold on the Manhattan plots for
PY did not allow the peak at the beginning of BTA 14 to be included in our comparison.
Regarding FY, of the algorithms and filters applied, only haplotype regression identified the
DGATT1 region. However, this region was retained among the top hits for MY. On BTA 2, two
SNPs associated with the EBVs for MY, FY, and PY (Hapmap47966-BTA-47563, ARS-BFGL-
NGS-113042) were 2 Mbp from markers associated with MY reported by Minozzi [56].

Atashi et al. [14] identified three regions on Bos taurus autosome (BTA) 14 containing
SNPs associated with MY. Our combined hits associated with EBVs for at least two of the
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examined traits were not within 3 Mbp of these genes. Jiang et al. [6] identified several
SNPs associated with multiple milk production traits in Chinese Holsteins, where three
SNPs on BTA14 were associated with MY, FY, and PY. Meredith et al. [11] identified no sig-
nificant SNPs associated with MY, FY, and PY in Irish HF cows. In the Hungarian Holstein
population, we did not find SNPs on BTA14 associated with these traits simultaneously.

Jiang et al. [13] reported three genes (solute carrier family 4 member 4 [SLC4A4],
ADAM metallopeptidase with thrombospondin type 1 motif 3 [ADAMTS3], and GC vita-
min D binding protein [GC]) on BTA6 that had significant additive effects on the MY and
PY of US Holstein cattle. In addition, two SNPs on BTA5 (rs41257416 [position: 105,870,613]
and rs110000229 [position: 105,804,923]), located very close to our SNPs, had significant
additive effects on PY. Pedrosa et al. [57] described 98 genes located on BTA14 associated
with milk production traits (MY, FY, PY, FP, and PP) in North American Holstein cattle. A
review article published by Bekele et al. [58] mentioned 136 SNPs significantly associated
with two or more milk production traits in Holstein cattle and crossbreds. Out of them,
fifty-three, eighteen, ten, and seven SNPs were located on BTAs 14, 6, 20, and 1, respectively.
Our top SNPs associated with three traits were located on BTAs 2, 5, 28, and X.

Kolenda et al. [59] found that the PAEP gene (beta-lactoglobulin) was associated with
MY, FY, and PY. In our study, we identified a marker close to this gene, which was associated
with EBVg,¢ and EBVrot. Regarding EBV y, the closest marker on BTA11 was 5.5 Mbp
from PAEP (Supplementary Table S1).

PPFIA2 has been identified as a candidate gene in connection with MY and FY [25,26], and
it takes part in the regulation of reproduction [24]. As for PPFIA2, we found a connection
not just with EBVg, and EBV ot but with EBV ;c as well.

Several genes around the top hits either had not been studied in cattle and/or had an
unknown function. In other cases, their described function in other mammals suggests
influences on EBVs. We believe all genes near the associated SNPs warrant more detailed
functional studies. In Supplementary Table S1, we underlined those candidate genes which
take part in calcium transport (EFCABI10, SBSPON, JPH1, EMCS, CACNAIF, ANXASLI),
starred genes with collagen-related processes (TAPBPL*, P4HA3*), and cfm-labeled some
genes known to have cilia and flagella functions (SPACA9™, B9D <™, CCDC13™) and /or
known to be membrane proteins.

We were also interested in whether the regression coefficients of the SNPs reported
here were all positive or negative across the three EBVs. While most regression coefficients
were found to be in the same direction (i.e., consistently negative or positive for EBV ;,
EBV¢,, and EBVpyot), two SNPs showed opposite signs. BTB-00219372 on BTA 5 had
a positive 3 coefficient for MY but a negative (3 coefficient for FY and PY. In addition,
BovineHD3000027615 on BTA X had a positive 3 coefficient for MY and PY but a negative
B coefficient for FY (Supplementary Table S2). The first case might reflect cases where cows
produce more but slim milk, which can be a problem in profit realization, including calf
rearing. The second case means higher MY and PY but lower FY, which might affect the
enjoyment value of milk [60] and the quality of the cheese products.

Since not just linear regression was used to determine the common sets of SNPs, we
standardized the results of the three algorithms by rescaling their values between 0 and
1 and averaging them for each EBV. The means of the rescaled values for the top alleles
associated with EBVs for at least two of the studied traits ranged from 0.445 to 0.9260.
The strongest signal was for SNP BTA-64158-no-rs on BTA 28 (Supplementary Table S2,
Figure 2) with ENVs for all three examined traits. Supplementary Table S2 and Figure 3
show that 58 SNPs were significantly associated with EBV ,;;x (orange bars), while 16 SNPs
were significantly associated with EBVy,; (blue bars). We identified 5 SNPs associated with
the EBVs for MY and FY (BTAs 9, 18, 19), 44 SNPs associated with the EBVs for MY and PY
(BTAs 1-6, 11, 13-15, 18, 19, 24, 28, and X), and 16 SNPs associated with the EBVs for FY
and PY (BTAs 3,11, 19, 22, and X).
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Figure 3. The 74 SNPs associated with EBVs for two or three of the examined traits. The orange
(EBV k), blue (EBVy,;), and gray (EBVprot) bars correspond to the regression f coefficients of each
SNP (Supplementary Table S2). SNPs associated with all three EBVs are shown in boxes. At the top
of the figure, the plus and the minus denote all positive or all negative § coefficients across traits. Red
boxes denote SNPs where the B coefficients were opposite, e.g., FY and PY were negative while MY
was positive on BTA 5, and FY was negative while MY and PY were positive on chromosome X.

5. Conclusions

Our study exclusively focused on the SNPs and candidate genes associated with EBVs
for two or three milk production traits (MY, PY, and FY) in HF cows in Hungary. Notably,
nine SNPs were associated with the EBVs for MY, FY, and PY (BTAs 2, 5, 28, and X). Some of
the identified markers were located very near to previously reported chromosome regions
or genes that were not previously linked to milk parameters in cattle or linked to other
properties. Other genes reported to have an effect on and/or that could be linked to milk
properties (SBSPON, KLHLS, SLC35A2, SLC38A5, CTH, SPACA9, PAEP, CTNNB1, OXTR,
PIN4, PPFIA2, and CCSER2) were also found in our study (for genes KLHL8, SLC35A2,
SLC38A5, CTH, CTNNB1, OXTR, and PIN4, see Supplementary Table S1 and Supplement
File S1). Several genes like EFCAB10, GLOD5, NONO, and TMEM?70 were reported in
this study and have not been previously investigated in connection with milk properties

in cattle.

Regarding the marker effects, they exhibited a consistent directional influence across
EBVs. However, two markers, BTB-00219372 and BovineHD3000027615, showed diver-gent
effects. Since these markers could be used to selectively increase one EBV while potentially
decreasing others, special consideration when using these markers in selective breeding
programs is required.

These findings provide new information that could accelerate genetic progress and
may help specialists from the AHHB achieve their breeding and selection goals in the
Holstein population in Hungary.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14233518/s1, Table S1: The names of the markers associated
with two or three EBV values, their genomic positions (B. taurus genome build ARS-UCD1.2), and
genes found around the markers; Table S2: The means of rescaled values of the applied algorithms
and regression beta values of linear regressions on EBVs for MY, FY, and PY; Supplement File S1:
SNPs Associated with Two EBVs and Their Surrounding Genes.
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Keeping Holstein cows requires a strategic approach that maximises milk production and promotes sustainability
and resilience. As global demand for dairy products continues to grow, it is increasingly important to balance
the development of the industry with environmental protection. Integrating genomics and targeted breeding
strategies in dairy production can significantly improve sustainability and efficiency. Genomic selection uses
deoxyribonucleic acid (DNA) markers and single nucleotide polymorphism (SNP) information to predict the
genetic value of an animal, allowing breeders to select beneficial traits such as disease resistance, longevity,
fertility, and feed efficiency. This not only increases productivity but also reduces environmental burden. Tailored
breeding strategies can improve herd health and productivity and ultimately reduce the environmental footprint
per unit of milk. Managing “modern” Holstein cows with a focus on sustainability and resilience means
implementing practices that promote animal welfare, minimise environmental impacts, and ensure the long-term
viability of the dairy farm. In the context of modern Holstein cows, the term modern refers to Holstein cows that
have been selectively bred and managed using contemporary agricultural practices and scientific
advancements. These practices include the application of genomics, precision breeding programs, advanced
dairy cattle health care techniques, and updated herd management practices. Modern Holstein cows have been
adapted and bred to meet the demands of today’s dairy industry, considering factors like economic milk
production, disease resistance, and environmental sustainability. The outcome of integrating genomics-targeted
breeding and feeding strategies in Holstein cow management aims to enhance sustainability, productivity, and
animal welfare, which would result in a more efficient and environmentally responsible dairy industry.

1. Introduction

The Holstein Friesian cattle is the dominant dairy breed in the world, including in Hungary, in terms of population
number, level of production, and contribution to global milk production. Besides the advantages of intensive milk
production using Holsteins, many experts and non-primarily experts criticise the sector for emitting greenhouse
gases (GHG) and significantly contributing to global warming (Naranjo et al., 2020;). Numerous scientific works
suggest that global warming, as a facet of climate change, represents a great challenge from a sustainability
point of view (Peterson and Mitloehner, 2021). Several studies have indicated that livestock production,
including transport, processing, and consumption, has a relatively large impact on climate change (Milani et al.,
2011). According to the European Environment Agency (EEA), the EU-27’s agricultural GHG emissions in 2021
were 378,430 kt CO2 equivalent (eq.), 11 % of total emissions. Livestock accounts for 245,448 kt CO2 eq. (64.85
%), of which cattle enteric fermentation is responsible for 155,937 kt CO: eq. (63.53 %) and manure
management for 28,613 kt CO2 eq. (11.65 %). In Hungary, the agricultural sector contributes 12.55 % of total
GHG emissions (7,202 kt CO2 eq.). Within this, livestock accounts for 3,506 kt CO2 eq. (42.43 %), with cattle
enteric fermentation constituting 1,966 kt COz eq. (56.07 %) and manure management, adding another 591 kt
CO2 eq. (16.85 %). Extensive research and practical experience suggest that promoting sustainable milk
production from this breed could play a crucial role in mitigating climate change. Therefore, it is essential to
focus on the management of Holstein cows, ensuring their high-quality production remains sustainable for the
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future. This review aims to explore the key elements of sustainable management for Holstein cows, highlighting
areas like genetic selection, nutrition, feed management, animal health, welfare, manure handling, waste
management, energy efficiency, and water conservation.

2. Key Elements of Sustainability in the Dairy Sector

While many publications address the sustainability of intensive dairy production, the majority focus primarily on
its impact on climate change. Although this impact is undoubtedly crucial, sustainability encompasses numerous
other factors, some of which may be limiting. A more holistic approach to sustainability, considering multiple
factors simultaneously, is needed.

This review seeks to explore various management elements contributing to the sustainability and resilience of
Holstein cow milk production. By collectively addressing these elements, the environmental footprint of Holstein-
based dairy operations can be further reduced. The key sustainable practices for managing Holstein cows
discussed in this study include:

Genetic Selection: to balance production traits with factors like health, fertility, and longevity. Breeding
programs should aim to develop cows that are adaptable to different environments, have good immune systems,
and exhibit natural behaviours.

Nutrition and Feed Management: implementing sustainable feeding practices, such as incorporating locally
sourced feeds, reducing reliance on imported feeds, and optimising ration formulations to minimise waste and
environmental impact.

Animal Health and Welfare: Implement comprehensive animal health management protocols, vaccination
programs, regular veterinary care, and preventive measures against common diseases.

Manure and Waste Management: implement effective manure management strategies, anaerobic digestion
systems, composting, and nutrient management plans.

Energy Efficiency and Renewable Energy: Reduce the environmental footprint of the dairy operation by
implementing energy-efficient practices. Optimise energy use in barns, milking parlours, and other facilities
through efficient lighting, ventilation, and equipment.

Water Conservation: Implement water conservation practices, efficient watering systems, leak detection and
repair, and responsible water use.

Knowledge Sharing: In the dairy industry, effective knowledge sharing is crucial for optimising production,
enhancing sustainability, and navigating the evolving challenges and opportunities of the sector.

2.1 Genetic Selection

For a long time, the objective of genetic selection in the Holstein breed was to increase milk yield, butterfat, and
protein. However, unfavourable genetic relationships among traits of great relevance to the industry (milk yield
and fertility or welfare) have deteriorated some economically important traits, which has consequently motivated
the development of more efficient breeding strategies for the increased long-term sustainability of the dairy cattle
industry (Cole and VanRaden, 2018). Later on, the production aim was supplemented by conformation traits,
with some functional traits such as longevity and calving ease (Brito et al., 2021). Together with intensive
selection, the development of intensive dairy systems has been developed by innovations and technological
breakthroughs, among which conventional genetic selection played a major role over the past decades (Miglior
et al., 2017). Yet, the strong focus of the dairy industry on ensuring food security through higher productivity
raises concerns about other sustainability dimensions (Clay et al., 2020). This situation requires a new breeding
strategy, the simultaneous selection of productivity and functional traits such as adaptation, welfare, and
resilience. Despite the major signs of progress in productivity, the long-term success of the dairy industry
depends on the adoption of more sustainable breeding goals and management practices, especially from an
agroecological perspective (Bito et al., 2021). The long-term sustainability of the dairy cattle industry depends
on the development of balanced breeding goals to simultaneously improve animal health and welfare, productive
efficiency, environmental impact, food quality and safety while minimising the loss of genetic diversity.

Genetic selection for some of these breeding goals has already been implemented around the world (Cole and
VanRaden, 2018). Genetic selection is now based on a modern IT solution, DNA analysis and genomic breeding
value estimation that allows us to make selection decisions not only on production, milk components (fat,
protein), and functional conformation but also management traits with low heritability health and welfare, heat
tolerance, adaptation and emission-related traits. The young animals could be genotyped at an early age, shortly
after birth, pulling hair samples with follicles or even before birth using in vitro Embryo Transfer and embryonic
cell biopsy techniques. The sampled DNA is analysed, and SNP information is used for calculating the
Genomically Enhanced Breeding Values. This information provides a reliable tool for predicting their future
performances in the dairy herd and can be used as a herd-size optimising practice to select or cull the given
animals for dairy production. The minus variants could be inseminated with beef bulls, i.e., “Beef on Dairy”
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program, while others with higher genetic merits would stay in the farm to raise the genetic level of the whole
herd, capable of higher milk production more efficiently, reducing the environmental impact of milk production
per produced units of milk. The selection index is the Holstein Global Index, which, besides production traits
(Fat and Protein), includes health and management traits such as Somatic Cell Count Score, Productive Life,
Feet and Legs, and Calving Ability. It is estimated from the Breeding Value of the individual traits. This selection
scheme could help to meet the requirements of sustainability and resilience. Holstein cows have been
selectively bred for high milk production. However, focusing solely on milk yield can lead to challenges in terms
of sustainability and resilience. It is important to balance production traits with factors like health, fertility, and
longevity.

Breeding programs should aim to develop cows that are adaptable to different environments, have good immune
systems, and exhibit natural behaviours. Genetic selection has also been a major driver in increased
productivity, longevity, and efficiency of dairy cows, further reducing the environmental impact per unit of milk
production (Pryce and Haile-Mariam, 2020).

HUNGENOM Project The National Association of Hungarian Holstein Friesian Breeders successfully runs a
genomics-based selection scheme for participating Holstein Dairy Farms, the HUNGENOM project. It has 73
active herds, 52,975 DNA (hair)samples analysed since the start of this program in 2019 and published 51,165
Breeding Values that serve as a base for making breeding/culling or crossbreeding decisions.

2.2 Nutrition and Feed Management

Feeding dairy cows is an important factor from an economic and environmental point of view. Feeding strategies
and methods are important tools for improving the efficiency of milk production, as well as the emission of
greenhouse gases, in order to help sustainability and welfare. There are many promising opportunities for further
reducing emissions and helping sustainability through feed and waste additives (Martin et al., 2017.) Nutrition
of dairy animals has also allowed for a substantial improvement in production via the use of total mixed-rations
(TMR) balanced for nutrient and energy requirements accounting for each animal’'s age and stage of lactation
(National Research Council, 2001). More energy-dense or more digestible feedstuffs result in additional energy
available to the animal and generate less CH4 from fermentation (Knapp et al., 2014). An increase in the starch
proportion of the diet, such as through an increase in concentrate levels, also results in a more rapid
fermentation of these feedstuffs and decreased CHa production (Johnson and Johnson, 1995). Feeding higher
starch diets requires increased grain production, which can cause additional consumption of fossil fuel and
fertilisers that results in an increase in N20 and COz (Johnson et al., 2002); however, this system is usually
offset by the substantial decrease in overall in CH4 emissions (Lovett et al., 2006). Feeding of cereal forages
can also favour propionate production and reduce CHas emissions due to the higher starch concentration
(Beauchemin et al., 2009). Higher concentrations of legumes, such as alfalfa, when compared with grass forage-
based diets, can also lead to an overall decrease in CH4 emissions (McCaughey et al., 1999). Age of harvest of
forage also has a significant impact on emissions, with advancing maturity resulting in more lignified and less
fermentable substrate contributing to increasing emissions associated with higher ruminal acetate (Pinares-
Patifio et al., 2003). In addition to alterations in forage or concentrate composition and ratio, supplementation of
lipids to dairy cattle diets can also mitigate enteric emissions (Hristov et al., 2013 a). Replacing concentrates
with lipids results in a decrease in fermentable substrate by the microbes in the rumen and can also decrease
total protozoa and methanogen populations (lvan et al., 2004). An inclusion of high-oil by-products, such as
distillers’ grains or oilseed meals, can result in decreased CH4 emissions (Hristov et al., 2013b). Research on
ensiled feeds in relation to enteric emissions is generally lacking, although it is anticipated that corn silage will
mitigate emissions due to its higher starch content (Gerber et al., 2013). When directly comparing grass-versus-
corn silage, a higher inclusion of corn silage seems to mitigate enteric CH4 emissions (Doreau et al., 2012).
There are many potential methods to mitigate enteric emissions through alterations to nutrition strategy and
composition (Hristov et al., 2015). Optimal nutrition plays a critical role not only in GHG emissions but also in
the health and productivity of Holstein cows.

2.3 Animal Health and Welfare

Consumers are interested in the safety and quality of dairy products (Drake, 2007). However, more recently,
there has been increased interest in the care and housing of cows that produce milk and its associated products
(von Keyserlingk et al., 2009). A fundamental condition for the production of large-quantity and high-quality milk
is that the health and welfare of the cows must be adequate. The association between herd size, milk production
level, health, and welfare is complex and affected by many factors Chapinal et al. (2014a), including the
managerial skills of the farmer, rate of herd expansion, facilities, training and experience of personnel, and the
ratio of caretakers to animals. Barkema et al. (2015) provided evidence that larger farms in both the United
States and China have a lower prevalence of lameness, corroborated by Chapinal et al. (2014b). However,
according to Anastacio et al. (2014), herd-level and within-herd prevalence of infectious diseases in general
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increase with increasing herd size (Wolf et al., 2014). This association may be confounded by recent herd
expansion, including the purchase and mixing of animals from multiple sources, rather than being an effect of
herd size itself. In many European countries, disease control programs have included the detection of DNA or
antibodies in milk (Houe et al., 2006). Ensuring the well-being of Holstein cows is essential. Besides, the
comprehensive animal health management protocols provide comfortable housing that allows for natural
behaviours and promotes cow comfort, such as well-ventilated barns with adequate space, proper bedding, and
clean water sources.

2.4 Manure and Waste Management

Holstein cows produce a large amount of manure, which can impact the environment if not managed properly.
This waste is a significant source of N and P that, when land applied in excess of crop requirements, can cause
contamination of surface water (Knowlton and Cobb, 2006). Excess N can also contaminate ground water
through leaching. This poses a problem for human and animal health as consumed nitrate from drinking water
is converted to nitrite in the digestive tract. One compound that affects air quality produced by dairy cattle is
NHs. Ammonia is produced when N in urea from the animal’s urine reacts with urease present in manure (Place
and Mitloehner, 2010). A substantial GHG produced by dairy cattle waste is methane. The amount of CH4
emitted by dairy waste is dependent on the amount of carbon, hydrogen, and oxygen present in the waste,
making manure storage, diet, and bedding major contributors to total CH4 production (Place and Mitloehner,
2010). Implementation of effective manure can help capture and utilise the nutrients in the manure, minimise
water pollution, and reduce greenhouse gas emissions.

2.5 Energy Efficiency and Renewable Energy

It was revealed that production growth is the dominant contributor to the increase of GHG emissions (Kim and
Kim, 2012), while changes in the energy mix, especially the contribution of renewable energy sources, reduce
the GHG emissions (Marques et al., 2019). To maintain high milk quality, including low bacteria counts, milk
cooling ensures a raw milk temperature of around 3-4 °C. Cooling systems are major energy users. Data are
reported from 6.4 to 33.4 Wh/kg milk for CM (conventional milking systems) and 6.4 to 38.7 Wh/kg milk for AMS
(automatic milking systems) (Upton et al., 2013). Warm water is required for technological needs, such as
cleaning milking equipment, materials and buildings. The main systems for water heating are electric boilers or
boilers heated by natural gas. Data range from 3.3 to 22.8 Wh/kg milk for electric boilers measured in Finnish
dairy farms by Rajaniemi et al. (2017). Appropriate lighting can improve productivity and safety on a dairy farm.
The average values for the contribution of lighting to the total milking process were 1.4 Wh/kg milk (Shine et al.,
2018) and 32.1 Wh/kg milk for incandescent lamps (Houston et al., 2014). Besides the unit operations mentioned
above, a number of other electricity uses are common in dairy farms. Data for miscellaneous energy users range
from 4.1 to 38,8 Wh/kg milk. Despite ample evidence in the literature for the positive effects of solar panels on
reducing fossil energy use, there is only partial support for the hypothesis, stating that “Dairy farms using solar
panels are more energy efficient” (Houston et al., 2014). However, as it is fossil-fuel-generated energy use that
is most pivotal for reducing greenhouse gas emissions, the generation of solar energy proves to be an important
measure to make the sector more climate-proof, although attention should also be paid to the rebound effects
of solar energy use, which are reflected in an increase in overall energy use (Qiu et al., 2019). At the same time,
it is very important to reduce the environmental footprint of the dairy operation by implementing energy-efficient
practices.

2.6 Water Conservation

Water is used in many aspects of dairy production within dairy barns. The total water footprint of the dairy
industry makes up 19 % of the global water use of all animal production, second only to the beef industry at
33 % (Mekonnen and Hoekstra, 2012). However, it has been estimated that the overall water footprint of milk
production is 1 m®/kg of milk (Mekonnen and Hoekstra, 2012). This represents a substantial amount of water
that could be partially conserved throughout the production system on the farm (House et al., 2014). Robinson
et al. (2016), based on their comprehensive study, came to the conclusion that free-stall dairy automated milking
systems use more water on a daily basis than tie-stall and free-stall parlour operations. This leads to the
reasoning that seasonality is a key factor in water use. Given that robotic facilities, which are becoming more
common as milking systems, use a great amount of water, the industry should target efficient water-use
strategies for these systems. Proper management of runoff and wastewater can also help prevent water
contamination and protect local water sources.

2.7 Knowledge Sharing

To stay informed about sustainable practices, emerging technologies, and advancements in cow management,
it is vital to engage with industry experts, researchers, and fellow farmers. Joining farmer networks or
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organisations dedicated to sustainable agriculture allows for sharing experiences, learning from others, and
collaboratively pursuing sustainability goals. Agricultural exhibitions, meetings, and events organised by herd-
book organisations and farmers' associations serve as excellent venues for exchanging valuable information.

3. Conclusions

Responsible Holstein breeding necessitates a holistic approach, entailing the coordinated management of
numerous factors impacting sustainability. The balanced management of the various elements highlighted in
this study can significantly enhance the sustainability and resilience of Holstein-based dairy production. The
application of genomic information and genomic selection schemes can also enable cows to produce more milk
from less feed, minimising environmental impact. These strategies, combined with selective breeding for
enhanced animal welfare, can lead to healthier cows with longer productive lives. Although the advantages of
these approaches might not be immediately evident, their integration into a thorough management plan can
greatly enhance the enduring viability and success of dairy farming.
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